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Abstract

Nuclear-mitochondrial incompatibilities may be responsible for the development failure reported in embryos
and fetuses produced by interspecies somatic cell nuclear transfer (iSCNT). Herein we performed xenooplasmic
transfer (XOT) by introducing 10 to 15% of buffalo ooplasm into bovine zygotes to assess its effect on the
persistence of buffalo mitochondrial DNA (mtDNA). Blastocyst rates were not compromised by XOT in com-
parison to both in vitro fertilized embryos and embryos produced by transfer of bovine ooplasm into bovine
zygotes. Moreover, offspring were born after transfer of XOT embryos to recipient cows. Buffalo mtDNA
introduced in zygotes was still present at the blastocyst stage (8.3 vs. 9.3%, p¼ 0.11), indicating unaltered
heteroplasmy during early development. Nonetheless, no vestige of buffalo mtDNA was found in offspring,
indicating a drift to homoplasmy during later stages of development. In conclusion, we show that the buffalo
mtDNA introduced by XOT into a bovine zygote do not compromise embryo development. On the other hand,
buffalo mtDNA was not inherited by offspring indicating a possible failure in the process of interspecies mtDNA
replication.

Introduction

Oocyte cytoplasm (ooplasm) carries critical compo-
nents for supporting the initial stages of development

when the embryo itself shows limited transcriptional activity,
including reprogramming factors with the capacity of re-
modeling a somatic nucleus into an undifferentiated one after
somatic cell nuclear transfer (SCNT) (Wilmut et al., 1997).
However, development failure is common after SCNT, espe-
cially after interspecies SCNT (iSCNT), and its causes remain
widely unknown. SCNT generates reconstructed oocytes with
a mixture of mitochondria from different origins (e.g., het-
eroplasmy), that often disappear to generate offspring that are
in most cases homoplasmic for mitochondria donated by the
host ooplast (Ferreira et al., 2007; Hiendleder et al. 2003, 2005;
Meirelles et al., 2001; Steinborn et al., 1998).

Mitochondrial function is driven by the interaction of two
genomes: the nuclear (nDNA) and the mitochondrial
(mtDNA). Although the role of the mtDNA is to encode
polypeptides that assemble the enzymatic subunits of oxi-
dative phosphorilation (the pathway responsible for ATP in
the mitochondrion), most of the polypeptides in oxidative
phosphorilation as well as those regulating mtDNA repli-
cation and transcription are encoded by the nDNA. Thus, the
polypeptides encoded by the nDNA must match specific
sequences in the mtDNA (e.g., the displacement loop or
d-loop) and the mtDNA-encoded polypeptides to enable
mitochondrial function to occur normally; otherwise, the cell
viability may be compromised (reviewed by Smith et al.,
2005). In this regard, it is plausible to propose that the pro-
cedure of iSCNT leads to nuclear–mitochondrial incompati-
bilities that prevent embryo development and birth of
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healthy offspring (Chen et al., 2002; Gómez et al., 2009; Hua
et al., 2007; Kitiyanant et al., 2001; Lanza et al., 2000; Lu et al.,
2005; Mastromonaco et al., 2007; Saikhun et al., 2002). The
issue of a nuclear–mitochondrial incompatibility has been
studied using xenomitochondrial cybrid models produced
by the fusion of a somatic cell with a cytoplast (e.g., a cell
previously enucleated) of another species (Kenyon and
Moraes, 1997; Trounce and Pinkert, 2007) and using SCNT to
analyze effects during embryo=fetal development in both
inter- (Chen et al., 2002; Gómez et al., 2009; Lanza et al., 2000;
Loi et al., 2001; Mastromonaco et al., 2007) or intraspecific
(Bowles et al., 2008; Ferreira et al., 2007; Hiendleder et al.
2003, 2005; Meirelles et al., 2001; Steinborn et al., 1998) ani-
mal models. However, various factors involved in SCNT
success (e.g., ooplasmic factors involved in somatic nucleus
dedifferentiation) could prevent proper conclusions. In this
context, it would be preferable to study the relationship be-
tween nDNA and mtDNA by transfer of ooplasm between
individuals during early stages of development. Herein we
have transferred ooplasm donated by buffalo (Bubalus buba-
lis) ooplasts into bovine (Bos indicus) zygotes to study the
mitochondrial inheritance in embryos and offspring.

