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ABSTRACT  Monozygotic (MZ) polyembryony is a strategy to increase the output of a single zy-
gote, thereby producing more offspring from a limited number of oocytes. However, MZ twins and 
multiples (multiplets) of mammals occur rarely in nature, while their generation has been more 
successful experimentally. In this work, we review some of the methodological, biological and 
field aspects of experimental MZ polyembryony in mammals. First attempts of mechanical bisec-
tion of 2-cell stage rodent embryos provided a proof-of-principle for the survival and independent 
development of both blastomeres. Subsequently, experiments in other species, particularly sheep 
and bovine, allowed 2 methods of embryo multiplication to become routine: the separation or 
biopsy of blastomeres from cleavage-stage embryos and the bisection of morulae and blastocysts. 
We discuss how the preferable stage of bisection and the success rate can be species-specific. 
The scope that profited most from experimental MZ polyembryony is the production of additional 
copies of elite livestock individuals, the reduction of interindividual variation in test groups and 
the possibility of investigating discordant phenotypic traits in the same genomic background, for 
instance, comparing an affected twin with its healthy co-twin. By contrast, the original motivation 
for experimental polyembryony – efficiently generating more offspring out of the same zygote – has 
not been fulfilled yet. Although embryo splitting leads to an increase in quantity, there is a loss of 
embryo quality, thus, there is no real gain from artificially generated embryos (yet) in the field of 
medically assisted reproduction. In conclusion, mammalian zygotes have the regulative capacity 
to be polyembryonic, but this is not obligate. 
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Introduction

The concurrent birth of several offspring from the same mother 
is referred to as the birth of multiples (further referred to as mul-
tiplets). These multiplets can result from 2 scenarios: Either from 
the ovulation of more than one oocyte resulting in dizygotic (DZ) 
multiplets, or from the separation of a single embryo in an early 
developmental stage, forming 2 or more embryos (polyembryony) 
derived from one zygote, also known as monozygotic (MZ) mul-
tiplets. In a dizygotic pregnancy, each twin is nurtured by its own 
placenta, the chorion, and develops in its own amniotic sack, 
therefore, they are called dichorionic diamniotic. During early pre-
implantation development, the first blastomeres of the embryo are 
functionally independent from one another as long as gap junctions 
have not started to form, associated with flattening and compac-
tion of cells at morula stage (Brison et al., 2014). As the number 
of blastomeres increases, the first cell fate decision results in an 
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outer layer of future extraembryonic cells, the trophectoderm (TE), 
and an inner cell mass (ICM). Subsequently the ICM undergoes a 
second cell fate decision, differentiating into primitive endoderm 
(PE) and epiblast (EPI), giving rise to the expanded blastocyst - the 
last stage before implantation. Monozygotic twins generally share 
a chorion (monochorionic; Fig. 1). If the separation occurs at the 
blastocyst stage, by a separation of the ICM, the embryos will be 
diamniotic; if it happens after the embryo’s implantation, they will 
be monoamniotic. If, in a very early stage, a separation of blasto-
meres occurs, even the twins of MZ pairs can develop their own 
placentae, resulting in a dichorionic pregnancy (Kyono, 2013). In 
vitro, MZ twins are artificially generated before implantation and 
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cultured as individuals, thus, resulting in dichorionic diamniotic 
pregnancies after embryo transfer (Fig. 1).

Only one mammal, the nine-banded armadillo (Dasypus 
novemcinctus), is known to constantly produce MZ multiplets 
(Loughry et al., 1998), thereby limiting the variety of study models 
available. In other species, the less frequent natural occurrence 
of MZ twins was studied in cow (del Rio et al., 2006), pig (Bjerre 
et al., 2009) and chimpanzee (Ely et al., 2006), reported in sheep 
(Assheton, 1898; Rowson and Moor, 1964), horse (Govaere et al., 
2009), dog (Joone et al., 2016) and even whales (Kimura, 1957), 
and presumed to be rare but extant in rabbit (Bomsel-Helmreich 
and Papiernik-Berkhauer, 1976) and mice (McLaren et al., 1995; 
Runner, 1984; Wallace and Williams, 1965). In humans, MZ twins 
are born in 0.3 % of all spontaneous livebirths (Hall, 2003). After 
in vitro procedure and embryo transfer, the emergence of MZ 
twins is observed more frequently, as shown in species such as 
horse (Mancill et al., 2011; Roberts et al., 2015), cattle (Kraay et 
al., 1983; Niemann and Sacher, 1984) and human (Aston et al., 
2008; Blickstein et al., 2003).

Natural MZ twins and multiplets are intriguing in their biogen-
esis, which has not yet been fully understood, and their artificial 

the zona pellucida (ZP), the protective extracellular coat of the 
embryo, by dissolution in an acidified Ringer solution and bisected 
the 2-cell stage blastomeres by either cutting, using a filigree glass 
needle or eye lash, or separating them by the pressure of a flow of 
fluid. These bisections resulted in isolated blastomeres that were 
still able to form egg-cylinder stage embryos (Nicholas and Hall, 
1942). Similar experiments were also performed in rabbit (Seidel, 
1952,1960) and in mice (Tarkowski, 1959a,b) by destroying one 
of the blastomeres of 2-cell stage embryos to investigate the de-
velopmental potential of the remaining blastomere (demi-embryo), 
which yielded live-born animals. Pioneering studies, such as those 
outlined above, paved the way for studies in which all blastomeres 
from the same embryo could be preserved for further investigation.

Techniques available to induce monozygotic 
polyembryony 

Two different methods of embryo bisection are commonly 
used: The separation or biopsy of blastomeres in 2- to 8-cell stage 
embryos (Fig. 2A) and the bisection of the morula or blastocyst 
by surgical cutting (Fig. 2B). Nowadays, the separation of blasto-

Fig. 1. Types of monozygotic twins and their reciprocal relationship within a sche-
matic uterus. The earlier the separation of the cleavage-stage blastomeres or the inner 
cell mass (ICM, red and blue cells), the fewer extraembryonic tissues are shared by the 
twins arising. If the separation occurs in an early cleavage stage, so that the twins develop 
independently from one another and form their own trophectoderms (green cells) and 
ICMs, as they also do if the embryo is bisected experimentally, they develop their own 
chorion and amnion (dichorionic diamniotic). If the separation occurs in the stage of the 
blastocyst by a fission of the ICM, the twin embryos will share a placenta (monochori-
onic). Depending on the occurrence of separation at pre- or post-implantation, the twin 
embryos each have their own amniotic sack (diamniotic) or both share it (monoamniotic).

