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Abstract
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10

Genetically engineered sheep and goats represent two useful models to be applied in proof of

11

concept of new insights, large-scale production of novel products or processes, and

12

improvement of animal traits, which is of interest in biomedicine, biopharma and livestock.

13

This disruptive technology arose in the 80s by injecting DNA fragments into the zygote

14

pronucleus. Pronuclear microinjection was the technique that set the insight into people’s mind;

15

but it has technical limitations, low efficiency and is in some cases frustrating. Somatic cell

16

nuclear transfer (SCNT) launched the second wave in the 90s, solving several weaknesses of

17

the previous technique by making feasible the transfer of a genetically modified cell into an

18

enucleated oocyte, capable of cell reprograming to generate a GE animal. Important advances

19

were also achieved during the 2000s with the arrival of new techniques like lentivirus system,

20

transposons, RNA interference, site-specific recombinases and sperm mediated transgenesis.

21

We are now living the irruption of the third technological wave in which genome edition is

22

possible by using endonucleases, particularly the CRISPR/Cas system. Sheep and goats were

23

recently produced by CRISPR/Cas9, and surely cattle will be reported soon, and we will see

24

new GE farm animals produced by homologous recombination, multiple gene edition in one-

25

step generation, conditional modifications, among other challenges. In the following decade,

26

the possibilities for the edition of the genome will hopefully not depend on the technical

1

27

feasibility, making it available for more researchers and laboratories, affordable for more

28

companies, and probably will be useful for more people around the world.

29
30
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Introduction

33

During the recent years the techniques to produce GE animals have been significantly improved

34

as well as novel strategies are now available. Nowadays the possibilities to modify the genome

35

of the animals are cheaper, easer, more effective and less time-consuming than some years ago.

36

Sheep and goats represent two interesting models for the application of this technology and the

37

achievements are also useful as reference for others species. After the first mice generated by

38

pronuclear microinjection in 1981 (Gordon and Ruddle, 1981), sheep were one of the first

39

reported farm animals subjected to genetic modification by Hammer et al. in 1985 (Hammer et

40

al., 1985). After Dolly, the first animal in history to be cloned from an adult cell, the first

41

transgenic animals produced by nuclear transfer in 1997 were also sheep (Schnieke et al.,

42

1997). Some years later, goats were the first species in which a derived product of GE animals

43

(ATryn®) was approved for human use by the European Medical Agency in 2006 and by the

44

US Food Drug Administration in 2009. These representative milestones are indicatives of the

45

relevant contribution that sheep and goats have done to the transgenic technologies during more

46

than 30 years. Since pioneer and recent novel advances have been achieved in both species, an

47

integrative overview of the state of the art and new insights are summarized in this review.

48
49

Laparoscopic ovum pick-up (LOPU) and embryo production

50

Advanced reproductive technologies play a critical role in the generation and propagation of

51

transgenic founder animals. Multiple strategies are available for genome editing but the starting

2

52

point for the generation of the founder animals is the acquisition of high quality oocytes and/or

53

zygotes (Figure 1). The obtaining of the oocytes from abattoir ovaries sometimes represents a

54

valid alternative for research projects. However, this is not possible for the establishment of an

55

industrial program of GE animals in which a known health status of the donors is required. In

56

small ruminants, despite of initial reports utilizing in vivo produced zygotes for pronuclear

57

microinjection (Ebert and Schindler, 1993) and in vivo matured (ovulated) oocytes for nuclear

58

transfer (Baguisi et al., 1999); LOPU and in vitro embryo production (IVEP) are currently well

59

established as the methods of choice for the production of putative transgenic embryos for

60

transfer into recipients, as part of various founder generation strategies (Baldassarre et al.,

61

2002).

62

In sheep and goats the method of choice for the generation of transgenic animals was initially

63

the microinjection of in vivo produced zygotes recovered from the oviduct 15 to 20 h after the

64

estimated time of fertilization. Although this method results in zygotes of high developmental

65

capacity, the procedure is characterized by a great deal of variability in the number and stage of

66

development of ova recovered per donor. In addition, due to adhesion formation following

67

laparotomy and limitations imposed by animal care organizations, the procedure results in

68

limited repeat use of the donor animals (up to 4 times). More recently, transgenic goats were

69

efficiently produced by microinjection of zygotes produced in vitro starting from immature

70

oocytes sourced by LOPU (Baldassarre et al., 2003a). This procedure has demonstrated to be

71

more efficient as it yields a higher average of pronuclear-staged zygotes for microinjection,

72

similar rates of pregnancy and transgene integration, extends the usable life of donors

73

(minimally invasive compared to laparotomy for oviduct flushing) and allows transgenic

74

founder generation from gametes recovered from animals of known health status (advantage

75

over in vitro zygotes from abattoir ovaries).