Materials and Methods

The present study was approved by the Institutional
Animal Care and Use Committee of the São Paulo State
University (UNESP) at the Jaboticabal Campus (protocol
number 017256-06). All chemicals and reagents used were
purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA) unless otherwise stated. In vitro experimental proce-
dures were performed in humidified incubators maintained
at 38.58C in air with 5% CO2.

In vitro maturation (IVM), in vitro fertilization (IVF), ovum
pickup (OPU), parthenogenetic activation, enucleation, elec-
trofusion, in vitro culture (IVC) of embryos, and embryo
transfer were performed as described in Ferreira et al. (2007).
Briefly, oocytes obtained postmortem from the ovaries of
crossbred cows (B. indicus nDNA and B. taurus mtDNA)
were IVM for 24 h and after 12 h of IVF were denuded of
cumulus cells by pipetting in 0.5% hyluronidase, and se-
lected by the presence of the second polar body (2nd PB),
which were used as recipient zygotes for XOT. Meanwhile,
donor ooplasts obtained by OPU from 10 female buffaloes
(B. bubalis) were subjected to IVM for 21 h in the presence
of 50 mM cysteamine and 0.3 mM cistine, and selected by the
presence of the first polar body (1st PB) after removal of
cumulus cells. The metaphase II spindle and the 1st PB were
removed by microsurgery, and enucleated oocytes parthe-
nogenetically activated 26 h post-IVM. To provide space for
donor ooplasts, recipient zygotes had the 2nd PB and sur-
rounding cytoplasm removed by microsurgery. After 12 to
16 h postparthenogenetic activation, 10 to 15% of ooplasm
from the donor ooplast was microinjected in the perivitelline
space and electrofused to the recipient zygote. One ooplast
was used as donor ooplasm to reconstruct up to seven re-
cipient zygotes. Reconstructed embryos (referred to as ‘‘XOT
group’’) were IVC, and development rates were assessed
based on blastocyst development after 7 days of culture. This
rate was compared to that of IVF embryos that were previ-
ously selected for 2nd PB before IVC (referred to as ‘‘IVF
group’’) and to that of IVF embryos that received cytoplasm

from bovine oocytes previously activated (referred to as ‘‘OT
group’’). The same procedure used to perform XOT was used
to produce embryos in the OT group. Moreover, to evaluate
development to term, three blastocysts obtained by XOT
were nonsurgically transferred to the uterus of three previ-
ously synchronized recipient cows, and were naturally de-
livered after normal gestation length.

The sperm used for IVF and offspring were genotyped
following recommendation of the International Society for
Animal Genetics. Briefly, sperm and blood (from offspring)
samples had total genomic DNA extracted following a
standard procedure (Ferreira et al., 2007). The genetic iden-
tity between the calves and the sperm was determined by
microsatellite analysis using 11 microsatellite markers
(Genoa Biotecnologia AS, São Paulo, SP, Brazil).

The inheritance of the mtDNA introduced by XOT was
assessed in zygotes (at the pronuclear stage), at day 7 of IVC
(blastocyst stage) and in offspring (0, 10, 30, and 290 days
after birth). Embryos were randomly sampled (nine zygotes
and six blastocysts), washed in phosphate-buffered solution
(PBS), and placed in 0.2-mL polystyrene microtubes con-
taining 1mL of PBSþ 0.1% polyvinyl-pyrrolidone (PVP),
snap-frozen in liquid nitrogen, and stored at �808C until use.
Embryos pertaining to the OT group (13 zygotes and 11
blastocysts) also had their total number of mtDNA copies
analyzed to be used as control in the experiment. Tissue
samples (blood, skin, muscle, and liver) were collected from
offspring, placed in 1.8-mL cryotubes, and stored at �808C
until use. Moreover, eight oocytes were collected by OPU
(see above) from each offspring (after 18 months of birth) and
stored as described for embryos.