generation may also represent a useful tool in animal 
breeding and biomedical research. The defining feature 
of MZ multiplets is their origin from one cell, a single 
fertilized oocyte, which means they are – at least at 
the beginning – genetically identical and, thus, ‘clones’ 
of one another. This congruence may change during 
development or later in postnatal life (Day et al., 2014; 
Wood and Trounson, 2000), but generally it remains 
true that most MZ twins are phenotypically very similar. 
This review of the literature aims to give an overview 
of what has been accomplished so far with artificially 
generated MZ twins and multiplets, and to illustrate 
the utility of this model to address commercial needs 
or biomedical questions. We learn from this review 
that the experimental model of polyembryony in mam-
mals generally surpasses the natural polyembryony 
in terms of success rate, although the efficiency is not 
linearly proportional to the number of blastomeres. 
Accordingly, experimental polyembryony can be more 
advantageous for some purposes (e.g. creating copies 
of elite livestock, reducing the incidence of confound-
ing factors in biomedical study designs) than it can 
be for others (e.g. increasing the efficiency of sexual 
reproduction). We also learn that, although the mouse 
is often the favorable species of choice in basic re-
search, some of the most fundamental contributions 
to the experimental understanding of polyembryony 
were made in species other than the mouse.

Prelude to monozygotic polyembryony: 
demi-embryos 

Before multiple embryos could be derived from 
one, investigators had to prove that a fraction of one 
embryo is viable. One of the first blastomere separa-
tion experiments in mammals was reported in 1942. 
Investigators tried to find a way to separate the blas-
tomeres of 2-cell stage rat embryos. They removed 
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meres is carried out either chemically by the use 
of trypsin solution after the ZP has been dissolved 
by acidified Tyrode’s solution or pronase (Biase et 
al., 2014; Deng et al., 2014), or mechanically by a 
micromanipulator (Casser et al., 2017; Katayama 
et al., 2010; Roberts et al., 2011; Sotomaru et al., 
1998), or by a combination of both, i.e. the ZP 
is removed chemically and the blastomeres are 
separated by gentle pipetting (Goolam et al., 2016; 
Hashiyada et al., 2018; Lorthongpanich et al., 
2012; Morris et al., 2012; Tagawa et al., 2008; Tang 
et al., 2011; VerMilyea et al., 2011). Mechanical 
and chemical-mechanical bisection can be performed in various 
liquid environments, to name but a few: calcium-magnesium-free 
phosphate-buffered saline (Katayama et al., 2010; Roberts et al., 
2011), sodium-chloride supplemented with glucose, pyruvate, 
lactate and albumin (Casser et al., 2017), Dulbecco ‘A’ solution 
with EDTA and albumin (Tarkowski et al., 2001) or M2 medium 
supplemented with cytochalasin B (Sotomaru et al., 1998). Regard-
ing the biopsy of blastomeres from a cleavage-stage embryo, the 
ZP is dissolved in one area by a gently controlled flow of Tyrode’s 
solution directed against the ZP; an aspirating pipette is inserted 
through this opening to remove individual blastomeres (Illmensee 
et al., 2005; Willadsen, 1979). 

The second technique, the bisection of morulae and blastocysts, 
is performed using a sharp needle or microblade to cut the morula 
or blastocyst into 2 halves, with the ICM being divided into roughly 
equal cell numbers. This technique of morula and blastocyst bisec-
tion is applied mostly in large mammalian species such as sheep 
(Gatica et al., 1984; Szell and Hudson, 1991; Willadsen and Godke, 
1984), cattle (Ozil et al., 1982; Williams et al., 1984), goat (Tsunoda 
et al., 1985; Udy, 1987) and pig (Nagashima et al., 1989).

Implementation of monozygotic polyembryony for breed-
ing purposes: monozygotic twinning in sheep 

The first attempts to split embryos from farm animals were 
performed in sheep. In the late 1970s, Willadsen bisected 2-cell 
stage sheep embryos by removing them individually from the 
ZP, before injecting single blastomeres into evacuated ZPs and 
embedding them in cylinders of agar for temporary in vitro culture 
(Willadsen, 1979). These cylinders were then transferred to the 
oviduct of ewes and recovered after 3.5 – 4.5 days to investigate 

Fig. 2. Methods of embryo bisection. During the 
chemical blastomere separation procedure, a disaggre-
gation of blastomeres is caused by the application of 
trypsin after the zona pellucida (ZP) has been dissolved 
by acidified Tyrode’s solution or pronase (A, top). The 
mechanical separation is performed with the help of 
a micromanipulator (A, middle). Both techniques can 
also be combined by a chemical removal of the ZP and 
gentle pipetting to separate the blastomeres. A biopsy of 
individual blastomeres is performed using an aspirating 
pipette that is inserted through an opening in the ZP (A, 
bottom). During the bisection of morulae and blasto-
cysts, the embryo is cut into 2 halves of approximately 
equal sizes by a sharp needle or microblade (B). Equal 
cell numbers in the ICM of both halves are especially 
important at the blastocysts stage.

