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Abstract

One of the several factors that contribute to the low efficiency of mammalian somatic cloning is

poor fusion between the small somatic donor cell and the large recipient oocyte. This study was

designed to test phytohemagglutinin (PHA) agglutination activity on fusion rate, and subsequent

developmental potential of cloned bovine embryos. The toxicity of PHA was established by

examining its effects on the development of parthenogenetic bovine oocytes treated with different

doses (Experiment 1), and for different durations (Experiment 2). The effective dose and duration of

PHA treatment (150 mg/mL, 20 min incubation) was selected and used to compare membrane fusion

efficiency and embryo development following somatic cell nuclear transfer (Experiment 3). Cloning

with somatic donor fibroblasts versus cumulus cells was also compared, both with and without PHA

treatment (150 mg/mL, 20 min). Fusion rate of nuclear donor fibroblasts, after phytohemagglutinin

treatment, was increased from 33 to 61% (P < 0.05), and from 59 to 88% (P < 0.05) with cumulus
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cell nuclear donors. The nuclear transfer (NT) efficiency per oocyte used was improved following

PHA treatment, for both fibroblast (13% versus 22%) as well as cumulus cells (17% versus 34%;

P < 0.05). The cloned embryos, both with and without PHA treatment, were subjected to vitrification

and embryo transfer testing, and resulted in similar survival (approximately 90% hatching) and

pregnancy rates (17–25%). Three calves were born following vitrification and embryo transfer of

these embryos; two from the PHA-treated group, and one from non-PHA control group. We

concluded that PHA treatment significantly improved the fusion efficiency of somatic NT in cattle,

and therefore, increased the development of cloned blastocysts. Furthermore, within a determined

range of dose and duration, PHA had no detrimental effect on embryo survival post-vitrification, nor

on pregnancy or calving rates following embryo transfer.

# 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Successful somatic cell nuclear transfer (NT) has resulted in live mammalian clones,

including sheep [1], cattle [2–5], mice [6], goats [7,8], pigs [9–12], cats [13], rabbits [14],

rats [15], guars [16], mules [17], and horses [18]. For effective reprogramming of the

genome of a differentiated somatic cell nucleus, the donor nucleus must be successfully

introduced into the oocyte’s cytoplasm, either by direct nuclear injection [6,11], whole-cell

injection [19], or most commonly, via membrane fusion by electrical stimulation

[1,2,10,20,21]. Despite the successes of cloning, however, overall cloning efficiency

[3,22,23] has remained low, caused to some extent by the low fusion efficiencies currently

achieved between the small somatic donor cell and the recipient oocyte, following somatic

NT [1,3,20]. In somatic nuclear transfer with induced fusion by electrical pulse(s), the area

of membrane contact between a somatic donor cell and an oocyte is thought to be relatively

limited, and smaller than that attained in conventional NT (earlier NT studies with an

embryonic blastomere as the nuclear donor) [21,24–26]. Therefore, an apparent obstacle to

efficient somatic NT is the difficulty of fusing a tiny somatic cell to a large recipient oocyte.

In addition to the size disparity, the difference in membrane properties among the different

somatic cell types considerably affects their fusion efficiency [27]. The development of

cloned embryos is largely anomalous; its inefficiency could be caused by other problems

inherent in the oocyte’s ability to completely reactivate and/or reprogram an introduced

somatic genome during the cloning process [22,28–30].

It is well known that a family of lectin proteins binds carbohydrates of glycoproteins in a

reversible and specific manner [31,32]. The recognition of cellular surface-specific

carbohydrates by phytohemagglutinin (PHA) could have important implications for

critical biological processes, as well as practical applications in cellular bioengineering.

Phytohemagglutinins have been widely used in cell biology for enhancing cell

agglutination and fusion in plant protoplasts [33], and in various types of mammalian

cells including erythrocytes [34], hybrid cell colonies [27,35], and bone marrow

mesenchymal stem cells [36]. Moreover, PHA was used for nuclear transfer with human

[37], goat [38] and bovine [39] oocytes, and for zona-free NT in cattle [40–43]. However,

the toxicity of PHA to oocytes, donor somatic cells, and its consequence to the
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developmental potential of NTembryos, has not been well established. High doses of PHA

were cytotoxic to Chinese Hamster ovary (CHO) and other mammalian cells [44].

In the present study, a series of experiments were designed to determine the PHA

treatment (dose and duration) optimal for bovine oocytes, and to determine its effect on

fusion rate and subsequent developmental potential of NT bovine embryos in vitro. In

addition, the in vivo viability of PHA-treated somatic NT embryos was examined by

transferring vitrified cloned blastocysts into synchronized recipients.

2. Materials and methods

Unless indicated, chemicals were obtained from the Sigma Chemical Co. (St. Louis,

MO, USA). All embryo cultures were maintained at 39 8C in 5% CO2 and humidified air

(unless otherwise specified).

2.1. Bovine oocyte recovery, culture, and maturation in vitro

Bovine cumulus oocyte complexes (COCs) were aspirated from antral follicles of

abbatoir-dervied ovaries, as described previously [45]. Only COCs with at least four intact

layers of tight cumulus cells were selected, washed three times in Dulbecco’s phosphate

buffered saline (D-PBS; Gibco, Grand Island, NY, USA) containing 0.1% polyvinyl

alcohol (PVA; D-PBS + PVA). The COCs, in groups of 20–25, were matured in 75 mL

drops of maturation medium for 18–20 h. Maturation medium was a basal Medium 199

(M199) with Earle’s salts, L-glutamine, 2.2 g/L sodium bicarbonate, and 25 mM HEPES

(Gibco) containing 7.5% (v/v) fetal bovine serum (FBS; Hyclone, Logan, UT, USA),

supplemented with 0.5 mg/mL ovine FSH (NIDDK), 5.0 mg/mL ovine LH (NIDDK),

1.0 mg/mL estradiol and antibiotics (Gibco). The matured oocytes with well-expanded

cumulus layers were selected for proceeding with cumulus cell denuding for either

parthenogenetic activation or enucleation and NT.

2.2. Culture of bovine skin fibroblast and cumulus donor cells

Bovine cumulus oocyte complexes (COCs), and ear tissue biopsies were collected from

adult female dairy cattle of high genetic merit, from the University of Connecticut’s

Kellogg Dairy center (KDC), by standard oocyte ultrasound-guided retrieval (OPU) [46]

and ear notching, respectively. Briefly, COCs were recovered using an Aloka 5005

ultrasound scanner fitted with a human vaginal probe (5 MHz), and sterile hypodermic

needle. With the aid of vacuum pressure, follicular fluid was aspirated, along with COCs.