For molecular analysis, oocyte and embryo samples were
treated as described by Chiaratti et al. (2010), whereas tissue
samples had the genomic DNA extracted following a stan-
dard procedure (Ferreira et al., 2007). The proportion of
buffalo mtDNA was determined by quantitative polymerase
chain reaction (qPCR) using a discriminating (buffalo
mtDNA) assay and normalization for a nondiscriminating
(buffaloþ bovine mtDNAs) assay (Ferreira et al., 2010). For
discrimination of buffalo and bovine mtDNAs (GenBank:
AY702618, AY126697 and AY526085), species-specific dif-
ferences in their MT-RNR2 genes sequences were targeted.
The nondiscriminating assay used the primers bMT3010-f
(50-GCCCTAGAACAGGGCTTAGT) and bMT3096-r (50-
GGAGAGGATTTGAATCTCTGG) in combination with the
TaqMan probe bMT3030-Fam (50-FAM-AAGGTGGCAGAG
CCCGGTAATTGC-BHQ1). The discriminating assay used
the primers bbMT2971-f (50-GCCTTAAAACAACTAATG
AATTT, discriminating nucleotides are underlined) and
bMT3096-r, and the probe bMT3030-Fam. qPCR reactions
were performed in duplicate in a 20-mL reaction containing
900 nM of forward (discriminating or nondiscriminating
assay) and reverse primers (Applied Biosystems, Foster
City, CA, USA)þ 250 nM probe (Applied Biosystems)þ 1�
TaqMan Gene Expression Master Mix (Applied Biosystems)þ
5 mL of template. Cycling conditions consisted of a first
step at 958C for 15 min followed by 40 cycles of 958C for
20 sec and 638C for 1 min. The ABI PRISM SDS 7500 HT
Real-Time PCR System (Applied Biosystems) was used for
qPCR reactions. Both discriminating and nondiscriminat-
ing assays were always run in the same PCR plate. The stan-
dard curve method was used to determine the percentage
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of buffalo mtDNA. Assay sensitivity was estimated to be
0.01% of buffalo mtDNA. The total number of copies mtDNA
(buffaloþ bovine) and the number of copies of buffalo
mtDNA were also assessed in embryos (zygote and blasto-
cyst stages) following the procedure described by Chiaratti
et al. (2010).

Statistical analysis was performed using the SAS System
(V8, Cary, NC, USA). Development rates were compared
using w2. The percentage of buffalo mtDNA and the number
of mtDNA copies in embryos were compared between zy-
gote and blastocyst stages using a Student’s t-test. Differ-
ences with probabilities ( p)< 0.05 were considered
significant. In the text, values are reported as mean� the
standard error of the mean (SEM).

Results and Discussion

Interspecies SCNT is envisaged to rescue endangered an-
imals whose oocytes are difficult to obtain. However, off-
spring generated by this procedure will contain mostly the
mtDNA donated by the ooplast (Ferreira et al., 2007; Hien-
dleder et al. 2003, 2005; Meirelles et al., 2001; Steinborn et al.,
1998). The use of ooplasts from a more abundant related
species (e.g., slaughterhouse-derived cattle oocytes for en-
dangered artiodactyls) could lead to incompatible interac-
tions between the nDNA and the mtDNA (Bowles et al.,
2008; Gómez et al., 2009; Kenyon and Moraes, 1997;
Lanza et al., 2000; Loi et al., 2001; Trounce and Pinkert, 2007).
In this regard, XOT is a valuable tool to study nuclear–
mitochondrial interaction between species.