the developmental stage of the twin embryos. Sixteen of 31 MZ 
twin pairs transferred reached the expected late morula/early 
blastocyst stage in both partners. These 16 twin pairs were carved 
out of the agar and transferred back to 16 ewes, resulting in 11 
pregnancies of which 10 carried to term with live-born lambs of 5 
twin pairs and 5 singles. This was the proof of principle that the 
artificial production of MZ twins by 2-cell stage embryo bisection is 
feasible in sheep. Considering the starting number of 61 bisected 
2-cell stage embryos, i.e. 122 potential lambs, the overall outcome 
(measured in live-born lambs) only comes to 12 %, in contrast to 
the 52 – 58 % of unmanipulated sheep embryos at that time (Moor 
and Trounson, 1977; Rowson and Moor, 1966). This comparatively 
low rate was due to the loss of most of the twin embryos during the 
bisection and agar-embedding procedure: Only 31 pairs of twins, 
i.e. 62 embryos, were transferred to ewes, showing that it was not 
the developmental potential of the manipulated embryos that was 
prohibitive but the not yet technically mature bisection and in vitro 
culture technique. If these technical hurdles are left behind and 
counting starts from the embryo transfer, then 15 lambs correspond 
to a 47 % birth rate of all blastocysts retransferred (n=32), and 94 
% of the initial number of zygotes (n=16), preluding to the possibil-
ity to create more animals than the actual number of zygotes - a 
possibility crowned in cattle (see next section and Table 1). Thus, 
it appears that the procedure had to be optimized before it could 
be used as an effective method to generate embryos of a desired 
geno- or phenotype reliably, or as a means of reducing experi-
mental animal numbers. In further experiments, Willadsen started 
to test different preimplantation stages of sheep embryos for the 
developmental capacity of individualized and paired blastomeres 
as well as of bisected morulae and blastocysts. He dissociated 
4-cell embryos to single blastomeres and 8-cell embryos to single 
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blastomeres and pairs of blastomeres, respectively, and proceeded 
as previously described for the 2-cell stage embryos (Willadsen, 
1981). After recovery from the temporary recipients with a rate of 
86 – 92 %, embryos were examined for their developmental stage: 
A total of 82 % of the 4-cell stage blastomeres, 85 % of the single 
8-cell stage blastomeres and 98 % the 8-cell stage blastomere 
pairs made it to the desired late morula/early blastocyst stage. If all 
multiplets of one original embryo had developed to late morula/early 
blastocyst stage and been recovered, they were transferred back to 
ewes. Transfers to recipients that were observed in a synchronous 
estrus with the respective donors resulted in birth rates of 38 % 
out of 8 transferred embryos generated from 2 separated 4-cell 
stage embryos, and 56 % out of 16 transferred embryos developed 
from blastomere pairs of 4 quadrisected 8-cell stage embryos. 
Importantly, one of the original 2 separated 4-cell embryos and 3 
of the original 4 quadrisected 8-cell embryos bore MZ multiplets, 
including a complete set of live-born MZ quadruplets developed 
from a quadrisected 8-cell embryo. Furthermore, Willadsen and 
Godke also obtained embryos in the morula and blastocyst stage 
from donor ewes, bisected the embryos and transferred the MZ 
pairs back to the donor (Willadsen and Godke, 1984). These 
authors remarked that the technique of bisecting an embryo in 
morula or blastocyst stage is much easier than the isolation of 
single blastomeres from earlier stages. Their experiments also 
revealed a higher success rate of embryo transfers and MZ twin 
lamb generation of embryos bisected in the blastocyst stage: A 
total of 73 % of transferred twin blastocysts resulted in live-born 
lambs, 53 % were MZ twin pairs, while bisection at the morula stage 

yielded a birth rate of 33 % with no MZ twins at all. Out of all the 
experiments performed by Willadsen and colleagues, the highest 
rate of development to term was achieved when bisecting the lat-
est preimplantation stage, containing more cells, compared to all 
earlier stages. On a per-embryo basis, the most MZ siblings were 
obtained when separating an 8-cell stage embryo to 4 blastomere 
pairs. Clearly, the multiplication rate is higher for 8-cell embryos 
divided into 4 pairs of blastomeres (4X) compared to 4-cell em-
bryos divided into 2 pairs of blastomeres (2X), and the chance of 
bearing twins in the former case is higher than in the latter case 
due to this simple arithmetic reason.

Cattle: a zenith of experimental monozygotic 
polyembryony in mammals

After pioneering work in sheep, most attempts to generate MZ 
multiplets in mammals took place in cattle. The technology of MZ 
twin generation for breeding purposes was introduced to dairy cattle 
in the 1980s, with the first registration of MZ calves generated from 
spilt and transferred embryos by the Holstein Association USA in 
1982. This technology was promising to increase the prevalence 
of offspring with desired genetics and characteristics – in a shorter 
period of time than normal breeding. There were 2319 twin animals 
registered at the Holstein Association USA, 1536 females and 783 
males, between 1982 and 2002 (Norman et al., 2004). Thousands 
of artificial twin calves have been born worldwide without any indica-
tion of acute abnormalities and, subsequently, the health of these 
animals remained indistinguishable from that of non-manipulated 

Species Study

Bisection stage
(2-, 4-, 8-cell, morula, 

blastocyst)
No. of original 

embryos
No. of transferred 

twin embryos
Living 

offspring
Outcome of original 

embryo no. [%]
2 4 8 M B

rabbit Moore et al., 1968 x x x 62 214 43 69,4
control Study does not include transfer of control embryos. 

sheep Willadsen, 1979 x 16 32 15 93,8
Willadsen, 1981 x x 14 56 18 128,6
Willadsen and Godke, 1984 x x 18 36 25 138,9

control Studies do not include transfers of control embryos.
cattle Willadsen and Polge, 1981 x 7 24 6 85,7

Ozil et al., 1982 x 14 28 15 107,1
Ozil, 1983 x 22 33 17 77,3
Lambeth et al., 1983 x x 14 24 11 78,6
Williams et al., 1984 x x 165 330 157* 95,2
Williams and Moore, 1988 x 23 46 14# 60,9
Seike et al., 1989 x x 30 59 43 143,3
Suzuki et al., 1991 x 115 230 45 39,1±

Johnson et al., 1995 x 2 8 6 300,0
Tagawa et al., 2008 x x 40 80 25 62,5
Hashiyada et al., 2017 x 28 56 24 85,7
Seike et al., 1989 control 44 44 26 59,1

horse Allen and Pashen, 1984 x x x 11 20 9+ 81,8
control Study does not include transfers of control embryos.

mouse Tsunoda and McLaren, 1983 x x 336 672 45 13,4
Casser et al., 2017 x 118 236 40 33,9

Tsunoda and McLaren, 1983; Casser et al., 2017 control 88 88 37 42,0

TABLE 1

RECAPITULATION OF SELECTED EMBRYO BISECTION STUDIES 
WITH RESPECT TO EMBRYO MULTIPLICATION AND FULL-TERM DEVELOPMENT

* no. of pregnancies, without information about full-term development; # in 5/14 pregnancies it was not determined whether it was a twin or single pregnancy; + 2/9 pregnancies were confirmed post 
mortem and did not continue to term; lower developmental outcome after freeze/thawing embryo transfer
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counterparts (Lewis, 1994; Wood and Trounson, 2000). This is in 
contrast to naturally/spontaneously occurring monochorionic twins, 
which can occasionally experience health problems (e.g. feto–fetal 
transfusion syndrome in humans) (Wood and Trounson, 2000).