The COCs, in groups of 3–5, were cultured in Dulbecco’s Minimum Eagle’s medium

(DMEM; Gibco), containing 20% FBS (Hyclone) and antibiotics (Gibco) in Falcon

35 mm � 10 mm culture dishes (Becton Dickinson, Franklin Lakes, NJ, USA). Ear skin

explants were cultured in 10% FBS DMEM. Both COCs and skin tissues were cultured at

37 8C in 5% CO2 humidified air until confluency. Cumulus cells formed a monolayer

around ova, and fibroblast monolayers formed from the tissue explants, in about 2 week.

For passaging, cells were washed with 1 mL of Dulbecco’s PBS, then gently digested by a
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3 min incubation in 100 mL 0.05% trypsin (ICN, Aurora, OH, USA) and 0.5 mM EDTA

(Baker, Phillipsburg, NJ, USA) at 37 8C. The reaction was terminated by adding 5% FBS in

DMEM. Subsequently, the cell suspension was centrifuged at 800 � g for 5 min, and cells

were resuspended and divided into three new dishes and maintained for 6–7 days. Cells

cultured to different numbers of passages were collected and frozen in 7%

dimethylsulfoxide (DMSO) and 7% glycerol at �80 8C for 1 day, then stored in liquid

nitrogen.

Donor cells at passage 5–10, derived either from cattle cumulus or fibroblast cells, were

used for nuclear transfer. After reaching confluency, bovine fibroblast cells were serum-

starved in 0.5% FBS DMEM for 4–5 days. The bovine cumulus cells were not starved, but

were continuously cultured for an additional 5–6 days after confluency, in 20% FBS

DMEM. Nuclear donor cells were then disassociated by 2–3 min of trypsinization at 37 8C,
and resuspended in 1 mL 5% FBS in DMEM. Prior to NT, cell suspensions were allowed to

recover for about 20–30 min at 37 8C.

2.3. Nuclear transfer, phytohemagglutinin treatment, and cell fusion

Recipient oocyte enucleationwas conducted inD-PBS containing 20%FBS by squashing

and compressing out the first polar body and its surrounding cytoplasm with an enucleation

needle (Fig. 1A); approximately one-eighth of the oocyte’s total cytoplasmic volume was

extruded through a slit made on the zona pellucida [17]. Successful enucleation was

confirmed by fluorescent microscopy after staining with 10 mg/mL Hoechst 33342. For

nuclear transfer, a small, round somatic donor cell (Fig. 1B), usuallywith compacted nucleus,

was inserted into the perivitelline space of the enucleated ova (Fig. 1C).

BovineNT treatment groupswere incubated for 20 min inM199–FCS supplementedwith

0 or 150 mg/mL phytohemagglutinin-L (PHA-L, L-4144), classified as a lecuoagglutinin,

and derived from Phaseolus vulgaris (red kidney bean). Donor–cytoplast complexes were

incubated for 5 min in Zimmerman cell fusion medium [47], then manually oriented by fine

electrical rods (Fig. 1D andE) under lightmicroscopy. Electric fusion of the donor cells to the

recipient oocytes was accomplished by a double electrical pulse of 2.3 kV/cm for 10 ms.

After electric stimulation, oocyte–donor cell complexes were incubated for 15–30 min in

20% FBS PBS at room temperature before being subjected to further activation procedures.

Fusion rates were determined 90 min after the electrical pulse.

2.4. Activation and culture of cloned bovine embryos in vitro

After electrical stimulation, cloned bovine embryos were cultured in M199 + FCS

supplementedwith 2.5 mg/mLcytochalasinD (CD) and10 mg/mLcycloheximide (CHX) for

1 h, and then for an additional 4 h inM199 + FCSwith 10 mg/mLCHX.The culturemedium

for bovineNTembryoswas a defined CR1medium (referred to as CR1aa [48]) consisting of:

114.7 mM NaCl, 3.1 mM KCl, 26.2 mM NaHCO3, 1 mM L-glutamine, 0.4 mM sodium

pyruvate and 5.5 mM hemicalcium lactate and was supplemented with 1� MEM and 1�
BME amino acid. Activated bovine NT embryos were cultured in CR1aa containing 6 mg/

mLBSA for 2 days (initiation of activation = Day0), under 5%CO2, 5%O2 and 90%N2with

high humidity. Embryos were then switched to 10% FBS CR1aa co-culture with a bovine
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cumulus monolayer for an additional 5 days. For somatic cell co-culture of NTembryos, the

medium in thematuration droplets that contained a layer of 80–90% confluent cumulus cells

was changed to the appropriate CR1aa culture medium.

2.5. Vitrification of cloned embryos

Cloned bovine blastocysts on Day 7, usually at the expanding stage comparable to that

of normally fertilized embryos, but beginning to hatch through the cuts made on the zona

pellucida during NT, were selected for cryopreservation. Embryos were cryopreserved by a

modified vitrification protocol, liquid nitrogen surface vitrification (LNSV) described

previously [49,50]. Briefly, bovine NT blastocysts were pre-incubated in serially increased

concentrations of dimethyl sulfoxide (DMSO), ethylene glycol (EG) and 20% FBS PBS

medium for 3 min. Then, two embryos per group were vitrified in a micro-droplet
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Fig. 1. Somatic nuclear transfer using phytohemagglutinin as an agglutination agent in cattle. (A) Enucleation of

matured bovine oocyte. A slit in the zona pellucidawasmade by amicro-needle, then the first polar body (arrow) and

its surrounding cytoplasm, approximately one-eighth the total volume, presumably containing metaphase II

chromosomes, were pressed out of the oocyte. The extruded cytoplasm was then stained and examined under

fluorescent microscopy to ensure successful enucleation. Only enucleated oocytes, whose MII chromosomes were

confirmed to be contained in the excluded cytoplasm,were used for nuclear transfer. Cumulus or fibroblast cellswere

disassociated by 0.25% trypsin, small and round cells (arrow in B) that contained a compact nucleus were selected,

then transferred into the perivitelline space of an enucleated oocyte (arrow in C). (D and E) Oocyte–nuclear donor

complex was subjected to cell fusion induced by direct electrical pulses using micro-electro rods. The donor cell and

recipient oocyte adhered together after PHA treatment (D), while the donor cell often stuck to the oocyte’s zona

pellucida (arrow)without PHA treatment (E). After optimal electrical activation, 39 hatching/hatched blastocysts (F)

developed from fused NTembryos on Day 7 of culture; these were shown, under fluorescent microscopy, to possess

substantially propagated nuclei from a donor cell nucleus (G). A calf born following embryo transfer of vitrified,

PHA-treated embryos (H). Bar represents 80 mm, in A, C–G, and 20 mm in B.



containing a high concentration of DMSO, EG, and sucrose (Vitrification and Warming

Kit, Evergen Biotechnologies Inc., Storrs, CT, USA) by directly dropping into a thin layer

of liquid nitrogen on the solid surface of a metal plate that generated a super cold surface

for vitrification [49]. The vitrified embryo-containing droplets were then transferred into a

small freezing vial and stored in the vapor phase of liquid nitrogen (�150 8C). The liquid
nitrogen used throughout the LNSV procedure was passed through a ceramic filter to

remove microorganisms, the filtered liquid nitrogen was then stored in a tank tested free of

viral contamination prior to use.