76

In order to maximize the number and quality of oocytes collected per donor, the females need

77

to be synchronized and hormonally-primed in preparation for LOPU. Estrus synchronization is
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78

most often induced by means of progesterone or progestogen-containing intravaginal devices

79

(e.g. CIDR; sponges) that are applied usually for 9-11 days, together with a luteolytic dose of

80

prostaglandin F2 alpha or analog (e.g. cloprostenol) at the time of initiating gonadotropin

81

treatment. Several treatments have been proposed for stimulation of follicular growth prior to

82

LOPU, the two most popular been a Multiple FSH injection regime and the so-called Oneshot

83

regime (Baldassarre et al., 1996; Baldassarre et al., 2002). Following these protocols, the

84

expectation is that oocyte recovery will be at an average of ~10 oocytes per ewe and/or 14

85

oocytes per doe.

86

LOPU is conducted under general anesthesia with the female lying securely on a laparoscopy

87

table. The recommended laparoscopy equipment consists of a 5 mm, 0° angle telescope, two

88

5.5 mm trocar/cannula sets (one for the laparoscope and one for the forceps), one 3.5 mm

89

trocar/cannula set for the aspiration pipette; a 5 mm atraumatic grasping forceps; a fiber optic

90

cable and a light source. The oocyte aspiration set consists of a collection tube with an inlet

91

connected through tubing to the aspiration pipette and an outlet connected through tubing to a

92

vacuum pump. The aspiration pipette consists of a 20G short bevel needle glued to the tip of a

93

30 cm-long acrylic tubing, with a 3mm external diameter and 1 mm internal diameter. While

94

looking through the laparoscope, the ovarian surface is exposed by pulling from the fimbria in

95

different directions using the forceps, and the follicles are punctured one by one using the

96

aspiration pipette. For a trained team, in average it takes about 15-20 minutes per donor

97

(including preparation).

98

Following LOPU the oocytes are subjected to in vitro maturation (IVM) which is conducted

99

following standard operating procedures previously described (Baldassarre et al., 2002; Crispo

100

et al., 2015). After IVM, the matured oocytes can be used as recipient cytoplasts for cell

101

transfer or they can be subjected to in vitro fertilization (IVF) in order to generate zygotes

102

(Figure 1). IVF is conducted in TALP medium (Parrish et al., 1986) in goats and in mSOF

103

medium (Tervit et al., 1972) in sheep, in both cases supplemented with 2-20% estrus goat/sheep
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104

serum, following standard operating procedures previously described for both species

105

(Baldassarre et al., 2002; Crispo et al., 2015).

106

Subsequent to fusion and activation in the case of SCNT, or after DNA/RNA microinjection

107

into zygotes, or after sperm injection and activation when intracytoplasmic sperm injection

108

(ICSI) is used for gene transfer (Figure 1), the embryos must be cultured in vitro for variable

109

lengths of time depending on the strategy, prior to transfer into recipients. In vitro culture (IVC)

110

is conducted in mSOF medium following standard operating procedures previously described

111

for goats (Baldassarre et al., 2002) and sheep (Crispo et al., 2015).

112

Putative transgenic embryos need to be transferred into synchronized recipients for further

113

development to term. Recipients must be synchronized to be in estrus around the same time as

114

in vivo zygote donors, or the time of IVF for in vitro produced zygotes, or the time of cell

115

transfer and fusion for SCNT. The stage of embryos at transfer varies with species and

116

preferences. In cattle it is always preferred to culture the embryos in vitro to a compact

117

morula/blastocyst stage of development, in order to transfer the embryos non-surgically

118

(transcervical) into the uterus of synchronized recipients. However, in species were the embryo

119

transfer technique is surgical (e.g. pigs, sheep, goats) preference dictates the choice between

120

early transfer into the oviduct (day 1-2 embryos) vs. late transfer into the uterus (day 6-7

121

embryos). Those who advocate for longer culture period will argue that it allows selecting the

122

best suited embryos for transfer thereby needing fewer recipients. However, in the big scheme

123

of things, in large programs and looking at offspring born as main success indicator, we believe

124

that more offspring are born when early embryos are transferred into the oviduct and “Mother

125

Nature” is used as incubator (Baldassarre et al., 2002).