Among the first researchers who tried to generate MZ multi-
plets in cattle were Willadsen and Polge (Willadsen and Polge, 
1981). Since Willadsen had already proven that it was possible 
to produce not only twins, but even quadruplets out of a single 
embryo in sheep, they attempted the same procedure in cattle, 
separating 8-cell stage embryos into 4 groups of 2 blastomeres 
each. Since in vitro culture of bovine embryos was not advanced 
enough at that time, the separated embryos were embedded in 
agar and then transferred to genital tract of ewes in anestrus. 
When they reached blastocysts stage, they were recovered, 
released from agar and transferred to a heifer. This technique 
resulted in a blastulation rate of 77 % from the preimplantation 
embryos recovered. After the transfer of 24 quadruplet embryos 
to 13 foster heifers, 4 pregnancies led to live births of 6 calves (25 
%): One single calf, a pair of MZ twins and a set of MZ triplets. It 
is noteworthy that 5 of the 13 pregnancies ended in abortion or 
the calves died at birth. Although this method enabled the birth of 
multiple progeny from one embryo, the generation of a complete 
set of live-born MZ quadruplets was not successful; and the high 
number of dead fetuses led Willadsen and Polge to question 
whether these shortcomings were due to the culture conditions and 
preimplantation development in the oviduct of a different species, 
or were due to the procedure of blastomere separation and, thus, 
reduction of embryo cell number per se. Based on the technique 
developed, described and published by Willadsen and others, Ozil 
and colleagues went on to improve the procedure. They set out 
to bisect bovine embryos in the early blastocyst stage recovered 
from donors at day 6 to 7 after insemination by cutting into 2 halves 
and replacing each in an emptied ZP (Ozil et al., 1982). These 
MZ twins were transferred directly pairwise to 14 foster mothers, 
resulting in 9 pregnancies with 15 fetuses (53.5 %), including 6 
pairs of MZ twins. Compared to the study by Willadsen and Polge 
mentioned above, this seems to be a much higher developmental 
rate, but whether all these fetuses would have developed to term 
and resulted in living offspring remains unknown, since 7 of the 9 
pregnant heifers were slaughtered at day 32 or 70, respectively. 
Nevertheless, all pregnancies that were allowed to go to term gave 
rise to 2 pairs of MZ twin calves and, by accruing 15 fetuses out of 
14 split embryos (107 %), the original reproductive capacity of the 
starting embryos was exceeded (Table 1). This increase relative 
to the whole embryo transfer was also recorded by other research 
groups. Lambeth and colleagues bisected embryos at day 6.5 to 7, 
thus, late morulae to early blastocysts, transferred the twin embryos 
either as pairs or individually, and obtained 6 pregnancies out of 14 
transfers in total, one after transfer of a single embryo, and 5 after 
transfers of twin embryos (Lambeth et al., 1983). Just as described 
in the study of Willadsen and Polge (Willadsen and Polge, 1981), 
Lambeth and colleagues also reported abortions from 2 of the 
pregnancies ascertained without any clear abnormalities detected 
in the fetuses. Since this phenomenon had already been reported 
by other researches (Willadsen and Polge, 1981), Lambeth and 
colleagues claimed it might be a problem caused by the induction 
of multiple pregnancies in cattle. Interestingly, most of the preg-
nancies counted arose from the transfer of twin pairs compared to 
transfers of singlets, and all recognized pregnancies resulted from 

bisected morulae and none from bisected blastocysts. A total of 8 
pairs of MZ twins and 6 single twin embryos were transferred to 14 
recipients, resulting in 11 live-born calves (79 %) (Table 1) including 
5 pairs of MZ twins. Ozil also faced the problem of failed pregnancy 
from embryos that were split in the blastocyst stage, but managed 
to overcome it (Ozil, 1983). Changing the way to cut blastocysts 
at day 8, from fine glass needles or glass micro-instruments to a 
custom-designed micro-scalpel on an adjustable support, the cut 
was cleaner and he generated offspring successfully, including sin-
glets and twins. The reproductive capacity of the starting embryos 
was also exceeded in this case, with 17 fetuses obtained from the 
transfer of 11 pairs of MZ twins and 11 single twin embryos (77 %) 
(Table 1). The microsurgical blade technique was also adopted by 
Williams and colleagues, who went further by examining pregnancy 
rates after microsurgical blade bisection of embryos with different 
ages (day 5.5 to 7.5) and different developmental stages (early 
morula to blastocyst) (Williams et al., 1984). Embryos in the early 
morula, compacted morula, early blastocyst and blastocyst stage 
were collected between days 5.5 and 7.5 post-estrus from donor 
cattle, revealing an increase in the pregnancy rate with advanced 
embryonic age and preimplantation stage. While bisected embryos 
were retransferred into a surrogate ZP in all the studies mentioned 
above, later studies tested its necessity and found comparable 
pregnancy rates after bisecting post-compaction embryos and 
transferring them without ZP (Warfield et al., 1986; Williams and 
Moore, 1988). These 2 findings, the increase in pregnancy rates 
after embryo bisection in more advanced preimplantation stages 
and the redundancy of surrogate ZPs, were facilitating the whole 
bisection procedure. Since then, the major requirement for suc-
cess was a sharp microblade for cutting instead of a professional 
micromanipulator, an experienced operator and emptied ZPs, 
providing an easy and efficient method overall to obtain more than 
100 % of progeny from the starting number of embryos (Seike et 
al., 1989; Williams and Moore, 1988). This simplification opened 
the door for breeding and research advances, and the evolving 
techniques became more and more optimized. For example, the 
first freezing and thawing protocols for bovine embryos provided 
the opportunity to store embryos before or after bisection for 
analysis at a later time point, or to postpone the embryo transfer 
to a better time when sufficient recipients would become available 
(Niemann, 1985; Suzuki et al., 1991). Among other techniques, 
such as somatic cell nuclear transfer (cloning) and intracytoplasmic 
sperm injection (ICSI), bisection of embryos is numbered among 
the few techniques that can improve livestock breeding practices 
(Ushijima, 2005). Research groups try to improve bisection pro-
cedures and culture conditions, as exemplified by the “Well of 
the Well” (WOW) culture system, in which embryos are cultured 
individually in conical microwells that have been punched into the 
bottom of a plastic culture dish and are covered by a microdroplet 
of medium (Hashiyada et al., 2018; Tagawa et al., 2008; Vajta et 
al., 2000). Irrespective of technical improvements, previous findings 
have been confirmed. For example, as researchers succeeded 
in achieving comparable developmental rates after bisection of 
earlier (2-cell) and later (8–cell) embryos, the production rate of 
MZ twins remained low when embryos were bisected in the earlier 
2-cell stage (Tagawa et al., 2008).