The procedure of iSCNT has been used without much
success. Most reports show that the embryo is capable of
developing to the blastocyst stage or even until later stages
but not to derive viable offspring (Chen et al., 2002; Gómez
et al., 2009; Hua et al., 2007; Kitiyanant et al., 2001; Lanza
et al., 2000; Lu et al., 2005; Mastromonaco et al., 2007; Sai-
khun et al., 2002). Two main factors related to the ooplasm
could be taken into account to explain iSCNT inefficiency:
(1) its incapacity for remodeling the somatic nucleus into a
totipotent one, (2) an incompatibility between mtDNA
and nDNA. Herein we focused on the second possibility,
because an incompatibility between these two genomes
could compromise the mitochondrion-dependent mecha-
nism of ATP generation in the cell and therefore lead to
a development arrest (Bowles et al., 2008; Gómez et al.,
2009; Kenyon and Moraes, 1997; Lanza et al., 2000; Loi et al.,
2001; Trounce and Pinkert, 2007). Our study was based on
a model where 10 to 15% of buffalo ooplasts are transferred
into bovine zygotes. Because we intended to evaluate in-
terspecies mtDNA inheritance in offspring, XOT was
chosen rather than iSCNT due to the low efficiency of the
latter in generating live offspring (Chen et al., 2002; Gómez
et al., 2009; Hua et al., 2007; Kitiyanant et al., 2001; Lanza
et al., 2000; Lu et al., 2005; Mastromonaco et al., 2007; Sai-
khun et al., 2002). Moreover, introduction of amounts of
ooplasm larger than 10–15% might drastically modify the
zygote’s cytoplasm composition, leading to development
arrest as well. On the other hand, introduction of somatic
cytoplast might lead to a more stringent segregation of
somatic mtDNA due to specific differences between so-
matic and ooplasmic mitochondria (Bowles et al., 2008;
Ferreira et al., 2007).

In our study, embryo development was not compromised
by the transfer of buffalo ooplasm into bovine zygotes.
Blastocyst rate of IVF (65=235, 27.7%), OT (75=314, 23.9%),
and XOT (15=66, 22.7%) embryos were not different
( p¼ 0.53). Moreover, XOT did not prevent development to
term after embryo transfer to recipient cows enabling birth of
female twins (Fig. 1). Analysis of microsatellite markers
confirmed that offspring were generated with the sperm
used in IVF and twins were genetically identical, probably
due to embryo splitting after transfer to recipient cows. Al-
though previous studies have shown development to blas-
tocyst after iSCNT using bovine ooplasts and buffalo nucleus
(Kitiyanant et al., 2001; Lu et al., 2005; Saikhun et al., 2002),
transfer of xenoembryos to surrogate females was not per-
formed. Using a somatic cell model, studies on xenomi-
tochondrial cybrids have shown that with increased
evolutionary divergence a barrier is reached whereby the
foreign mtDNA can no longer be maintained, so that cybrids
are not viable (Kenyon and Moraes, 1997; Trounce and Pin-
kert, 2007). Moreover, there are significant evidences that
increased evolutionary distance is detrimental to embryo=
fetal development after iSCNT (Bowles et al., 2008; Gómez
et al., 2009; Lanza et al., 2000; Loi et al., 2001). Although the
unaltered development to blastocyst and to term in our
model indicates proper nuclear–mitochondrial interactions,
another possible interpretation is that buffalo mtDNA does
not interfere with development because (1) mitochondrial
activity is low during the early stages of embryogenesis and
(2) the majority (85 to 90%) of the mitochondria in the XOT
zygotes is of bovine origin.

Comparison between buffalo and bovine mtDNAs showed
that they differ by 12% in sequence (based on Genbank se-
quences, see above), whereas the difference in the replication
origin and in the d-loop reaches 7 and 19%, respectively. This
may compromise the subsistence of buffalo mtDNA once
mitochondrial replication and transcription is initiated, and
undermined by inefficient nuclear–mitochondrial interac-
tions. To test this hypothesis we checked whether blastocysts
produced by XOT retain the donor mtDNA (Fig. 2). The
average number of buffalo mtDNA copies present at the
zygote stage was 43,157� 5708 (range: 11,097 to 74,492) and

FIG. 1. Twin calves born after transfer of buffalo ooplasm
into bovine zygotes.
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the average number of total mtDNA was 580,636� 76,545
(range: 271,156 to 1,130,818). Therefore, the percentage of
buffalo mtDNA present in XOT zygotes was 8.3%� 1.26
(range: 1.9–14.9%), which is rather smaller than the amount
of buffalo ooplast transferred (10–15%). One explanation is
that mitochondria distribution among donor and host zy-
gotes was different, for example, more concentrated in the
bovine zygote, leading to the introduction of less buffalo
mtDNA than expected. In pigs, it is known that mitochon-
dria are remodulated shortly after fertilization, leading to a
heterogeneous cytoplasmic distribution during the one-cell
stage (Sun et al., 2001).

