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Abstract

Currently, cloning efficiency in pigs is very low. Donor cell type and number of cloned embryos transferred to an
individual surrogate are two major factors that affect the successful rate of somatic cell nuclear transfer (SCNT) in pigs.
This study aimed to compare the influence of different donor fibroblast cell types and different transferred embryo
numbers on recipients’ pregnancy rate and delivery rate, the average number of total clones born, clones born alive
and clones born healthy per litter, and the birth rate of healthy clones ( = total number of healthy cloned piglets born /
total number of transferred cloned embryos). Three types of donor fibroblasts were tested in large-scale production of
cloned pigs, including fetal fibroblasts (FFBs) from four genetically similar Western swine breeds of Pietrain (P), Duroc
(D), Landrace (L), and Yorkshire (Y), which are referred to as P,D,LY-FFBs, adult fibroblasts (AFBs) from the same
four breeds, which are designated P,D,L,Y-AFBs, and AFBs from a Chinese pig breed of Laiwu (LW), which is referred
to as LW-AFBs. Within each donor fibroblast cell type group, five transferred cloned embryo number groups were
tested. In each embryo number group, 150–199, 200–249, 250–299, 300–349, or 350–450 cloned embryos were trans-
ferred to each individual recipient sow. For the entire experiment, 92,005 cloned embryos were generated from nearly
115,000 matured oocytes and transferred to 328 recipients; in total, 488 cloned piglets were produced. The results
showed that the mean clones born healthy per litter resulted from transfer of embryos cloned from LW-AFBs
(2.53 – 0.34) was similar with that associated with P,D,L,Y-FFBs (2.72 – 0.29), but was significantly higher than that
resulted from P,D,L,Y-AFBs (1.47 – 0.18). Use of LW-AFBs as donor cells for SCNT resulted in a significantly higher
pregnancy rate (72.00% vs. 59.30% and 48.11%) and delivery rate (60.00% vs. 45.93% and 35.85%) for cloned embryo
recipients, and a significantly higher birth rate of healthy clones (0.5009% vs. 0.3362% and 0.2433%) than that resulting
from P,D,L,Y-AFBs and P,D,L,Y-FFBs. This suggests that using LW-AFBs as donor cells results in a higher cloning
efficiency in pigs, compared with the other two donor fibroblast cell types. The birth rate of healthy clones was
significantly improved when the number of transferred cloned embryos was increased from 150–199 to 200–450 per
recipient. However, increase of the number of transferred embryos from 200–249 to 250–450 per surrogate did not
change the birth rate of healthy clones. This suggests that transfer of excessive (250–450) cloned embryos to an
individual surrogate is not necessary for increasing the cloning efficiency in pigs, and the relatively optimal number of
reconstructed embryos transferred to individual recipient is 200–249. Furthermore, our results indicated that the
numbers of total born clones, clones born alive, and clones born healthy per litter have a significantly high positive
correlation with each other. The present study provides useful information for improving SCNT efficiency in pigs.

Introduction

Pigs are not only important livestock but also valuable
animal models for biomedical as well as biological re-

search. Success in production of cloned pigs from somatic

cells was first reported almost at the same time in 2000 by
three independent groups (Betthauser et al., 2000; Onishi
et al., 2000; Polejaeva et al., 2000). Since then, the somatic cell
nuclear transfer (SCNT) technique has been used to amplify
superior pigs or has been applied in combination with genetic
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modifications to generate different types of transgenic or
knockout pigs (Klymiuk et al., 2010; Prather et al., 2008;
Schmidt et al., 2010; Vajta and Callesen 2012). Even though
the pig SCNT procedure has been developed for over 10 years
and a large number of cloned pigs have been produced, this
approach is still inefficient. The cloning efficiency (number of
live born cloned piglets/number of reconstructed embryos) is
usually around 1–3% (Whitworth and Prather 2010; Yang
et al., 2007; Zhao et al., 2010). This low success rate is con-
sidered to be the major problem that limits extensive appli-
cation of the SCNT technique in pigs. Thus, improvement of
the efficiency of this technique will facilitate its application in
the swine industry as well as in biomedical research. Because
the efficiency of SCNT is affected by factors such as donor cell
type and number of transferred cloned embryos per recipient,
optimization of these conditions may significantly increase
the ability to generate cloned animals. However, so far, very
few studies that compare the impact of different donor cell
types and different transferred embryo numbers on pig
cloning efficiency have been reported.