Bovine MZ twins and multiplets are not only of high interest for 
livestock breeding, but also for basic research. Thus, there are 
several studies comparing the similarities between MZ twins. By 
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way of example, these genetically identical pairs were examined 
for reproductive parameters, such as semen quality (Braun et al., 
1990; Galli et al., 1997; Lessard et al., 2003) or the variation of 
success of oocyte pick up and in vitro fertilization and preimplanta-
tion development (Machado et al., 2006), unveiling less variability 
between MZ twins than among non-related donors. Monozygotic 
twins are also used for comparative studies to investigate the 
impact of (environmental) factors by measuring changes when 
one of the twins is subjected to a specific condition while the other 
one is kept under the original conditions. Using this model, Klein 
and colleagues explored the molecular dialogue between embryo 
and mother during pregnancy, revealing transcriptomic changes in 
the endometrium, ascribed to be induced by the embryo (Klein et 
al., 2006). The nonpregnant MZ twin of the dam was taken as the 
genetically identical reference. The third way to make use of MZ 
twins in basic research is to build on the assumption that identical 
twins show less variation than non-related individuals and, thus, 
facilitate the comparability of results within a study. This comes into 
general use when animals or their physiology are examined, such 
as the deposition of intramuscular fat (Okumura et al., 2007) or 
energy balance (Hotovy et al., 1991). A comprehensive analysis of 
the utility of artificial twinning in basic research is presented later.

Stage of embryo bisection matters: lessons from sheep, 
cattle and other mammalian species

The experiments performed in sheep exposed differences in 
embryo quality and viability depending on the embryonic stage at 
which bisection had been performed. Tests in bovine, on the con-
trary, revealed no differences in rates of pregnancies or twins born 
after transfer of embryos that were separated at the 2-cell stage 
and of those that were bisected in the morula or blastocyst stage 
(Tagawa et al., 2008). Thus, the extent to which embryos keep their 
developmental potential after bisection may be species-specific.

While it has been possible to generate living offspring from 
separated and cultured single blastomeres from 4- and 8-cell stage 
embryos in rabbit (Moore et al., 1968), sheep (Willadsen, 1981), 
cow (Willadsen and Polge, 1981) and horse (Allen and Pashen, 
1984), a full outcome for all blastomeres of the same embryo was 
seldom the case. At the 4-cell stage, only one study generated a full 
set of 4 live-born MZ calves by the separation of one 4-cell embryo 
(Johnson et al., 1995). Furthermore, only one study succeeded 
in the generation of a complete set of live-born MZ quadruplets in 
sheep by the quadrisection of an 8-cell stage embryo (Willadsen, 
1981). Full outcome appears to be even more difficult to achieve 
when it comes to a smaller mammalian species such as mice. 
Admittedly, ‘quarter’ mouse embryos are able to form blastocysts, 
but the ability to implant and form the egg-cylinder stage in vivo 
is the exception, and the embryos will not develop to term (Ros-
sant, 1976; Tarkowski, 1959b). Isolated single blastomeres of an 
8-cell stage mouse embryo do not even form proper blastocysts, 
at best, they can form blastocyst-like structures which lack an ICM 
(Rossant, 1976). 

The more advanced the developmental stage of the embryo at 
the time of separation, the smaller the size of the individual cells. 
Thus, 2 criteria are suggested to play a crucial role for the suc-
cessful formation of a viable blastocyst after blastomere separa-
tion: 1) The number of remaining cells (Willadsen, 1981), and 2) 
if the blastomeres are singularized, the size of the individual cell 

(Tarkowski and Wroblewska, 1967). Blastocyst formation starts 
at the same time in the bisected embryo as it does in the non-
manipulated, whole embryo, i.e. morphogenesis is supported by 
fewer cells when it first comes to a differentiation into embryonic 
and extraembryonic cell lineages. Therefore, the fewer cell(s) of the 
bisected embryos need to comprise enough material to give rise 
to all 3 founder cell lineages: The PE and the EPI, which form the 
ICM, and the extraembryonic cell lineage, the TE (Fig. 1). However, 
the mouse oocyte is smaller compared to other mammals (Rahman 
et al., 2008), as well as its blastocyst is at the time of implantation 
(Eakin and Behringer, 2004). Accordingly, it is assumed that after 
the bisection of 4- and 8-cell stage mouse embryos, the decreased 
cell numbers during blastocyst formation are not sufficient to form 
a proper ICM and, thus, a viable embryo (Rossant, 1976). In line 
with this assumption, production of viable and fertile offspring of 
‘quarter’ and even ‘eighth’ mouse embryos was successful, but only 
if they were supported by tetraploid carrier blastomeres. The latter 
were increasing the total cell number of the embryos by aggrega-
tion, resulting in chimeric blastocysts, capable of full development 
(Tarkowski et al., 2001,2005; Valer Carstea et al., 2007). Another 
method to mitigate the cell number deficit is to separate the cells at a 
later stage and make use of the second technique described above, 
the cutting of morulae and blastocysts. When mouse embryos were 
divided into 2 demi-embryos of equal cell numbers at the 8-cell or 
compacted stages, very low developmental rates were achieved, 
but some living offspring were obtained, because, although cell 
numbers were reduced by bisection, they were still sufficient to 
build a proper embryo in a few cases. Nevertheless, this bisection 
at the 8-cell stage could not keep up with the developmental rates 
of embryos separated at the 2-cell stage (Tsunoda and McLaren, 
1983). Comparing the survival rates of mouse embryos bisected 
in morula or blastocyst stages, MZ twins derived from blastocyst 
stage embryos showed the highest developmental rates in vitro. 
Interestingly, they also implanted with rates comparable to those of 
non-bisected control embryos, but their potential for postimplanta-
tion development was significantly decreased. This was ascribed 
to the diminution of cell numbers in the ICM due to the bisection 
procedure. Consequently, the embryos failed in the egg-cylinder 
formation (Wang et al., 1990).