In comparison to zygotes, buffalo blastocysts contained
similar amounts of mtDNA molecules (48,425� 6,470; range:
32,940–69,595; p¼ 0.56). Moreover, because no amplification
of the total amount of mtDNA was observed between zy-
gotes (see above) and blastocysts (539,701� 61,896; range:
271,156–702,536; p¼ 0.72), the percentage of buffalo mtDNA
(blastocysts¼ 9.3%� 1.07; range: 6.2–12.1%) did not change
( p¼ 0.11). A similar result was observed ( p¼ 0.13) in con-
trol embryos subjected to OT using bovine ooplasm (OT
group) (zygote¼ 580,636� 77,963 and blastocyst¼ 832,926�
147,634; Fig. 2). Although mtDNA amounts do not change
during in vivo preimplantation development (Kameyama
et al., 2007; Pikó and Taylor, 1987; Smith et al., 2005; Stein-

born et al., 1998), embryos cultured in vitro often show in-
creased mtDNA amounts between zygote and blastocyst
stages in a number of species (Chiaratti et al., 2010;
Kameyama et al., 2007; May-Panloup et al., 2005; McConnell
and Petrie, 2004; Mtango et al., 2008; Smith et al., 2005;
Spikings et al., 2007) including after iSCNT within the Bos
genus, for example, B. gaurus and B. taurus (Mastromonaco
et al., 2007). Nonetheless, although variations in embryo
in vitro culture systems may account for part of the differ-
ences in mtDNA levels (Kameyama et al., 2007; McConnell
and Petrie, 2004; Mtango et al., 2008), complete lack of am-
plification of donor mtDNA in these XOT embryos during
in vitro development may further reflect the nuclear-
mitochondrial incompatibilities (Bowles et al., 2008; Gómez
et al., 2009; Kenyon and Moraes, 1997; Lanza et al., 2000; Loi
et al., 2001; Trounce and Pikert, 2007) between the phylo-
genetically distant Bubalus and Bos genera (MacEachern et al.,
2009). Moreover, detailed screening for buffalo mtDNA in
offspring using a real-time protocol able to detect as little as
0.01% of buffalo mtDNA, was unsuccessful in identifying any
vestige of buffalo mtDNA in somatic (blood, skin, muscle,
and liver) and germline (oocytes) tissues of both calves born
from XOT. Ferreira et al. (2010), using a similar approach to
that described in the present work, have performed ooplas-
mic transfer between B. indicus and B. taurus cows and found

FIG. 2. Stable amounts of buffalo mtDNA during early development of XOT embryos. (a) Number of copies and (b)
percentage of buffalo mtDNA, and (c) total (buffaloþ bovine) number of copies of mtDNA in XOT embryos. (d) Total
number of copies of mtDNA in OT embryos. Dots indicate the number of mtDNA copies in each embryo and bars represent
the means. Comparisons between stages did not detect differences ( p> 0.05).
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that the introduced mtDNA was inherited by all offspring
generated. Moreover, even when very small amounts of cy-
toplasm are transferred by ooplasmic transfer as performed
in women in the past, the donor mtDNA can be detected in
babies (Barrit et al., 2001; Brenner et al., 2000). Mitochondrial
function is tightly dependent on polypeptides encoded by
the nDNA that are imported by the mitochondrion after
being translated in the cytoplasm. These polypeptides pro-
mote both replication and transcription of the mtDNA, and
assemble the enzymatic subunits of the oxidative phospho-
rilation together with polypeptides encoded by the mtDNA
(reviewed by Smith et al., 2005). Thus, the complete disap-
pearance of the donor mitochondria in all postnatal tissues
further indicates that buffalo mtDNA were unable to estab-
lish a functional interaction with the bovine nDNA, thereby
preventing its propagation during development.

In conclusion, transfer of buffalo ooplasm into bovine
zygotes enables birth of healthy offspring that do not inherit
the mtDNA introduced. These results are relevant to a better
understanding of nuclear–mitochondrial interactions be-
tween species. Further studies addressing this issue will be
necessary to clarify the consequences of genetic diversity on
iSCNT and its potential therapeutic applications, such as in
deriving interspecific human embryonic stem cells.
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