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Cross-species cloning: influence of cytoplasmic factors
on development
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Abstract It is widely accepted that the crosstalk between naive nucleus and maternal factors
deposited in the egg cytoplasm before zygotic genome activation is crucial for early development.
This crosstalk may also exert some influence on later development. It is interesting to clarify the
relative roles of the zygotic genome and the cytoplasmic factors in development. Cross-species
nuclear transfer (NT) between two distantly related species provides a unique system to study
the relative role and crosstalk between egg cytoplasm and zygotic nucleus in development. In
this review, we will summarize the recent progress of cross-species NT, with emphasis on the
cross-species NT in fish and the influence of cytoplasmic factors on development. Finally, we
conclude that the developmental process and its evolution should be interpreted in a systemic
way, rather than in a way that solely focuses on the role of the nuclear genome.
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Introduction: environmental factors in genetics and
development

It is widely accepted that the crosstalk between naive
nucleus and maternal factors deposited in the egg cyto-
plasm of vertebrates before zygotic genome activation
is crucial for early development (Dosch et al. 2004).
This crosstalk may also exert some influence on later
developmental characteristics. Therefore, it is interesting
to clarify the relative roles of zygotic genome and cyto-
plasmic factors in development. The direct evidence
of maternal control on development comes from the
screening of maternal-effect mutants in zebrafish (Dosch
et al. 2004; Wagner et al. 2004). Cross-species nuclear
transfer (NT) between two distantly related species, which
have distinct appearances or phenotypes, provides a
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unique system to study the relative role and crosstalk
between the egg cytoplasm and the zygotic nucleus in
development (Fig. 1; Pei et al. 2007). In this review, we
will summarize the recent progress of cross-species NT,
with emphasis on the influence of cytoplasmic factors on
development. We conclude that the developmental process
and its evolution should be interpreted in a systemic way,
for example, to consider the genome and the environment
at different levels, rather than in a way that solely focuses
on the role of the nuclear genome.

Cross-species NT in amphibians and mammals

A species, as a basic unit in biological taxonomy, is
considered as a group of organisms that can breed
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naturally and produce fertile offspring. Different species
usually have different genomic materials and distinct
developmental shapes. NT is defined as transferring the
nuclei of donor cells into enucleated oocytes or eggs
to generate reconstructed embryos, which may have the
ability to develop to term. If NT is done within one
species, i.e. donor cells and oocytes (eggs) come from the
same species, it is called inter-species NT. Inter-species
NT has been used to study developmental plasticity and
nuclear reprogramming of the donor nucleus and to
generate reprogrammed stem cells from differentiated cells
(Gurdon & Wilmut, 2011).

However, if the oocytes and donor cells come from two
different species, the NT will be defined as cross-species
NT. Cross-species NT was first described in amphibians,
within the genera of Rana or Xenopus (Moore, 1960;
Gurdon, 1962). In those studies, all the NT embryos
showed early developmental arrest, probably due to the
incomplete reprogramming of the donor nuclei and/or
incompatibility between the nuclei and the egg cyto-
plasm that contains mitochondria from different species.
In mammals, although some reprogramming events
such as sperm demethylation occur in cross-species NTs
(Beaujean et al. 2004), the NT embryos usually die at

the stage when zygotic transcription starts, suggesting
that the egg cytoplasmic environment is crucial for the
proper development of transferred nuclei. Nevertheless,
cross-species NT has succeeded in cloning some end-
angered mammals, such as the gaur (Lanza et al. 2000),
the mouflon (Loi et al. 2001), the African wild cat (Gomez
et al. 2004), the sand cat (Gómez et al. 2008) and the coyote
(Hwang et al. 2012), by using the oocytes from closely
related species. It is commonly reported that the cloned
animals are identical to their nuclear donors in genotypes
and phenotypes, indicating the significant dominance of
the nuclear genome in phenotypic determination.

Cross-species NT in fishes – effect of cytoplasmic
factors on development

In fish, a type of relatively primitive vertebrate,
cross-species NT could be achieved in quite a few
genetically distant species. The art of fish NT was first
demonstrated with goldfish and bitterling fish by Tung
et al. (1963). Later, cross-species NT was conducted
between two different genera, such as a combination of
common carp (Cyprinus carpio, genus Cyprinus) nuclei
with crucian carp (Carassius auratus, genus Carassius) egg

Figure 1. Diagram of cross-species
nuclear transfer (NT)
Left: development of a regularly fertilized
embryo of species A; right: development of
a cross-species NT embryo with a nucleus
from species A combined with an
enucleated egg from species B. The egg
cytoplasm of species A and species B
contains different types of maternal factors,
such as RNAs, proteins and lipids, etc. After
nuclear transfer, the reconstructed embryo
that contains the nucleus of species A and
the cytoplasm of species B may develop into
an animal that does not fully resemble
species A.
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cytoplasm (Tung & Tung, 1980), as well as crucian carp
nuclei with common carp egg cytoplasm (Yan et al. 1984),
in order to obtain nucleo-cytoplasmic hybrid fish with
improved economical traits. In those studies led by Tung,
it was found that the vertebral numbers of some NT fish
were consistent with those of the egg-providing species,
but, unfortunately, no conclusive evidence was provided,
and the results have been challenged by the scientific
community to a certain extent (Gurdon, 1986; Wakamatsu
et al. 2001). Cross-species fish NT was even conducted
between members of two different families, such as
the goldfish (Carassius auratus, family Cyprinidae, order
Cypriniformes) and the loach (Paramisgurnus dabryanus,
family Cobitidae, order Cypriniformes), and between two
orders, such as the tilapia (Oreochromis nilotica, order
Perciformes) and the goldfish, as well as the tilapia and
the loach (Yan et al. 1990, 1991). However, there were
only suggestions, with no confirming evidence, that the
cross-species NT fish actually were nucleo-cytoplasmic
hybrids.