In an effort to apply the cloning technique to large-scale
multiplication of excellent boars in the swine industry, we
used approximately 115,000 matured porcine oocytes to pro-
duce 92,005 cloned embryos during 2009–2011. Following the
transfer of these reconstructed embryos into surrogates, we
eventually obtained 488 cloned male piglets with potentially
superior genetics. The donor fibroblasts that were used to
produce all these cloned male piglets could be classified into
three types. The first two types of donor fibroblast include
fetal fibroblasts (FFBs) and adult fibroblasts (AFBs) from four
genetically related Western fast-growing pig breeds—
Pietrain (P), Duroc (D), Landrace (L), and Yorkshire (Y)(Fang
and Andersson 2006; Megens et al., 2007), which are referred
to as P,D,L,Y-FFBs and P,D,L,Y-AFBs, respectively. The third
type of donor fibroblast is the AFB from a slow-growing
Chinese native pig breed, Laiwu (LW), which is designated
as LW-AFBs. The embryo transfer methods that were used
for pig cloning in the present study can also be divided,
according to the number of embryos transferred to per re-
cipient, into five different groups. In each group, an indi-
vidual surrogate received 150–199, 200–249, 250–299, 300–
349, or 350–450 two-cell stage cloned embryos. Here, we
present the data obtained from our large pig cloning work
and report the influence of donor fibroblast cell type and
number of transferred cloned embryos per recipient on pig
SCNT efficiency,

Materials and Methods

Donor cell isolation, ovary collection, and oocyte
maturation

The experimental protocol for this study was approved
by the South China Agricultural University’s institutional
animal care and use committee. Three types of fibroblasts
were used as donor cells for SCNT. The first donor cell
type was FFBs from 25-day-old male fetuses of P, D, L, or
Y pigs. These fetuses potentially had superior genetics be-
cause their parents had excellent production performance.
The second donor cell type was AFBs from the ears of
1-year-old, genetically selected superior boars of P, D, L, or
Y pigs. The third donor cell type was AFBs from the ears
of 1-year-old superior LW boars. FFBs and AFBs were iso-

lated as described by Deng et al. (2011). Isolated fibroblasts
were frozen in liquid nitrogen. Before SCNT, fibroblasts
were thawed and cultured for 8–10 days in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10%
(vol/vol) fetal bovine serum (FBS) at 39�C in a humidified
atmosphere of 5% CO2 and 95% air. Cultured cells at
passages three to eight were used for SCNT. All porcine
ovaries used in this study were collected from a same local
slaughterhouse.

Cumulus–oocyte complexes (COCs) were aspirated from
the ovaries and matured in vitro for 42–44 h following the
protocol described by Deng et al. (2011). Matured COCs
were freed from cumulus cells by repeated pipetting in 0.1%
hyaluronidase. Matured oocytes with the first polar body
were selected for cloning.

Somatic cell nuclear transfer

The zona pellucida of a cumulus-free oocyte was held
with a holding micropipette and a fine glass needle was used
to make a slit near the first polar body. The first polar body
and adjacent cytoplasm, presumably containing all the
chromosomes, were extruded by squeezing with the same
needle. A single fibroblast cell with a smooth surface was
microinjected into the perivitelline space of the oocytes
through the same slit. The oocyte–donor cell complexes were
cultured in PZM3 medium at 39�C for 1.5 h and then acti-
vated to fuse by two successive DC pulses at 1.2 kv/cm for
30 lsec using an electrofusion instrument (model CF-150/B,
BLS company, Budapest, Hungary).

Embryo transfer and pregnancy diagnosis

The reconstructed embryos were cultured in PZM3 me-
dium at 39�C for 20 h. Usually at this time point, 50% of the
cloned embryos are at the two-cell stage. The embryos were
then loaded into a tube and kept in a portable incubator
(Minitube) during transportation to the recipient farm.
Estrus-synchronized LY (Landrace_ · Yorkshire\) or YL
(Yorkshire_ · Landrace\) hybrid sows in parity 2–5 were
used as embryo recipients. Within 12 h after recipient sows
showed signs of estrus with a standing response to boars,
they were anesthetized with ketamine and xylazine for in-
duction and 3% isoflurane for maintenance. One oviduct was
exposed by surgery. The cloned embryos were put directly
into the oviduct of the recipient using a syringe. The preg-
nancy status of the recipient sows was monitored using an
ultrasound equipped with a convex transducer at 1 month
after embryo transfer.