Challenges pending and requirements of experimental 
monozygotic polyembryony

The generation of MZ twins or multiplets for breeding or re-
search purposes is an artificial process for which the embryos 
are removed from the donor, bisected, eventually cultured in vitro 
and then transferred to the recipient, a foster mother. On the one 
hand, each of these steps needs to be adjusted to mimic the 
natural conditions as much as they can be to preserve embryo 
quality. On the other hand, interventions also need to provide 
the possibility for manipulation and storage and the flexibility for 
multiple applications. Since proper formation of preimplantation 
structures in bisected embryos is less supported by their reduced 
cell number, these halved embryos also represent an appropriate 
model to investigate the right techniques to culture and handle 
invasively manipulated embryos. If these ‘halved’ embryos make it 
through implantation and gastrulation, their health status after birth 
is considered to be indistinguishable from that of intact embryos. 
There may be hints of lighter body weight in twins, but the limited 
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number of cases reported precludes firm conclusions (Allen and 
Pashen, 1984; Casser et al., 2017; Gärtner and Baunack, 1981; 
Papaioannou et al., 1989).

Since the embryos must be removed from a donor to be bisected, 
each resulting embryo has, in most cases, 2 mothers: An oocyte 
or embryo donor and a recipient, posing additional requirements 
for the successful gestation. The synchrony between the estrus 
of the donor and the estrus of the recipient, for example, is an 
important factor for the success of transferred bisected embryos. If 
donor and recipient estruses are synchronized, the viability of less 
advanced embryos such as quadrisected embryos is enhanced 
(Willadsen, 1981). A +/- 24 hour difference of the onset of estrus 
is tolerable with negligible differences in birth rates in sheep (Szell 
and Hudson, 1991), but any larger asynchrony results in fewer or 
even no offspring. Generally, the more advanced the developmental 
stage of the embryo, the better its viability despite the asynchrony 
of estruses (Rowson and Moor, 1966). In sheep, it was also shown 
to be beneficial to twin embryo development if the embryos were 
transferred to recipients that had more than one ovulation during 
the estrus of transfer (Szell and Hudson, 1991). Monozygotic 
twin blastocysts generated by bisection of mouse embryos in the 
blastocyst stage revealed that it is not only important to have syn-
chrony in estruses, but also to provide extra time for the embryo 
to propagate its cells in an in vivo environment before implanting 
to the uterus (Wang et al., 1990).

Another important issue of multiplet embryo handling is their 
storage. Monozygotic multiplets of an embryo, for instance, may 
be stored for use at a subsequent time, while one is transferred 
to a foster mother and carried to full term to be examined for 
specific characteristics, or to investigate and compare develop-
ment, developmental potential or the impact of manipulations or 
environment on the multiplets. Thus, the possibility of obtaining 
MZ twins at different time points by freezing and thawing is a 
useful tool, especially for breeding purposes (Seike et al., 1991). 
When bisected ZP-free goat twin embryos were transferred to 
foster mothers after a cycle of freezing and thawing, they showed 
a diminished viability in comparison to twin embryos that were 
transferred directly after blastocyst bisection (Nowshari and Holtz, 
1993). The same was found in mice: Potential for preimplantation 
development of bisected embryos that underwent a cycle of freez-
ing and thawing was lower than the potential of freshly bisected 
embryos, whereby earlier bisected and frozen stages (4- to 8-cell) 
appear to be more robust during this procedure than later stages 
(late morula to early blastocyst) (Sotomaru et al., 1998). Regard-
ing frozen and thawed demi-embryos, the natural shelter of the 
single embryo, the ZP, also plays an important role. Seike and 
colleagues examined the importance of such a shelter in the form 
of the ZP or an embedding in agar and found no differences in 
terms of developmental rates, either pre- or postimplantationally, 
for whole, non-separated bovine embryos (Seike et al., 1991). 
Regarding bisected embryos, pregnancy rates were significantly 
decreased for embryos that were frozen and thawed without a 
ZP. During the bisection procedure, the ZP is necessarily dam-
aged or even removed from the embryos: The ZP is either cut or 
chemically dissolved by pronase or acidified Tyrode’s solution or 
the blastomeres are mechanically extracted out of a slit made in 
the ZP. Thus, from the time of bisection, the embryos are in direct 
contact with the surrounding media and are directly exposed to 
the change of state from liquid to solid. Thus, although in vitro 

culture with or without ZP does not have any significant effect on 
postimplantation rates, cycles of freezing and thawing on embryos 
without ZP diminish the subsequent embryos’ quality and viability 
(Sotomaru et al., 1998). An exemplary solution to this problem is 
the usage of agarose capsules, which were first tested in mouse, 
but which are also suggested as a suitable protection for livestock 
and human embryos (Nagatomo et al., 2017). 

More than just breeding livestock: utility of artificial 
twinning in basic research 

The artificial generation of MZ twins has been highly conducive 
to improve breeding by providing the opportunity to obtain more 
progeny of a desired geno- and phenotype. It also offers the possibil-
ity of selectively propagating a desired characteristic by analyzing 
the one MZ twin and breeding the other. Monozygotic twins, for 
instance, have been very useful while searching for aesthetics, 
such as a high degree of marbling in cattle (Hashiyada, 2017). In 
addition to these uses, MZ twins are also a highly valuable tool in 
basic research. High numbers of experimental individuals are es-
sential in some settings to statistically confirm findings from basic 
research. In the case of embryo production, MZ twins provide an 
opportunity to reduce experimental animal numbers, because 
1) a single zygote is giving rise to more than just one embryo or 
individual (Table 1), and 2) the same genetic origin affords reduc-
tion of variation in test groups. Accordingly, whether the use of 
MZ sheep twins – which are assumed to be clones of one another 
– enables enhanced statistical reliability and, thus, reduction of 
animal numbers was examined. As anticipated, for characteristics 
that are more affected by genetics than by environmental factors, 
such as adult weight and circumference of testicles, researchers 
found less variation within pairs of MZ twins than between them, 
a clear example of a reduction of animal numbers. Interestingly, 
this does not apply to physiological processes such as those of the 
endocrine system and processes relying on it (Celi et al., 2007). 
Consequently, the use of MZ twins is not always appropriate if the 
aspect of interest is influenced by several variables and needs to 
be considered on a case by case basis.