To test the viability of vitrified NT embryos in vitro, frozen embryos were sequentially

warmed, rehydrated in 20% FBSM199 with various concentrations of sucrose, and washed

in 20% FBS M199 (Vitrification and Warming Kit, provided by Evergen Biotechnologies

Inc.) for 5 min. Cell counts and nuclear evaluations of embryos were performed under

fluorescent microscopy following staining with 10 mg/mL Hoechst 33342.

2.6. Evaluation of fresh and vitrified NT embryos in vitro

The different stages of bovine embryo development were recorded as cleavage (2–8

cell), morula, and blastocyst, on Days 2, 4, and 7, respectively, as described [51]. Vitrified

bovine NT embryos were cultured for 3 days in M199 supplemented with 7.5% FBS.

Survival and development to hatching were recorded at 0, 24, 48, and 72 h of culture

(warming = 0 h).

2.7. Transfer of vitrified embryos and pregnancy monitoring

Recipient cattle used for embryo transfer were pooled from the breeds of Chinese native

yellow cattle and Holstein cattle at several Chinese and Taiwanese farms. Recipients were

pre-screened in the farms based on the criteria of the age, health status and history, size and

weight, and nutritional management. The cattle were observed frequently for estrus

behavior. On Day 7 after standing estrus, qualified recipients were selected by palpation per

rectum to verify the presence and quality of functional CL. Vitrified bovine NT embryos

were allocated for embryo transfer to examine their developmental potential in vivo. As a

control, fresh NT blastocysts, derived from fibroblasts, were loaded in straws following 5%

CO2 gassing of 20% FBS M199 culture medium, and transferred to a farm for direct

embryo transfer. Frozen NT embryos were thawed by transferring the vitrified spheres

containing embryos through a series of steps as described above. Two embryos were

transferred nonsurgically into each synchronous recipient. Pregnancy was determined by

transrectal palpation 70 days after transfer.

2.8. Specific experiments

2.8.1. Experiment 1: toxic effect of phytohemagglutinin dose on the development of

parthenogenetic embryos

Parthenogenetic activation was used to examine the potential toxicity of phytohe-

magglutinin (PHA) on embryo development in vitro. Denuded metaphase II oocytes, after

24 h of maturation, were randomly allocated to treatments with PHA for 20 min
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(concentrations of 0, 150, 300, or 600 mg/mL) in 7.5% FBS M199 medium. Oocytes were

subsequently activated by the regime used for NT embryos. Treated oocytes were cultured

in CR1aa BSA/co-culture system, as described above.

2.8.2. Experiment 2: toxic effect of duration of phytohemagglutinin treatment on the

development of parthenogenetic embryos

After establishing the least toxic effective concentration of PHA in Experiment 1, the

toxic effect of duration of PHA treatment was determined by its effect on the development

of parthenogenetically activated oocytes. Matured oocytes were treated with 150 mg/mL

PHA for 0, 10, 20, or 60 min, before activation, and cultured under the same conditions as

in Experiment 1.

2.8.3. Experiment 3: fusion rates, and subsequent development of nuclear transfer

bovine embryos incubated with phytohemagglutinin

As described for Experiment 3a, somatic donor cell–cytoplast pairs were incubated with

150 mg/mL of PHA, in 7.5% FBS M199 for 0, 10, 20 or 60 min, before being subjected to

an electrical pulse. Fusion rates were determined 90 min later. After determining the best

fusion parameters (150 mg/mL for 20 min; Experiment 3a), somatic donor cell–oocyte

cytoplast pairs were randomly allocated to a 2 � 2 factorial design, with PHA treatment for

20 min at a concentration of either 0 or 150 mg/mL in 7.5% FBS M199, and with either

cumulus or fibroblast cells as nuclear donors. The NTembryos were subsequently allocated

to in vitro tests to determine developmental potential (Experiment 3b).

2.9. Statistical analyses

Each experiment was repeated four times. For each replicate, the proportions of embryos

from various treatments reaching cleavage and developing to 8-cell, morula, or blastocyst

stage, within each experiment, were determined and transformed by an arc sine

transformation. The transformed data then were analyzed by ANOVA (General Linear

Model, SPSS 11.0, Chicago, IL, USA). For Experiment 3, a two-way ANOVA (General

LinearModel, SPSS 11.0) withmain effects and an interaction was used to analyze the 2 � 2

experimental designed data [52]. For all analyses, P < 0.05 was considered significant.

3. Results

3.1. Experiment 1

This experiment was designed to test the effect of dose of PHA on oocyte survival and

subsequent development. The survival rates of oocytes were not different when treated

with PHA at a dose from 0 to 300 mg/mL (Table 1). In contrast, 600 mg/mL of PHA was

highly toxic to oocyte development. Likewise, the total efficiency of blastocyst

development was similar among groups treated with 0, 150, or 300 mg/mL (28, 21,

and 20% respectively; P > 0.05), whereas, the blastocyst development rate for oocytes

treated with 600 mg/mL PHA was as low as 8% (P < 0.05).
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3.2. Experiment 2

To further elucidate the effects of the duration PHA treatment on parthenogenetic

development, oocytes were treated with PHA at a dose of 150 mg/mL (determined in

Experiment 1) for 0, 10, 20 or 60 min, prior to activation. Following PHA treatment of

oocytes for 0–20 min, the survival (91–94%), cleavage (67–85%), and blastocyst

development rates (23–38%) were not affected (Table 2); neither was there an adverse

effect on total efficiency of blastocyst development, calculated as a percentage of the total

number of oocytes treated (21–35%). However, incubation with 150 mg/mL PHA for

60 min not only reduced the cleavage rates (56%), as well as 8-cell (30%), morula (29%),

and blastocyst development (21%), but also reduced the total efficiency (19%), compared

to shorter-duration treatments (P < 0.05).
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Table 1

Effect of phytohemagglutinin (PHA) dose on parthenogenetic development of activated bovine oocytes

Treatment

(mg/mL PHA)

Total

no.

Oocytes

surviveda

(%)

Survived oocytes developed (%) Total

efficiencyb

(%)
Cleaved 8-Cell Morula Day 7

blastocysts

A. 0 227 96 � 0.7 a 84 � 2.3 35 � 3.9 39 � 4.9 29 � 1.5 a 28 � 1.6 a

B. 150 229 92 � 1.9 a 67 � 8.2 30 � 8.2 35 � 4.8 23 � 2.0 a,b 21 � 2.0 a

C. 300 221 82 � 4.2 a 72 � 2.7 33 � 3.2 28 � 1.7 24 � 1.5 a,b 20 � 1.7 a

D. 600 225 54 � 9.8 b 67 � 5.2 27 � 3.7 23 � 3.4 13 � 4.3 b 8 � 3.2 b

Oocytes were treated with different concentrations of PHA for 20 min. Oocyte development to cleaved (2–8 cell),

8-cell stage and morula were evaluated on Days 2 and 4. Within columns, values with different letters (a, b) differ

(P < 0.05).
a Oocytes that survived following PHA treatment were selected from each group for further activation and

culture.
b The overall blastocyst rate was calculated using the total number of oocytes in each treatment.