Delivery of cloned piglets

If spontaneous farrowing did not occur until gestation day
116, the recipients were injected with a prostaglandin analog
(200 lg/recipient), and after about 24 h they delivered vagi-
nally under supervision or with assistance. The newborn
cloned piglets were weighed and examined clinically. The
numbers of total born clones, clones born alive, and clones
born healthy per litter were recorded at birth. Healthy piglets
were defined as live, newborn, normal clones that were
heavier than 0.8 kg and did not show any defects, such as
macroglossia, cryptorchidism, ligament contracture, cleft
palate, and testes hypertrophy.
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Statistical analysis

For analysis of pregnancy rate and delivery rate of recipients,
and birth rate of healthy cloned piglets, data were subjected to
the GENMOD Procedure of SAS 9.2 program (SAS Institute,
Cary, NC). For analysis of the average number of total born
clones, clones born alive, and clones born healthy per litter, data
were subjected to the GLM Procedure of SAS 9.2 program (SAS
Institute, Cary, NC). Values were present as mean – standard
error of mean (SEM). Significant difference of means between
two different groups was determined at p < 0.05.

Results

Effects of donor cell type and transferred cloned
embryo number on pregnancy rate and delivery rate of
recipients

The pregnancy rate at 1 month after embryo transfer and
the farrowing rate of recipients were calculated and shown in
Figure 1. The overall pregnancy rate and delivery rate of

surrogates received with LW-AFBs–derived SCNT embryos
were significantly higher than those of surrogates transferred
with embryos cloned from P,D,L,Y-FFBs, which were also
significantly higher than that of recipient sows transferred
with P,D,L,Y-AFBs–derived embryos (pregnancy rate,
72.00% vs. 59.30% vs. 48.11%; delivery rate, 60.00% vs.
45.93% vs. 35.85%). However, surrogates that received em-
bryos cloned from different donor fibroblasts did not show a
significant difference in pregnancy rate and delivery rate if
they received the same number of cloned embryos. Similarly,
when using the same type of fibroblasts as donor cells for
SCNT, even surrogates that received different numbers of
embryos exhibited no significant difference in pregnancy rate
as well as farrowing rate. Furthermore, when the number of
transferred embryos reached 350–450 per recipient female,
the resulting overall pregnancy rate of the three donor cell
types was not different from the 150–199 group (65.71% vs.
59.09%, p = 0.2417), yet the overall delivery rate of the three
donor cell types was significantly different from the 150–199
embryo number group (51.43% vs. 36.3%, p = 0.0274).

FIG. 1. Effects of donor cell type and number of cloned embryos transferred to individual surrogate on pregnancy rate (A)
and delivery rate (B) of surrogates. Pregnancy rate was calculated by total number of pregnant recipients/total number of
recipients (see the corresponding numbers in Table 1); delivery rate was calculated by total number of farrowed recipients/
total number of recipients (see the corresponding numbers in Table 1). Values within the same embryo number group
(including the overall of 5 embryo number groups) labeled with different capital letters differ at p < 0.05, labeled with a same
capital letter are not different from each other ( p > 0.05), and with no label of any letter are not different from each other
( p > 0.05). Values within the same donor cell type group (including the overall of 3 donor cell type groups) labeled with
different small letters differ at p < 0.05, labeled with a same small letter are not different from each other ( p > 0.05), and with
no label of any letter are not different from each other ( p > 0.05).
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FIG. 2. Effects of donor cell type and number of cloned embryos transferred to individual surrogate on mean total born
clones/litter (A), mean clones born alive/litter (B), and mean clones born healthy/litter (C). The farrowing data of all 147
recipients were used for calculating the mean total born clones/litter, mean clones born alive/litter, and mean clones born
healthy/litter. Values within the same embryo number group (including the overall of 5 embryo number groups) labeled
with different capital letters differ at p < 0.05, labeled with a same capital letter are not different from each other ( p > 0.05), and
with no label of any letter are not different from each other ( p > 0.05). Values within the same donor cell type group (including
the overall of 3 donor cell type groups) labeled with different small letters differ at p < 0.05, labeled with a same small letter
are not different from each other ( p > 0.05), and with no label of any letter are not different from each other ( p > 0.05).
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Effects of donor cell type and transferred cloned embryo
number on the mean number of born clones per litter