126
127

Pronuclear microinjection

128

The injection of multiple copies of a DNA construct into the pronuclei of zygote-staged

129

embryos has been the method of choice for the establishment of transgenic founder animals for
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130

many years (Hammer et al., 1985; Ebert and Schindler, 1993). While the procedure is

131

somewhat reliable, usually it was much less feasible than in mice and rather inefficient (<10%

132

transgenic offspring, unpredictable integration and expression), making it costly and time

133

consuming. Prior to microinjection, the ovine/caprine zygotes are typically centrifuged in order

134

to stratify the cytoplasm and allow better visualization of pronuclei. The procedure is conducted

135

using a micromanipulator setup on an inverted microscope with Normaski optics. Under 400 x

136

magnification, one by one, zygotes are hold in position using the micromanipulator’s holding

137

pipette and the DNA construct is delivered into one of the two pronuclei of the zygotes using

138

the microinjection pipette. Successful injections are judged by observing the expansion of

139

pronuclei to about 50% increase of original diameter. Although pronuclear microinjection was

140

the unique available technique to produce transgenic founders during 80s and 90s, new tools

141

are currently available (Figure 1).

142
143

Somatic cell nuclear transfer for transgenesis

144

Following the birth of Dolly the sheep (Wilmut et al., 1997), SCNT was quickly proclaimed the

145

method of choice for the generation of transgenic sheep (Schnieke et al., 1997), cattle (Cibelli

146

et al., 1998), goats (Keefer et al., 2001) and pigs (Park K. et al., 2001). Using this method,

147

gene modification is implemented by incorporating the DNA construct into the cell’s genome

148

while in culture, allowing the transgenic cells to be fully characterized (site of integration,

149

number of integrated copies and integrity of the transgene) prior to use in the generation of

150

embryos by nuclear transfer. As a result, although the developmental capacity of

151

“reconstructed” NT-embryos is lower, all the offspring born should be transgenic making this

152

technology much more efficient than pronuclear microinjection (Table 1).

153

Multiple cell types have been used for the generation of transgenic animals using SCNT,

154

however the most popular are fetal fibroblasts followed by adult skin fibroblasts and cumulus-

155

granulosa cells (Baldassarre et al., 2003b). Primary and low passage cells lines are preferred for
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156

transfection of the DNA expression vectors using lipid-mediated gene transfer (e.g.

157

Lipofectamine®). Single colonies are selected following culture in G418 (Geneticin,

158

Invitrogen, Carlsbad, CA, USA) supplemented medium for 8-12 days. There has been

159

considerable controversy as to whether it is better to synchronize donor cells in a growth

160

arrested state (G0) or in a proliferating state (G1). Serum starvation (low serum conditions) was

161

initially used to synchronize cells in G0 but can have detrimental consequences, such as

162

induction of DNA fragmentation (Kues et al., 2000). Alternatively, cells can also be

163

synchronized by prolonged culture at confluence (G0 arrest).

164

In small ruminants, initial work was conducted using in vivo matured (ovulated) oocytes

165

collected by means of a surgical flushing of the oviduct (Baguisi et al., 1999). This procedure is

166

very invasive and results in variable numbers and stages of maturation of oocytes, so it was

167

quickly replaced by the use of in vitro matured oocytes collected from gonadotropin-stimulated

168

donors using LOPU. The demonstration (Peura et al., 2003) that there were no differences in

169

the use of in vitro vs. in vivo matured oocytes in sheep nuclear transfer programs, proved that

170

there was little -if any- advantage in using in vivo matured oocytes as recipient cytoplasts.

171

Matured (MII staged) oocytes are stained with Hoechst 33342, enucleated under short exposure

172

to UV light, and used as recipient cytoplasts. Alternatively, the oocytes can be cultured for 1h

173

in media containing demecolcine in order to visualize the position of the MII plate and remove

174

the chromosomes by aspiration with a microinjection needle. Individual donor cells are

175

transferred into the perivitelline space of the enucleated oocytes, followed by fusion of the

176

oocyte-cell couplets using an electric pulse that can be repeated, if needed, 30-60 minutes later.

177

Following fusion the reconstructed embryos are activated using calcium ionomycin and

178

cycloheximide. Finally, embryos are cultured until transferred to synchronized recipients, using

179

standard in vitro cultured media and conditions (Baldassarre et al., 2003b).

180

The generation of a live GE animal resulting from SCNT embryos is extremely useful but has a

181

relative low efficiency and is prone to developmental anomalies. Lower than 10% of transferred
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182

embryos resulting in live offspring is usually obtained. Abnormal epigenetic programming have

183

been detected in clones that fail during gestation or have development anomalies, an issue that

184

should be resolved if SCNT efficiency is intended to be improved (Long et al., 2014). In a large

185

data set compiled with >300 cloned kids born from over 40 different cell lines, Baldassarre et

186

al. (2003b) reported that the largest source of variation in the success was related to the donor

187

cell line. Pregnancy establishment and maintenance, as well as neonatal viability rates were 0–

188

89% for initial pregnancy, 0–67% for pregnancy after 60 days, 0–67% for maintenance of

189

pregnancy to term, and 0–67% perinatal kid mortality.