Table 2

Effect of phytohemagglutinin (PHA, 150 mg/mL) treatment duration on parthenogenetic development of activated

bovine oocytes

Treatment

(min)

Total

no.

Oocytes

surviveda

(%)

Survived oocytes developed (%) Total

efficiencyb

(%)
Cleaved 8-Cell Morula Day 7

blastocysts

A. 0 166 94 � 2.3 85 � 3.1 a 42 � 6.2 a 38 � 6.5 a 34 � 4.7 a 32 � 4.1 a

B. 10 157 91 � 3.1 76 � 7.7 a 45 � 10 a 45 � 4.5 a 38 � 3.9 a 35 � 2.9 a

C. 20 189 94 � 1.9 67 � 11 a 33 � 9.4 a,b 36 � 5.9 a 23 � 2.6 a,b 21 � 2.6 a,b

D. 60 172 91 � 3.7 56 � 15 b 30 � 11 b 29 � 7.8 b 21 � 7.1 b 19 � 5.9 b

Oocytes were treated with 150 mg/mL PHA for various durations. Oocyte development to cleaved (2–8 cell), 8-

cell stage and morula were evaluated on Days 2 and 4. Within columns, values with different letters (a, b) differ

(P < 0.05).
a Oocytes that survived following PHA treatment were selected from each group for further activation and

culture.
b The overall blastocyst rate was calculated using the total number of oocytes in each treatment.



3.3. Experiment 3

To determine if PHA affected the fusion rate of donor–oocyte complexes, we conducted

NT followed by incubation in PHA (150 mg/mL) for various durations: 0, 10, 20 and

60 min (Experiment 3a; same as in Experiment 2). The fusion rate was not improved after a

10 min PHA incubation, compared to the 0 min control (Fig. 2). In contrast, fusion rates of

donor–oocyte complexes were significantly increased following a 20 min PHA treatment.

However, the donor–cytoplast fusion rate was not significantly improved by a prolonged

incubation (60 min).

Utilizing the optimized fusion protocol, established from the previous experiments

(150 mg/mL PHA for 20 min), in Experiment 3b, we carried out a series of NTs to examine

PHA’s effect on the developmental potential of NT embryos. As a 2 � 2 factorial design,

the donor cell–cytoplast pairs, after transfer with either fibroblast or cumulus cells as

nuclear donors (Fig. 1B) into the oocyte’s subzonal spaces (Fig. 1C), were incubated for

20 min with 0 mg/mL versus 150 mg/mL phytohemagglutinin. With PHA treatment, a high

rate (91%, n = 530) of adhesion between the nuclear donor and the oocyte membrane was

apparently achieved (Fig. 1D), whereas, a large number (67%, n = 465) of the donor–

cytoplast complexes not undergoing PHA incubation showed the attachment of donor cells

to zona pellucida (Fig. 1E). In Experiment 3b (Table 3), fusion rate of nuclear donors to

oocyte recipients was increased after PHA treatment (from 33 to 61% for skin fibroblasts,

and from 59 to 88% for cumulus cells, respectively; P < 0.05). There were significant

differences in subsequent cleavage rates and morula development among fused embryos

with phytohemagglutinin treatments. Furthermore, the NT efficiency judged by the

blastocyst development (Fig. 1F) over the number of oocytes used, was significantly

improved when PHAwas used (from 13 to 22% for skin fibroblasts, and from 17 to 34% for
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Fig. 2. Fusion rate of oocyte–donor complexes after phytohemagglutinin (PHA) treatment (Experiment 3a).

Cumulus donor cell–cytoplast complexes were incubated in 150 mg/mL PHA and 7.5% FBS M199 for 0, 10, 20

and 60 min before electrical current was applied. The fusion rate was 35% (n = 67), and 38% (n = 72) with a PHA

treatment duration of 0 and 10 min, respectively (P > 0.5). In contrast, a high rate (P < 0.05) of donor cell–

cytoplast pairs were fused when the duration of phytohemagglutinin treatment was increased to 20 min (78%,

n = 61) or 60 min (75%, n = 71).



cumulus cells). However, the percentage of blastocyst development (29–38%) over the

number of fused oocytes was not significantly different, regardless of PHA treatments or

donor cell type (Table 3). The quality of NT blastocysts, estimated by their mean cell

numbers (Fig. 1G) was not different between those PHA-treated, 175 � 5 (n = 16), and the

control group without PHA (168 � 7, n = 21).

3.4. Developmental potential of phytohemagglutini-treated NT embryos in vitro and in

vivo after vitrification

Viability of phytohemagglutinin (PHA) treated NT embryos following vitrification,

thawing, and embryo transfer was tested. Cloned embryos derived from NTwith cumulus

donor cells were used for the in vitro study. After thawing and culturing in vitro for 2 h,

survival rates of vitrified embryos were similar (96%, P > 0.05) between PHA treated

(n = 50) and control (non-PHA treated, n = 46) groups. Likewise, there were no differences

(P > 0.05) in the hatching rates after 24, 48, or 72 h culture; hatching rates were as high as

92 and 86%, from PHA-treated and control groups, respectively.

Embryos vitrified after NT were thawed and cultured for 2 h, to evaluate their post-

cryopreservation viability prior to ET. After thawing, survival rates achieved with PHA-

treated embryos, with either cumulus (94%, n = 16), or fibroblast cells (96%, n = 44) as

nuclear donors, was similar to that of the non-treated controls (n = 40; P > 0.05). In total,

62 recipients were used for embryo transfer. For viable pregnancies (70 days after transfer),

there were no significant differences among ETs with blastocysts from fresh NT (25%,

n = 12), vitrified NT without PHA treatment (20%, n = 20), or vitrified NT with PHA

treatment (17%, n = 30). Two female calves (from fresh-NT embryos) were born alive and

healthy. One healthy calf was delivered from a vitrified NT embryo, without PHA-

mediated fusion and two live, healthy calves resulted from vitrified NT embryos, with

PHA-mediated fusion (Fig. 1H). All cloned calves were delivered by Caesarean section on

Days 270–290 of gestation.
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Table 3

Effects of phytohemagglutinin (PHA) treatment and donor cell type on the development of cloned bovine embryos

(Experiment 3b)

Treatment Total

no.