The average number of total clones born/litter, clones
born alive/litter and clones born healthy/litter were ana-
lyzed and are shown in Figure 2. With the increase in
numbers of P,D,L,Y-FFB– or LW-AFB–derived embryos
transferred to individual recipients, it seems there was an
increased trend in the mean number of total born clones,
clones born alive, and clones born healthy per litter.
Nevertheless, this trend was not observed when using
P,D,L,Y-AFBs as donor cells for production of cloned pig-
lets. When transferring the same number of 150–199, 200–
249, 250–299, or 350–450 embryos into surrogates, donor cell
type did not affect the average number of total born clones,
clones born alive, and clones born healthy per litter. How-
ever, the mean total born clones/litter, clones born alive/
litter, and clones born healthy/litter resulting from transfer
of 300–349 P,D,L,Y-FFB–derived embryos were significantly
higher than that resulted from transfer of the same number
of P,D,L,Y-AFB–derived embryos (total born clones per lit-
ter, 4.0 – 0.63 vs. 2.69 – 0.23; clones born alive per litter,
3.4 – 0.75 vs. 1.73 – 0.23; clones born healthy per litter,
3.20 – 0.66 vs. 0.92 – 0.2).

Recipients transferred with embryos cloned from
P,D,L,Y-FFBs delivered significantly more total born
clones/litter, clones born alive/litter, and clones born
healthy/litter than those farrowed by surrogates that re-
ceived P,D,L,Y-AFB–derived embryos (total born clones/
litter, 3.92 – 0.35 vs. 3.01 – 0.22; clones born alive/litter,
3.26 – 0.33 vs. 2.15 – 0.21; clones born healthy/litter,
2.72 – 0.35 vs. 1.47 – 0.18). Using LW-AFBs as nuclei donor
for SCNT only tended to increase the mean number of total
born clones per litter and the mean number of clones born
alive per litter, but significantly increased the mean num-
ber of clones born healthy per litter, as compared to that
resulting from using P,D,L,Y-AFBs as donor cells for
cloning (mean number of clones born healthy per litter,
2.53 – 0.34 vs. 1.47 – 0.18). The average total born clones/
litter, clones born alive/litter, and clones born healthy/
litter of overall of three donor cell types changed in a
similar pattern with the increase of transferred embryo
number. They all exhibited a significant increase when the
number of embryos transferred to per recipient increased
from 150–199 to 200–249, but tended to be lower or sig-
nificantly decreased with the number of transferred em-
bryos increased to 300–349, and then increased again when
the embryo number transferred reached 350–450.

Table 1. Effects of Donor Cell Type and Number of Cloned Embryos Transferred

to Individual Recipient on the Birth Rate of Healthy Cloned Piglets

Donor
cell types

No. of transferred
embryos

per recipient

Total
no. of

transferred
embryos

Total
no. of

recipients

Total no.
of pregnant
recipients

Total
no. of

farrowed
recipients

Total no.
of clones

born
health

Clones
born healthy/
transferred

embryos

P,D,L,Y-FFBs 150–199 1,496 8 4 2 1 0.0668%
200–249 5,128 23 11 9 21 0.4095%
250–299 11,506 42 21 17 45 0.3911%
300–349 6,682 21 8 5 16 0.2394%
350–450 4,339 12 7 5 15 0.3457%

Overall of 5 embryo number groups 29,151 106 51 38 98 0.3362%a

P,D,L,Y-AFBs 150–199 2,243 13 8 5 6 0.2675%
200–249 9,537 42 25 16 36 0.3775%
250–299 14,164 52 30 24 36 0.2542%
300–349 16,017 50 30 26 24 0.1498%
350–450 5,721 15 9 8 14 0.2447%

Overall of 5 embryo number groups 47,682 172 102 79 116 0.2433%a

LW-AFBs 150–199 195 1 1 1 0 0
200–249 2,325 10 7 6 13 0.5591%
250–299 4,406 16 11 11 31 0.7036%
300–349 4,821 15 10 7 17 0.3526%
350–450 3,425 8 7 5 15 0.4380%