In recent years, with the development of transgenic
fish (Zhu & Sun, 2000), we were able to generate
cross-genus cloned fish by transferring the nuclei of
transgenic common carps into the enucleated eggs
of goldfish (Carassius auratus) (Sun et al. 2005). By
analysing transgene and comparative DNA fingerprint
markers, we proved that the nuclear genomes of the
cloned fish were exclusively derived from the nuclear
donor species, the transgenic common carp, instead

of the egg-providing species, the goldfish, whereas the
mitochondrial DNA from the donor carp gradually
disappeared during the development of NT embryos,
and only the mitochondrial DNA from recipient goldfish
existed in the NT adults. Therefore, the cross-genus
cloned fish is really a type of nucleo-cytoplasmic hybrid,
with a nuclear genome from the transgenic donor and
egg cytoplasm from the recipient species. All the NT
fish were identical with the nucleus-providing common
carp regarding exterior phenotypic characteristics,
such as long body shape, two pairs of barbels, a
normal tail and normal eyes. By contrast, there was
almost no visible contribution of distinctive goldfish
characteristics, such as spherical body shape, triangular
tail and ‘dragon’ eyes (Fig. 2A). Strikingly, somite
development and somite number of nuclear transplants
were consistent with the recipient species, the goldfish,
rather than the nuclear donor species, the common
carp. This resulted in a long-lasting effect on the vertebral
numbers of the cloned fish, as vertebrae develop from the
embryonic somites. The vertebral numbers of the cloned
fish belonged within the range of goldfish, which has 28–30
vertebrae, and were distinctly different from those of the
common carp, with vertebral numbers of 32–36 (Fig. 2B).
This demonstrates that fish egg cytoplasm can not only
support the development driven by transplanted nuclei
from a distantly related species at the genus scale, but can
also significantly modulate development of the nuclear
transplants.

Figure 2. Influence of cytoplasmic factors on development of the cloned fish
A, exterior phenotype of the egg-providing goldfish (left), the common carp (middle) and the cloned fish
(right). Note that the NT fish was identical to the nucleus-providing common carp regarding exterior phenotypic
characteristics, such as long body shape, two pairs of barbels, normal tail and normal eyes, but there was almost no
visible contribution of distinctive goldfish characteristics, such as spherical body shape, triangular tail and dragon
eyes; B, X-ray analysis of the egg-providing goldfish (left), the common carp (middle) and the cloned fish (right).
Note that the vertebral numbers of the cloned fish belonged to the range of goldfish, which has 28–30 vertebrae,
distinctly different from those of the common carp, with vertebral numbers of 32–36.
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In order to study the cross-species NT in more detail, we
established two research models. First, for the study of the
early nucleo-cytoplasmic interaction in cross-species NT,
we utilized two laboratory fish species from different sub-
families, the zebrafish (Danio rerio) and the rare minnow
(Gobiocypris rarus), in order to generate cross-subfamily
NT embryos (Pei et al. 2007). We further used suppression
subtractive hybridization (SSH) to screen out differentially
expressed genes from the forward and reverse sub-
tracted cDNA libraries. After dot blot and real-time
PCR analysis, 80 of 500 randomly selected sequences
were proven to show transcriptional differences in the
cloned embryos. Among them, 45 sequences shared
high homology with 28 known zebrafish genes, and
35 sequences were corresponding to 22 novel expressed
sequence tags (ESTs). Based on the analysis of gene
ontology and literature mining, up- and down-regulated
genes in the cross-subfamily cloned embryos were shown
to be relevant to transcription and translation initiation,
cell cycle regulation, protein binding, etc. Therefore, we
concluded that the fish egg cytoplasm can not only support
the division and development of nuclei from distantly
related species, but can also exert a certain impact on
the genetic modulation and cellular homeostasis of the
transferred nuclei.

Second, zebrafish and Chinese rare minnow were
also utilized to produce mutual crossbred embryos in
order to examine the impact of the cytoplasm from
different species on a common type of nucleus. Although
these two types of crossbred embryos originated from
common nuclei of the same genetic materials, diverse
developmental capacities were gained due to different
cytoplasmic environments from different species (Liu et al.
2008). Using the cDNA amplified fragment length poly-
morphism (cDNA-AFLP) approach, we compared trans-
cript profiles between the mutual crossbred embryos at
two developmental stages (50%- and 90%-epiboly). Three
thousand cDNA fragments were generated in four cDNA
pools with 64 primer combinations. Compared with ZR
(zebrafish ♀ × Chinese rare minnow ♂) embryos, 12
genes were up-regulated and 12 were down-regulated in
RZ (Chinese rare minnow ♀ × zebrafish ♂) embryos.
The sequences encoded variant proteins which function at
different levels of proliferation, growth and development.
This strongly suggests that different egg cytoplasms
exert completely different impacts on a common
nucleus.

Conclusions

Overall, the recent studies of cross-species NT fish
experimentally revealed that the nucleus placed in the
circumstance of different egg cytoplasm can be strongly
influenced by the cytoplasmic factors, at the levels of
both genetic regulation and phenotypic determination.

On the other hand, introgressive hybridization in animals,
especially in fishes, is one of the driving forces of evolution
(Smith, 1992; Dowling & DeMarais, 1993), and this type
of hybridization certainly includes the crosstalk between
nucleus and cytoplasm from different species. Therefore,
any type of developmental process and its evolution should
be interpreted in a systemic way rather than in a way that
solely focuses on the role of the nuclear genome.
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