If variation in test groups is still high despite the use of geneti-
cally identical twins, then experimental animal numbers must be 
kept high to afford sufficient statistical power. Reaching these 
numbers may prove harder for the larger mammalian species of 
livestock than for small laboratory species. The model of identical 
twins, for instance, is more cost-effective to perform in mice, since 
reproduction time is substantially shorter, mice are easier to handle, 
less demanding and expensive to breed, and can be housed at 
a comparatively higher density. Another advantage of using mice 
to artificially generate MZ twins to produce a highly homogenous 
test cohort are the mouse strains for laboratory usage already 
well-established, i.e. mouse strains that already feature quite an 
identical genetic background. This is beneficial, since it is claimed 
to be important that MZ twins should originate from a homogenous 
population to keep the numbers of animals required down (Biggers, 
1986). Additionally, mice, a litter-bearing, polytocous species, afford 
the opportunity to transfer both MZ twins or even more multiplets 
to a single foster mother without involving the danger of severe 
complications due to a multiple pregnancy, as can be the case in 
cattle and horse (Giles et al., 1993; Lopez-Gatius et al., 2004). 
By using the same foster mother, MZ twins are developing in the 
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same environment and experiencing the same conditions, which 
enhance the similarities and, thus, the comparability of twin pairs, 
since the interference of different treatments can be excluded or 
at least minimized (Biggers, 1986).

Mullen and colleagues (1970) and Moustafa and Hahn (1978) 
were the first to derive MZ twin embryos in mice. These embryos 
find use predominantly in basic research, for example, to investi-
gate regulatory processes in development. When embryo bisection 
was performed at the 8-cell stage, the resultant MZ twins had 
a greater degree of reciprocal similarity than DZ twins – even 
though both classes of twins stemmed from an inbred strain and, 
therefore, the 2 groups were expected to have same genotypic 
variance (Gärtner and Baunack, 1981). This unexpected result 
was ascribed to non-genetic influences on the zygote as far as 
the third cleavage stage, whereby different zygotes (DZ twins) 
experience these influences to different extents, whereas if a 
zygote is bisected after the third cell division, the modification is 
decisive for both MZ partners in the same way. Notably, the MZ 
twins produced by bisection at the 8-cell stage were also less 
variable in behavioral terms (Baunack et al., 1984; Freund et 
al., 2013). This effect was named “intangible variance” and was 
considered to be an accident of development, whereas, in fact, 
it was a demonstration of epigenetics long before epigenetics 
had been described in molecular terms. A further example of 
how MZ twin mice make a useful animal model for examining 
regulatory processes in development is the case of the effect 
of genes-environment interaction on either the prenatal dento-
craniofacial morphogenesis or the postnatal craniofacial growth 
(Watanabe et al., 1998). 

Another interesting aspect of research are the developmental 
capacities and properties of these artificially generated identical 
twins and their precursor blastomeres. It was found that twin 
embryos that were bisected at the earliest possible time point, the 
2-cell stage, exhibited unequal ICM sizes in spite of synchrony 
in cleavage timing (Fig. 3). In many cases, they had compara-

tively small ICMs in either one or even both twins, explaining 
the difficulty of producing MZ offspring (Katayama et al., 2010). 
Furthermore, the technique of MZ multiplet production via blas-
tomere biopsy has been used to investigate the determination of 
cell fate decisions. Cells in 16- and 32-cell stage embryos have 
undergone their first cell fate decision to become part of the 
embryonic or extraembryonic tissue. Nevertheless, these cells 
can still contribute – through their progeny – to multiple lineages 
within the embryonic tissue, exemplifying their pluripotentiality. It 
is striking that although the single blastomeres of 16- and 32-cell 
stage embryos have lost their totipotency, defined as the ability 
of a single cell to form a complete and fertile organism if hosted 
in an appropriate environment, these cells are still able to modify 
the cell fate of their progeny (Tarkowski et al., 2010). The founder 
cell lineage that gives rise to the embryo proper is the EPI. It 
became apparent by analyzing the viability of bisected mouse 
embryos that only those that formed an EPI consisting of at least 
4 cells were able to continue developing (Morris et al., 2012). 
Thus, the use of MZ mouse embryos allowed the establishment 
of a concept of paramount importance for the understanding of 
developmental totipotency, namely: Totipotency is not a black and 
white concept but features the blastomere’s ability to accumulate 
sufficient numbers of progeny cells in a given lineage, in this case 
the EPI. Not even the 2 blastomeres of the 2-cell stage mouse 
embryo, which are considered to be totipotent, are both neces-
sarily viable; they can differ in their developmental potential to 
form a complete organism on their own even in this early stage 
(Casser et al., 2017) (Fig. 3).

Bisection of 2-cell stage mouse embryos offers the unique 
possibility of obtaining 2 single cells that originate from one cell. 
These are analyzed for transcript profiles in order to understand 
when sibling blastomeres start to diverge from each other (dif-
ferentiation) (Roberts et al., 2011; VerMilyea et al., 2011), allele-
specific gene expression (Deng et al., 2014; Tang et al., 2011), 
to study cell fate decisions in early preimplantation development 
(Biase et al., 2014; Goolam et al., 2016), or totipotency, as was 
just discussed (Casser et al., 2017). Similarly designed stud-
ies have also been conducted in bovine (Held et al., 2012) and 
sheep (Hosseini et al., 2016), but infrequently, probably due to 
the more complex logistic aspects of in vitro embryo production 
in large animals. 

Opportunities for experimental polyembryony in 
biomedical research and in humans 

While artificially generated MZ twins and multiplets offer great 
opportunities in the fields of directed breeding and basic research, 
natural human MZ twins are to be looked at from a different per-
spective. Natural MZ twins in human are rare but not impossible, 
and less of a risk factor during pregnancy due to modern medical 
care. To the best of our knowledge, the intentional generation of 
human MZ twins is restricted by law. Thus, research on MZ twins 
is constrained and usually only based on case studies performed 
on natural MZ twins, relevant for biomedical research and directly 
on the patient – and its discordant MZ twin.

Although arising from one zygote and comprising the same 
genomic information, MZ twins are often discordant in the de-
velopment and manifestation of (congenital) diseases, such as 
heart (AlRais et al., 2011; Lyu et al., 2018; Vinograd et al., 2013), 