Overall of 5 embryo number groups 15,172 50 36 30 76 0.5009%b

Overall of 3
donor cell types

150–199 3,934 22 13 8 7 0.1779%a

200–249 16,990 75 43 31 72 0.4238%b

250–299 30,076 110 62 52 111 0.3691%b

300–349 27,520 86 48 38 57 0.2071%ab

350–450 13,485 35 23 18 44 0.3263%b

Overall of 5 embryo number groups 92,005 328 189 147 291 0.3163%

Values within the same embryo number group (including the overall of 5 embryo number groups) labeled with different capital letters
differ at p < 0.05, labeled with the same capital letter are not different from each other ( p > 0.05), and with no label are not different from each
other ( p > 0.05). Values within the same donor cell type group (including the overall of 3 donor cell type groups) labeled with different small
letters differ at p < 0.05, labeled with the same small letter are not different from each other ( p > 0.05), and with no label are not different from
each other ( p > 0.05).
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Effects of donor cell type and transferred cloned
embryo number on the birth rate of healthy clones

The birth rate of healthy clones was calculated and is sum-
marized in Table 1. When using the same type of fibroblasts as
donor cells for SCNT, the number of transferred embryos to an
individual foster mother has no significant impact on the birth
rate of healthy clones. Similarly, donor cell type did not sig-
nificantly affect the birth rate of healthy cloned piglets if sur-
rogates received the same number of embryos. When the data
were pooled from all embryo number groups, the birth rate of
healthy clones derived from LW-AFBs (0.5009% = 76/15,172)
was significantly higher, as compared with P,D,L,Y-AFBs
(0.2433% = 116/47,682) and P,D, L,Y-FFBs (0.3362% = 44/
13,485). If only considering the effect of transferred embryo
number, transfer of 150–199 embryos to an individual recipient
resulted in a significantly lower birth rate of healthy clones
than that resulting from transferring 200–249, 250–299, 300–
349, or 350–450 embryos to individual surrogates.

Correlation analyses

Significantly high positive correlations were found be-
tween the number of total born clones and number of clones
born alive, between the number of total born clones and
number of clones born healthy, and between the number of
clones born alive and number of clones born healthy in the
litter (Fig. 3). We also used the data of 147 recipients that gave
birth to cloned piglets to analyze the relationship between the
number of embryos transferred to recipients and the number
of total born clones, or the number of clones born alive, or the
number of clones born healthy in the litter, but no significant
correlation was found between them (data was not shown).

Discussion

Donor cell type and the number of transferred cloned
embryos per recipient are two major factors that influence
the success rate of cloning. In this study, we investigated the
effect of these two factors on the efficiency of pig cloning.
Our results showed that transfer of LW-AFB–derived cloned
embryos resulted in a significantly higher pregnancy rate
and delivery rate than those resulting from transfer of
P,D,L,Y-FFBs and P,D,L,Y-AFB–derived cloned embryos.
This suggests that embryos generated from fibroblasts of
Chinese local LW pigs rather than Western pig breeds allow
their surrogate mothers to establish pregnancy and maintain
pregnancy to term more easily. However, this seems con-
trary to the finding that pregnancy rate and delivery rate
were significantly increased if the transferred cloned em-
bryos and their recipient are of the same breed (Koo et al.,
2009; Schmidt et al., 2010). In the present study, LY or YL
hybrid sows were used as recipients, which are genetically
more similar with cloned embryos generated from P,D,L,Y-
FFBs and P,D,L,Y-AFBs. However, we observed a higher
pregnancy rate and delivery rate in LY and YL surrogates
that received embryos cloned from LW-AFBs that were more
genetically different. The pregnancy rate and delivery rate
observed with P,D,L,Y-FFBs-based SCNT was significantly
lower than that associated with P,D,L,Y-AFB– and LW-AFB–
based cloning, implying that use of AFBs instead of FFBs as
donor cells for SCNT increased the pregnancy rate as well as
the farrowing rate of recipients. This is favorable for apply-

ing the SCNT technique to amplify superior genetics in the
swine industry, where AFBs from genetically proven excel-
lent boars are the preferred donor cells for cloning.