Oocytes

fused (%)

Embryos developed to (%) Day 7

blastocysts/fused

oocytesa (%)
Donor cell PHA

(mg/mL)

2–8 Cell Morula Day 7 blastocysts

Skin fibroblast 0 232 33 � 3.9 a 27 � 2.1 a 18 � 3.9 a 13 � 4.4 a 36 � 11 a

150 288 61 � 4.5 b 57 � 5.0 b 35 � 9.4 b 22 � 5.5 b,c 35 � 6.7 a

Cumulus cells 0 233 59 � 5.6 b 52 � 5.8 b 30 � 8.8 b 17 � 3.7 a,b 29 � 4.9 a

150 242 88 � 3.5 c 72 � 7.1 c 52 � 8.8 c 34 � 8.5 c 38 � 8.6 a

Embryo development to cleaved (2–8 cell), and morula stage were evaluated on Days 2 and 4, respectively. The

over all developmental rates to cleavage, morula, and blastocyst, in NT embryos, were calculated from the total

number of oocytes used for NT. Within columns, values with different letters (a, b, c) differ (P < 0.05).
a The percentage of blastocyst development was calculated based upon the number of fused oocytes in each

treatment.



4. Discussion

In this study, we demonstrated that the efficiency of somatic cloning can be markedly

increased by the use of PHA, presumably due to its agglutinating factors that assist in the

adhesion between a nuclear donor cell and the recipient cytoplast. Obtaining adequate

contact between a donor cell and a recipient oocyte, and thereby achieving a higher rate of

fusion, has been one of the challenges of somatic NT. This modification of the NT

procedure will help to increase its overall efficiency, particularly for cloning novices. The

present studies included a systematic investigation of the effects of PHA dose and duration

on the efficiency of bovine somatic cloning. Following PHA treatment, the fusion rates of

NT donor–oocyte complexes increased from 33 to 61% for skin fibroblasts, and from 59 to

88% for cumulus cells. Embryonic development of the fused clone embryos to the

blastocyst stage (from 29 to 38%) was not significantly affected by PHA treatment.

However, overall blastocyst developmental efficiency was significantly improved

following pre-incubation of donor–cytoplast complexes in PHA. In our study, using

cumulus cells as donor nuclei, nuclear transfer into metaphase II oocytes resulted in the

highest percentage (34%) of cloned blastocysts. Incubation with PHA increased the

efficiency of cell fusion, as well as the number of viable hybrid cells, depending on the cell

types [53]. Perhaps PHA has great potential in tissue engineering and cell therapy [36].

Furthermore, phytohemagglutinin has been successfully used for membrane-induced

fusion in human oocytes [37], nuclear transfer with inner cell mass as nuclear donors [35],

and hand-made somatic cell cloning (a zona-free somatic cloning method in cattle)

[39,40,43,54]. Since human oocytes are easily activated by electrofusion, enucleated

oocytes were first treated with PHA, then induced to fuse with the aid of polyethylene

glycol (PEG) [37]. A period of exposure of the nuclear donors and enucleated human

oocytes, which were previously agglutinated by PHA, into PEG lead to a high yield of

fused embryos, without causing oocyte activation [37]. In cattle somatic hand-made

cloning, donor cell and oocyte recipient were briefly treated with PHA before electrical

fusion, and a healthy, apparently normal calf was born after the resultant cloned embryos

had been vitrified by opened pulled straw vitrification (OPS), thawed, and transferred into

recipients [42].

The fusion rates in cattle, between the somatic donor cell and the recipient cytoplasm

vary to a great extent, depending upon the donor cell types and their origins, and the

techniques used among different laboratories [2,5,20,55]. The different membrane

properties present in various cell types affect the fusion efficiency considerably [27]. In our

study, for the control treatment (i.e. without PHAmediation), nuclear transfer with cultured

cumulus cells as nuclear donors had a higher fusion rate (59%) compared to that of skin

fibroblasts (33%). The difference in membrane surface properties between cumulus cells

and skin fibroblasts may contribute to this disparity in successful fusion with oocytes [50].

During the development and maturation of follicle and ovum, cumulus cells disperse

outside of the oocyte; their processes and extrusions penetrate the zona pellucida and

interdigitate with the microvilli arising from an oocyte that may provide it with nutrients

and maternal proteins [56]. It is evident that the cumulus cells and the oocyte possess

similar membrane surface properties, such as the types of glycoproteins present [29,48];

thus, their membrane fusion can be easily facilitated by electrical stimulation.We achieved
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membrane fusion rates as high as 59% between cumulus donor cells and oocytes under

control conditions, without PHA treatment, which seemed higher than that reported by

Tsunoda’s group (47%) [2]. A fusion rate of up to 77.4% was generated with cultured adult

mural granulose cells, by the Wells and Tervit group [55], and 63% with oviductal

epithelial cells, by Tsunoda’s group [2]. In NT using skin fibroblast as nuclear donors,

Kubota et al. [20] achieved a 36–43% fusion rate with adult fibroblast cells of different

passage numbers (comparable to our 33%). In another study of fibroblast NT, Hill et al. [5]

reported as high as 59% fusion rate with adult skin cells derived from a Brahman bull. The

method of enucleation used in most laboratories is aspiration, using a beveled glass pipette

to remove both the polar body and the metaphase spindles [3,5,39,55,57]. By contrast, in

the present study, enucleation was done by the compressing or squashing method (Fig. 1),

utilizing a glass needle similar to that of Kubota et al. [20,58]. About one-eighth of the total

cytoplasm was extruded out through a slit on the zona pellucida to ensure a complete

enucleation. Perhaps the lower fusion rates reported by other laboratories are attributable to

the excess removal of cytoplasm. In addition, the high osmotic pressure of the fusion

medium will result in cytoplasm shrinkage; this may subsequently lead to poor cell–oocyte

contact, and thus, insufficient fusion during electrical stimulation.

Our study also demonstrated that, within the appropriate dose range and incubation

duration (150 mg/mL for 20 min), PHA had no detrimental effects on pre-implantation nor

term development of NT embryos. Phytohemagglutinins have powerful effects on

proliferation and differentiation of various animal cells, including lymphocytes,

osteoblasts, and chondrocytes [59,60]. Although, a brief treatment of bone marrow

mesenchymal stem cells with PHA had little effect on their migration, proliferation, or

differentiation [36], a high dose of PHA was cytotoxic to Chinese hamster ovary (CHO)

cell mutants [44]. In the present study, high doses (up to 600 mg/mL for 20 min) and/or

prolonged treatment (150 mg/mL for 60 min) of PHA-L was detrimental to the survival and

subsequent development of parthenogenetically activated bovine oocytes in vitro. In

human oocyte nuclear transfer, 300 mg/mL PHA has been supplemented in the medium,

and an incubation of up to 60 min used to induce chemical fusion [37], however, the

subsequent developmental potential of those fused oocytes was not examined. We expect

that the developmental potential of those NTembryos would be adversely affected by such

a prolonged incubation with PHA. A very short exposure, 3 s, of the cytoplast to PHA, at

concentrations of 200 mg/mL [42] or 500 mg/mL [54], was carried out during nuclear