Fig. 3. Discordant MZ mouse twin embryos. Immunoconfocal fluores-
cence image of discordant MZ twin blastocysts (E4.5), co-stained for cell 
lineage-specific markers: CDX2 for TE (green), SOX17 and NANOG for the 
ICM lineages of PE (blue) and EPI (red), respectively. While both twins 
developed a sufficient number of TE cells to implant in a uterus, the ICM of 
the left twin exhibits no PE and only one single cell in its EPI, suggesting 
its non-viability (Morris et al., 2012). Microscope objective 20X, 0.75 N.A.
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autoimmune (Kakoulidou et al., 2004; Mustafa et al., 2017) and 
prion diseases (Hamasaki et al., 1998). Even the severity of the 
same genomic defect or the onset of a disease which is already 
inherent can differ between MZ twins (Li et al., 2017; Vencovsky 
et al., 1995). Thus, genetic comparison of MZ twins discordant 
for a disorder can corroborate or confute the association of the 
disorder itself with a genetic trait (Jerome et al., 2011) and the 
healthy twin serves as the best control for the discordant af-
fected twin, since their otherwise identical genetic background 
abolishes variability (Hibaoui et al., 2014). It is noteworthy that 
initially concordant twins sometimes become discordant owing to 
epigenetic differences that arise during their lifetime. The genomic 
distribution and prevalence of 5-methylcytosine DNA and histone 
acetylation, for example, can diverge between twins, causing 
changes of gene expression (Fraga et al., 2005). Differences 
arising between MZ twins are not necessarily intrinsic to the twins 
but may also concern, for instance, symbiontic pairs. Research 
on MZ twins with discordant caries incidence, for example, re-
vealed the different compositions of the twins’ oral microbiota 
(Wu et al., 2018). In a distinct but related study, MZ twins allowed 
measurements of how a change in the diet composition results 
in significant changes in expression of microbiome-encoded 
enzymes (McNulty et al., 2011).

is not a common and generally legal practice in human, and the 
success of bisection procedures tested on nonhuman primate 
models was shown to be limited. Taken together, concerns have 
been raised that while the number of embryos can be increased 
by artificial twinning, their quality lags behind (Chan et al., 2000; 
Mitalipov et al., 2002; Schramm and Paprocki, 2004; Tang et al., 
2012). Nonetheless, embryo splitting has also been tested in 
human (Illmensee et al., 2011; Illmensee et al., 2010; Noli et al., 
2015; Van de Velde et al., 2008). Along these lines, a twin-based 
method has also been proposed to lower the incidence of hereditary 
disorders and virtually eradicate simple Mendelian disorders in a 
human population. Briefly, one of the 2 twin embryos generated in 
vitro would be transferred to the uterus to establish a pregnancy 
only if the other twin has already proven to be in good health 
(Churbanov and Abrahamyan, 2018). The ethical implications of 
this procedure (eugenics), while clear, are beyond the scope of 
this review. Since splitting human embryos by blastomere biopsy 
or separation was reported to not preserve embryo quality and, 
therefore, to be unsuitable for research or clinical uses (Noli et 
al., 2017), it seems that the usefulness of human MZ twins in 
biomedical research may be limited to natural twins, for example 
to investigate genetic associations (Olivieri et al., 2014).

Fig. 4. Fields of application of experimental monozygotic (MZ) polyembryony. All 3 
fields of application – animal breeding, basic research, and biomedical adaptation – reveal 
the advantages and disadvantages of using artificially generated or – in human – natural 
MZ twins and multiplets. The field of livestock breeding and maintenance profits most from 
artificial MZ twinning.

On the assumption that any differences be-
tween MZ twins are due primarily to their environ-
ments, the insight we gain from studying twins 
may help us to understand medical conditions 
better. These can range from health conditions 
directly affecting the well-being of patients 
(diabetes, autism, bipolar disorder, allergies, 
Alzheimer’s disease, some cancers), to those 
affecting reproduction, where the patient is not 
necessarily affected, but the next generation is. 
An exemplary but special case of discordance 
is that of twins discordant for premature ovar-
ian failure. In this case, ovarian transplantation 
from the unaffected to the affected twin could 
be of therapeutic value (Silber et al., 2005). In 
reproductive medicine, the artificial production of 
MZ twins can also help as an alternative to the 
repetition of ovarian stimulation cycles. The lower 
the number of successfully generated embryos by 
in vitro fertilization or ICSI, the lower the chance 
for a pregnancy and the higher the likelihood of 
another hormonal treatment cycle of a woman. 
Such a low number of embryos can be caused by 
a low number of oocytes obtained after hormonal 
treatment, by the poor quality of sperm or oocytes 
due to diseases or due to a cycle of freezing and 
thawing for storage purposes, or by chromosomal 
aberrations in the embryo resulting in malforma-
tion or death of the embryo. In such a limiting 
situation, the possibility of embryo multiplication 
by separating the few available embryos is ap-
pealing. In principle, the expansion of embryo 
numbers might be taken even further via serial 
splitting and has been performed by Illmensee 
and colleagues on mouse embryos (Illmensee et 
al., 2006). Actively induced embryo multiplication 
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Concluding remarks

The original motivation for experimental polyembryony – ef-
ficiently generating more offspring out of the same zygote – was 
put to the test in various fields. This review provides an overview 
of the developments, improvements, challenges, applications 
and utilities of the artificial generation of MZ twins and multiplets, 
whereby 3 fields of application have emerged: animal breeding, basic 
research, and biomedical adaptation in humans (Fig. 4). Embryo 
splitting can be advantageous to create additional copies of elite 
animals or to perform time-wise separated breeding of genotypi-
cally identical animals. Even though the ‘embryo multiplication rate’ 
can exceed 2, the fetal quality of the blastocysts drops, i.e. MZ 
polyembryony does not necessarily benefit sexual reproduction 
efficiency (multiplying the number of offspring per fertilized oocyte) 
except in cattle (Table 1). Indeed, cattle breeding is the area that 
benefits most from the usage of MZ multiplets, followed by sheep. 
In basic research, the usage of MZ multiplets allows to reduce the 
number of embryo donors and to enhance the consistency of e.g. 
molecular or pharmacological assays in animal experiments, since 
the interindividual variability within tests groups is lower owing to 
the identical genetic background. However, concordance of MZ 
twins is not necessarily a given (Fig. 3). Still, the reduced incidence 
of confounding factors is an advantage which biomedical study 
designs can also benefit from. In addition, natural human MZ twin 
pairs offer the opportunity to perform comparative studies in which 
one twin serves as the control for the co-twin’s specific phenotype, 
although these comparisons can often only be handled as case 
studies. A biomedical area that was thought to benefit from the 
multiplication of embryos is assisted human reproduction, given 
the limited numbers of gametes due to the impact of infertility. 
Unfortunately, thus far, it has been shown that splitting human 
embryos only decreases the quality of the embryos, so this is, up 
to now, an unsustainable field of application. In conclusion, it ap-
pears that mammalian zygotes have the regulative capacity to be 
polyembryonic, but this is not obligate and its return of investment 
in breeding, basic research and biomedical application needs to 
be verified on a case-by-case basis.
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