In our study, the number of transferred cloned embryos did
not seem to have much influence on recipients’ pregnancy rate
and delivery rate, since surrogates that received 150–349 em-
bryos exhibited a similar pregnancy rate and farrowing rate. In
pigs, a signal from three or more embryos is required to
maintain pregnancy (King et al., 2002). The pregnancy rate and
delivery rate of surrogate females receiving cloned embryos is
usually lower than that resulting from transfer of unmanipu-
lated embryos (Hornen et al., 2007; Kurome et al., 2008;
Lagutina et al., 2007; Park et al., 2010). The major possible
reason for this is that the low developmental ability of cloned
embryos significantly reduces their signaling to the recipient
mother after embryo transfer, and thus they are unable to
cause the recipients establish pregnancy or maintain preg-
nancy to term. This negative effect could be minimized by
increasing the number of transferred cloned embryos to an
individual surrogate. Schmidt et al. (2010) showed that when
the number of transferred cloned blastocysts selected with
normal morphology was increased from < 60 to 60–120 per
recipient, the surrogates’ pregnancy rate and delivery rate
were significantly elevated. However, in our study, the cloned
embryos were unselected and transferred at around two-cell
stage. Therefore, even if we increased the transferred embryo
number from 150–199 to 300–349 per recipient, this still may
not be enough to significantly increase the survived cloned
embryo number after transfer, and thereby does not change
the recipients’ pregnancy rate and farrowing rate.

Among the three types of donor fibroblasts tested in this
study, P,D,L,Y-FFBs were associated with the lowest recipi-
ent pregnancy rate and delivery rate. However, these fibro-
blasts were also associated with the largest mean number of
total born clones per litter, the largest mean number of clones
born alive per litter, and the largest mean number of clones
born healthy per litter. The reason for this is unknown.
Moreover, transfer of 350–450 cloned embryos tended to
increase recipients’ pregnancy rate and delivery rate, as well
as the mean number of total born clones, clones born alive,
and clones born healthy per litter.

In the swine industry, producers are more interested in
efficient production of healthy superior cloned pigs. There-
fore, we analyzed the effects of donor fibroblast cell type and
transferred cloned embryo number on the birth rate of
healthy clones. Our results demonstrated that using LW-
AFBs as donor cells for SCNT significantly increased the
birth rate of healthy clones, indicating LW-AFBs may have a
higher reprogramming efficiency than P,D,L,Y-FFBs and
P,D,L,Y-AFBs. In pig cloning, the number of early-stage
cloned embryos transferred to an individual surrogate is
typically less than 200 (Betthauser et al., 2000; Boquest et al.,
2002; Hao et al., 2009; Onishi et al., 2000; Polejaeva et al.,
2000; Waghmare et al., 2011). However, our results showed
that transfer of more than 200 cloned embryos at approxi-
mately the two-cell stage to an individual surrogate in-
creased the birth rate of healthy clones. More interestingly,
transfer of 200–249, 250–299, 300–349, or 350–450 cloned
embryos to individual recipients caused no significant
change in the birth rate of healthy clones. This suggests that
transfer of excessive numbers of cloned embryos to an in-
dividual recipient was not necessary for enhancing the
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FIG. 3. Correlation between the number of total born clones and number of clones born alive (A), between the number of
total born clones and number of clones born healthy (B), and between the number of clones born alive and number of clones
born healthy (C) in the litter.
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cloning efficiency in pigs. Therefore, transfer of 200–249
cloned embryos at approximately the two-cell stage to an
individual recipient should be considered in pig SCNT.

In conclusion, this study demonstrated that among the
three types of tested donor fibroblasts, LW-AFBs were as-
sociated with the highest birth rate of healthy cloned piglets.
Increase of the number of transferred cloned embryos (at
around the two-cell stage) from 150–199 to 200–450 per re-
cipient sow significantly enhanced the birth rate of healthy
clones. However, transfer of excessive (250–450) cloned em-
bryos to an individual surrogate was unnecessary for in-
creasing cloning efficiency, and the relatively optimal
number of cloned embryos transferred to individual recipi-
ent at approximately the two-cell stage was 200–249. In ad-
dition, the number of total born clones, number of clones
born alive, and number of clones born healthy in the litter
significantly and positively correlated with each other.
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