transfer/fusion to zona-free oocytes. This indicated that PHA attachment to the cell

membrane could be completed within an extremely short interval when zona-free oocytes

directly contact the PHA, thus, reducing the possibility of PHA toxicity. However, we

believe that this hand-made cloning protocol requires intensified technical skills for rapid

hand-manipulations, in order to handle the small donor and cytoplast pairs and to ensure

their correct alignment. Our experiment demonstrated that PHA could penetrate the zona

pellucida, however, it required at least 20 min, probably to allow for absorption into the

sub-zonal space, and to facilitate the agglutinating process. The results of Experiment 1

showed that treatments with two doses of PHA (150 and 300 mg/mL) for 20 min were

equally harmless to the oocytes (Table 1). Perhaps the fusion rate could be increased by a

dose of 300 mg/mL PHA (for 20 min) without affecting oocyte viability. As a precaution,

however, we deemed it more reasonable and safer to select a regime utilizing a lower PHA
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dose (150 mg/mL). The development of fused NT embryos generated from PHA mediated

fusion was not different from those without PHA treatment in vitro, suggesting the toxic

effect of PHA was minimized in our system. Through a series of experiments, we

concluded that 150 mg/mL was a safe and effective dose, and the acceptable duration for a

non-toxic, optimal fusion efficiency was 20 min.

We used PHA-L, extracted from red kidney bean (Phaseolus vulgaris) [53,61]; it has a

specific binding to N-linked carbohydrate core structure (beta 1–6 branching) of

glycoproteins on the cell membrane [32,62], and leucoagglutinating properties [32,53,63].

Therefore, because the cell membranes of bovine oocytes and fibroblast/cumulus donor

cells distribute a variety of glycoproteins containing beta 1–6 branching, we concluded that

they would be recognized and adhesion/fusion mediated by PHA-L [63].

In this study, we reported three full-term and apparently healthy female NT calves,

produced with embryos frozen by our modified solid surface vitrification method, liquid

nitrogen surface vitrification (LNSV). These calves were generated from embryos exposed

to PHA (two calves), or not exposed to PHA (one calf). To our knowledge, this is only the

second full report of the success of cloned cattle from vitrified embryos, similar to that of

Tecirlioglu et al. [42], who reported the first male calf from vitrified embryos constructed

by hand-made cloning. Recent data indicate that a rapid, rather than slow cooling method,

namely vitrification, might be beneficial for the survivability of IVF embryos [64,65], such

as open pulled straw (OPS) vitrification [66–68] and liquid nitrogen surface vitrification

(LNSV), recently developed by our group [50]. In the present study, we used the same

LNSV protocol for the cryopreservation of PHA-treated or untreated NTembryos. Because

most of the embryos were half-hatched, through the slit in the zona made during the nuclear

transfer process, the developmental potential of cloned embryos in vitro was determined by

completed hatching from the zona. We observed an extremely high (up to 96%) survival

rate of vitrified embryos from both PHA-treated and non-PHA control cloning groups, and

subsequent complete hatching rates of up to 86–92%. Therefore, bovine vitrified cloned

embryos derived from PHA mediated fusion had equal ability to survive and subsequently

develop as non-PHA treated embryos in vitro. The full developmental potential and health

status of newborns derived from PHA cloned embryos were also shown to be similar to

those from non-PHA treated embryos, indicating that PHA, at the optimal dose and

incubation duration, did not have a toxic effect on in vivo development of cloned embryos.

In conclusion, an optimized procedure of somatic cloning using phytohemagglutinin

(PHA) significantly increased the fusion rate, and thus, the overall efficiency of somatic

cloning in cattle. In vitro and in vivo development of NT embryos was not harmed by PHA-

assisted membrane fusion treatment. This efficient cloning technology should be applicable

to improve nuclear transfer efficiency in other domestic animals, such as pigs, sheep, rabbits,

goats and horses, where electrical fusion is used. The combination of NTand PHA-mediated

cell fusion could also be applied to efforts to preserve endangered species.

Acknowledgements

We greatly appreciate the technical assistance provided by Colleen Shaffer, Alicia

Shefler, Terra Kilmer, and Shie Jiang, and we thank Dr. Robert H. Foote for his valuable

F. Du et al. / Theriogenology 65 (2006) 642–657654



discussions and comments. This study was supported, in part, by Research Funds from

Evergen Biotechnologies Inc., CT, USA to Fuliang Du; a Yankee Ingenuity Award from

Connecticut Innovation Inc., CT, USA, to Xiangzhong Yang; a Livestock Research

Institute, Council of Agriculture, Taiwan Grant to Shan-Nan Lee.

References

[1] Wilmut I, Schnieke AE, McWhir J, Kind AJ, Campbell KH. Viable offspring derived from fetal and adult

mammalian cells. Nature 1997;385:810–3.

[2] Kato Y, Tani T, Sotomaru Y, Kurokawa K, Kato J, Doguchi H, et al. Eight calves cloned from somatic cells of

a single adult. Science 1998;282:2095–8.

[3] Cibelli JB, Stice SL, Golueke PJ, Kane JJ, Jerry J, Blackwell C, et al. Cloned transgenic calves produced

from nonquiescent fetal fibroblasts. Science 1998;280:1256–8.

[4] Wells DN. The use of adult somatic cell nuclear transfer to preserve the last surviving cow of the Enderby

Island cattle breed. Theriogenology 1999;51:217.

[5] Hill JR, Winger QA, Long CR, Looney CR, Thompson JA, Westhusin ME. Development rates of male

bovine nuclear transfer embryos derived from adult and fetal cells. Biol Reprod 2000;62:1135–40.

[6] Wakayama T, Perry AC, Zuccotti M, Johnson KR, Yanagimachi R. Full-term development of mice from

enucleated oocytes injected with cumulus cell nuclei. Nature 1998;394:369–74.

[7] Baguisi A, Behboodi E,Melican DT, Pollock JS, DestrempesMM, Cammuso C, et al. Production of goats by

somatic cell nuclear transfer. Nat Biotechnol 1999;17:456–61.

[8] Zou X, Chen Y,Wang Y, Luo J, Zhang Q, Zhang X, et al. Production of cloned goats from enucleated oocytes

injected with cumulus cell nuclei or fused with cumulus cells. Cloning 2001;3:31–7.

[9] Lai L, ParkKW, CheongHT, Kuhholzer B, SamuelM, BonkA, et al. Transgenic pig expressing the enhanced

green fluorescent protein produced by nuclear transfer using colchicine-treated fibroblasts as donor cells.

Mol Reprod Dev 2002;62:300–6.

[10] Betthauser J, Forsberg E, Augenstein M, Childs L, Eilertsen K, Enos J, et al. Production of cloned pigs from

in vitro systems. Nat Biotechnol 2000;18:1055–9.

[11] Onishi A, Iwamoto M, Akita T, Mikawa S, Takeda K, Awata T, et al. Pig cloning by microinjection of fetal

fibroblast nuclei. Science 2000;289:1188–90.

[12] Polejaeva IA, Chen SH, Vaught TD, Page RL, Mullins J, Ball S, et al. Cloned pigs produced by nuclear

transfer from adult somatic cells. Nature 2000;407:86–90.

[13] Shin T, Kraemer D, Pryor J, Liu L, Rugila J, Howe L, et al. A cat cloned by nuclear transplantation. Nature

2002;415:859.

[14] Chesne P, Adenot PG, Viglietta C, Baratte M, Boulanger L, Renard JP. Cloned rabbits produced by nuclear

transfer from adult somatic cells. Nat Biotechnol 2002;20:366–9.

[15] Zhou Q, Renard JP, Le Friec G, Brochard V, Beaujean N, Cherifi Y, et al. Generation of fertile cloned rats by

regulating oocyte activation. Science 2003;302:1179.

[16] Lanza RP, Cibelli JB, Diaz F, Moraes CT, Farin PW, Farin CE, et al. Cloning of an endangered species (Bos

gaurus) using interspecies nuclear transfer. Cloning 2000;2:79–90.

[17] Woods GL, White KL, Vanderwall DK, Li GP, Aston KI, Bunch TD, et al. A mule cloned from fetal cells by

nuclear transfer. Science 2003;301:1063.

[18] Galli C, Lagutina I, Crotti G, Colleoni S, Turini P, Ponderato N, et al. Pregnancy: a cloned horse born to its

dam twin. Nature 2003;424:635.

[19] Lee JW, Wu SC, Tian XC, Barber M, Hoagland T, Riesen J, et al. Production of cloned pigs by whole-cell

intracytoplasmic microinjection. Biol Reprod 2003;69:995–1001.

[20] Kubota C, Yamakuchi H, Todoroki J, Mizoshita K, Tabara N, Barber M, et al. Six cloned calves produced

from adult fibroblast cells after long-term culture. Proc Natl Acad Sci USA 2000;97:990–5.

[21] Du F, Sung LY, Tian XC, Yang X. Differential cytoplast requirement for embryonic and somatic cell nuclear

transfer in cattle. Mol Reprod Dev 2002;63:183–91.

F. Du et al. / Theriogenology 65 (2006) 642–657 655



[22] Kuhholzer B, Tao T, Machaty Z, Hawley RJ, Greenstein JL, Day BN, et al. Production of transgenic porcine

blastocysts by nuclear transfer. Mol Reprod Dev 2000;56:145–8.

[23] Wells DN, Misica PM, Tervit HR, Vivanco WH. Adult somatic cell nuclear transfer is used to preserve the

last surviving cow of the Enderby Island cattle breed. Reprod Fertil Dev 1998;10:369–78.

[24] Campbell KH, Loi P, Cappai P, Wilmut I. Improved development to blastocyst of ovine nuclear transfer

embryos reconstructed during the presumptive S-phase of enucleated activated oocytes. Biol Reprod

1994;50:1385–93.

[25] Piotrowska K, Modlinski JA, Korwin-Kossakowski M, Karasiewicz J. Effects of preactivation of ooplasts or

synchronization of blastomere nuclei in G1 on preimplantation development of rabbit serial nuclear transfer

embryos. Biol Reprod 2000;63:677–82.

[26] Du F, Giles JR, Foote RH, Graves KH, Yang X,Moreadith RW. Nuclear transfer of putative rabbit embryonic

stem cells leads to normal blastocyst development. J Reprod Fertil 1995;104:219–23.

[27] West PG, Baker WW. Phytohemagglutinin-enhanced hybrid colony formation by cells from aged

mice: expression of TH 4Mod-1 mouse locus in human–mouse hybrids. In Vitro Cell Dev Biol 1987;

23:154–8.

[28] Kikyo N, Wolffe AP. Reprogramming nuclei: insights from cloning, nuclear transfer and heterokaryons. J

Cell Sci 2000;113(Pt 1):11–20.

[29] ReikW, DeanW,Walter J. Epigenetic reprogramming in mammalian development. Science 2001;293:1089–

93.

[30] Rideout III WM, Eggan K, Jaenisch R. Nuclear cloning and epigenetic reprogramming of the genome.

Science 2001;293:1093–8.

[31] Bourne Y, Bolgiano B, Liao DI, Strecker G, Cantau P, Herzberg O, et al. Crosslinking of mammalian lectin

(galectin-1) by complex biantennary saccharides. Nat Struct Biol 1994;1:863–70.

[32] Hamelryck TW, Dao-Thi MH, Poortmans F, Chrispeels MJ, Wyns L, Loris R. The crystallographic structure

of phytohemagglutinin-L. J Biol Chem 1996;271:20479–85.

[33] Larkin PJ. Plant protoplast agglutination and membrane-bound beta-lectins. J Cell Sci 1977;26:31–46.

[34] Wu Y, Rosenberg JD, Sowers AE. Surface shape change during fusion of erythrocyte membranes is sensitive

to membrane skeleton agents. Biophys J 1994;67:1896–905.

[35] Matsuya Y, Yamane I. Cell fusion and cell agglutination: enhancing effect by a combined use of lectin and

polycation. Somat Cell Mol Genet 1985;11:247–55.

[36] Nishimura H, Nishimura M, Oda R, Yamanaka K, Matsubara T, Ozaki Y, et al. Lectins induce resistance to

proteases and/or mechanical stimulus in all examined cells – including bone marrow mesenchymal stem

cells – on various scaffolds. Exp Cell Res 2004;295:119–27.

[37] Tesarik J, Nagy ZP, Mendoza C, Greco E. Chemically and mechanically induced membrane fusion: non-

activating methods for nuclear transfer in mature human oocytes. Hum Reprod 2000;15:1149–54.

[38] Begin I, Bhatia B, Rao K, Keyston R, Pierson JT, Neveu N, et al. Pregnancies resulted from goat NTembryos

produced by fusing couplets in the presence of lectin. Reprod Fertil Dev 2004;16:136.

[39] Keefer CL, Stice SL, Matthews DL. Bovine inner cell mass cells as donor nuclei in the production of nuclear

transfer embryos and calves. Biol Reprod 1994;50:935–9.

[40] Peura TT, Vajta G. A comparison of established and new approaches in ovine and bovine nuclear transfer.

Cloning Stem Cells 2003;5:257–77.

[41] Oback B, Wells DN. Cloning cattle. Cloning Stem Cells 2003;5:243–56.

[42] Tecirlioglu RT, French AJ, Lewis IM, Vajta G, Korfiatis NA, Hall VJ, et al. Birth of a cloned calf derived from

a vitrified hand-made cloned embryo. Reprod Fertil Dev 2004;15:361–6.

[43] Booth PJ, Tan SJ, Reipurth R, Holm P, Callesen H. Simplification of bovine somatic cell nuclear transfer by

application of a zona-free manipulation technique. Cloning Stem Cells 2001;3:139–50.

[44] Stanley P, Caillibot V, Siminovitch L. Selection and characterization of eight phenotypically distinct lines of

lectin-resistant Chinese hamster ovary cell. Cell 1975;6:121–8.

[45] Yang X, Jiang S, Foote RH. Bovine oocyte development following different oocyte maturation and sperm

capacitation procedures. Mol Reprod Dev 1993;34:94–100.

[46] Majerus V, De Roover R, Etienne D, Kaidi S, Massip A, Dessy F, et al. Embryo production by ovum pick up

in unstimulated calves before and after puberty. Theriogenology 1999;52:1169–79.

[47] Zimmermann U, Vienken J. Electric field-induced cell-to-cell fusion. J Membr Biol 1982;67:165–82.

F. Du et al. / Theriogenology 65 (2006) 642–657656



[48] Rosenkrans Jr CF, Zeng GQ, GT MC, Schoff PK, First NL. Development of bovine embryos in vitro as

affected by energy substrates. Biol Reprod 1993;49:459–62.

[49] Dinnyes A, Dai Y, Jiang S, Yang X. High developmental rates of vitrified bovine oocytes following

parthenogenetic activation, in vitro fertilization, and somatic cell nuclear transfer. Biol Reprod 2000;63:

513–8.

[50] Du F, Dinnyes A, Sung LY, Xu J, Jiang S, Tian XC, et al. Embryo transfer of vitrified IVF embryos in cattle:

pregnancy comparison after single and double transfer. Reprod Fertil Dev 2004;16:209.

[51] Robertson I, Nelson RE. Certification and identification of the embryo. In: Stringfellow DA, Seidel SM,

editors. Manual of the international embryo transfer society. 3rd ed., Savoy, IL: International Embryo

Transfer Society; 1998. p. 103–17 [Chapter 9].

[52] Snedecor GW, Cochran WG. Statistical methods. Ames, IA: Iwoa State University Press, 1980.

[53] Kaneda Y, Whittier RF, Yamanaka H, Carredano E, Gotoh M, Sota H, et al. The high specificities of

Phaseolus vulgaris erythro- and leukoagglutinating lectins for bisecting GlcNAc or beta 1-6-linked branch

structures, respectively, are attributable to loop B. J Biol Chem 2002;277:16928–35.

[54] Vajta G, Lewis IM, Trounson AO, Purup S, Maddox-Hyttel P, Schmidt M, et al. Handmade somatic cell

cloning in cattle: analysis of factors contributing to high efficiency in vitro. Biol Reprod 2003;68:571–8.

[55] Wells DN, Misica PM, Tervit HR. Production of cloned calves following nuclear transfer with cultured adult

mural granulosa cells. Biol Reprod 1999;60:996–1005.

[56] Hafez ESE, Hafez B. In: Balado D, editor. Reproduction in farm animals. 7th ed., Baltimore: Lippincott

Williams and Wilkins; 2000. p. 68–81.

[57] Cibelli JB, Stice SL, Golueke PJ, Kane JJ, Jerry J, Blackwell C, et al. Transgenic bovine chimeric offspring

produced from somatic cell-derived stem-like cells. Nat Biotechnol 1998;16:642–6.

[58] Kubota C, Yang X, Dinnyes A, Todoroki J, Yamakuchi H, Mizoshita K, et al. In vitro and in vivo survival of

frozen-thawed bovine oocytes after IVF, nuclear transfer, and parthenogenetic activation. Mol Reprod Dev

1998;51:281–6.

[59] Sharon N, Lis H. Lectin biochemistry. New way of protein maturation. Nature 1986;323:203–4.

[60] Yan WQ, Nakashima K, Iwamoto M, Kato Y. Stimulation by concanavalin A of cartilage-matrix

proteoglycan synthesis in chondrocyte cultures. J Biol Chem 1990;265:10125–31.

[61] Dao-Thi MH, Hamelryck TW, Poortmans F, Voelker TA, Chrispeels MJ, Wyns L. Crystallization of

glycosylated and nonglycosylated phytohemagglutinin-L. Proteins 1996;24:134–7.

[62] Sharma V, Surolia A. Analyses of carbohydrate recognition by legume lectins: size of the combining site

loops and their primary specificity. J Mol Biol 1997;267:433–45.

[63] Schwarz RE, Wojciechowicz DC, Park PY, Paty PB. Phytohemagglutinin-L (PHA-L) lectin surface binding

of N-linked beta 1–6 carbohydrate and its relationship to activatedmutant ras in human pancreatic cancer cell

lines. Cancer Lett 1996;107:285–91.

[64] Rall WF, Fahy GM. Ice-free cryopreservation of mouse embryos at �196 8C by vitrification. Nature

1985;313:573–5.

[65] Rall WF. Factors affecting the survival of mouse embryos cryopreserved by vitrification. Cryobiology

1987;24:387–402.

[66] Lazar L, Spak J, David V. The vitrification of in vitro fertilized cow blastocysts by the open pulled straw

method. Theriogenology 2000;54:571–8.

[67] Vajta G, Holm P, KuwayamaM, Booth PJ, Jacobsen H, Greve T, et al. Open pulled straw (OPS) vitrification:

a new way to reduce cryoinjuries of bovine ova and embryos. Mol Reprod Dev 1998;51:53–8.

[68] Vajta G, Rindom N, Peura TT, Holm P, Greve T, Callesen H. The effect of media, serum and temperature on

in vitro survival of bovine blastocysts after open pulled straw (OPS) vitrification. Theriogenology

1999;52:939–48.

F. Du et al. / Theriogenology 65 (2006) 642–657 657


	The cell agglutination agent, phytohemagglutinin-L, improves the efficiency of somatic nuclear transfer cloning in cattle (Bos taurus)
	Introduction
	Materials and methods
	Bovine oocyte recovery, culture, and maturation in vitro
	Culture of bovine skin fibroblast and cumulus donor cells
	Nuclear transfer, phytohemagglutinin treatment, and cell fusion
	Activation and culture of cloned bovine embryos in vitro
	Vitrification of cloned embryos
	Evaluation of fresh and vitrified NT embryos in vitro
	Transfer of vitrified embryos and pregnancy monitoring
	Specific experiments
	Experiment 1: toxic effect of phytohemagglutinin dose on the development of parthenogenetic embryos
	Experiment 2: toxic effect of duration of phytohemagglutinin treatment on the development of parthenogenetic embryos
	Experiment 3: fusion rates, and subsequent development of nuclear transfer bovine embryos incubated with phytohemagglutinin

	Statistical analyses

	Results
	Experiment 1
	Experiment 2
	Experiment 3
	Developmental potential of phytohemagglutini-treated NT embryos in vitro and in vivo after vitrification

	Discussion
	Acknowledgements
	References