190
191

Transgenesis mediated by lentivirus

192

Lentiviral vectors (LV) emerged several years ago as active transgenesis (Lois et al., 2002;

193

Pfeifer, 2004) based in the intrinsic ability of the virus to integrate into the host genome. For

194

this purpose the genome of the LV is splitted into multiple fragments to avoid the formation of

195

replication-competent viruses (Park F., 2007). The most commonly used are the human

196

immunodeficiency virus type 1 (HIV-1), simian immunodeficiency virus (SIV) and equine

197

infectious anemia virus (EIAV) derived vectors. Since they are able to efficiently integrate into

198

the genome of dividing and non-dividing cells with lower gene silencing than other strategies

199

(Pfeifer et al., 2002), this tool was rapidly tested with success in several large species such as

200

pig, cattle, and also sheep (Ritchie et al., 2009; Crispo et al., 2015). Some of the main strengths

201

of this technique are the easy injection of the LV into the perivitelline space, the low injury for

202

embryo development, and the high efficiency to produce transgenic animals in a couple of

203

injection series.

204

Some models have been successfully produced using LV transgenesis in sheep. In an

205

interesting sheep transplantation model developed by Ritchie et al. (Ritchie et al., 2009), the

206

high transgenesis rate achieved by LV was combined with embryo splitting to obtain

207

monozygotic twins, one of which would be transgenic and useful for regenerative studies. In
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208

this report, 33.3% of GFP blastocysts were obtained in vitro. After embryo transfer, two sets of

209

twins were born, one of which had a transgenic and a non-transgenic lamb. Overall, 12% of

210

split co-cultured embryos resulted in a transgenic lamb. Following reports with unsplit embryos

211

showed a transgenic efficiency of 52% of live births for 6 different transgenes in sheep (Lillico

212

S. et al., 2011). The production of transgenic sheep with this technology has been very efficient

213

in our hands (Crispo et al., 2015), with 97.4% of embryos showing a strong GFP expression in

214

vitro, 100% (9/9) of lambs born being GFP positive and 88.9% (8/9) showing a strong and

215

evident GFP expression. In addition, transmission of the transgene to the progeny was observed

216

in green fluorescent embryos produced by IVF using semen from the transgenic founder lambs

217

(Crispo et al., 2015) as well as in F1 newborns (unpublished observation).

218

Safety of LV transgenesis has been addressed regarding their viral origin. In a recent work from

219

Cornetta et al. (Cornetta et al., 2013), analysis of blood and several tissues samples from

220

recipient ewes of LV embryos demonstrates that none of the samples were positive for the

221

vector, concluding that the LV does not cross the fetal-maternal barrier infecting the recipients

222

ewes. However, small size of the vectors (up to 8 kb), the random integration of a single copy

223

but in multiple sites, and the difficult production of high titer virus free of contaminants in the

224

laboratory (Remy et al., 2010) makes this technology not valid to everyone. In spite the cons

225

this technology could present, it requires less embryo micromanipulation skills and is still much

226

more efficient than other techniques like pronuclear microinjection, and present much lower

227

embryo injury than SCNT (Hofmann et al., 2003; Whitelaw et al., 2008). Moreover, the stable

228

integration of the transgene into the genome together with the low gene silencing makes this

229

approach useful for many laboratories working in large animal species.

230
231

Transposons system

232

Considered also as an active transgenesis technique, the main characteristic of transposon

233

systems is their ability to move within of between genomes. Once introduced into the cell,
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234

transposons DNA stably integrate into the host genome randomly and very efficiently. Reports

235

in mice, rat and zebrafish accounts for a transgenic efficiency ranging from 14 to 90% (Geurts

236

et al., 2011). The DNA move into the host genome via a cut-and-paste mechanism, mediating

237

the insertion of single transgene units. This system allows for a larger cargo capability

238

compared to LV, and gene silencing is also less frequent (Grabundzija et al., 2010). The most

239

commonly used are the Sleeping Beauty, piggyBac and Tol2 systems, and introduction of these

240

transposons into the embryo is via standard pronuclear microinjection. (Figure 1).

241

This technology also presents some limitation since transposons lack strong target site

242

specificity. Proposals to overcome this issue have been reported by using engineering chimeric

243

transposases that would allow selecting a desired region of the genome to integrate the

244

transgene of interest (Claeys Bouuaert and Chalmers, 2010). Although no transgenic goats or

245

sheep have been reported yet using this technology, perhaps due to the preference for other

246

technologies such as DNA vector injection, LV transfection, or more recently editing

247

endonucleases, transposons system still provides a promising tool for the production of GE

248

animals.

249
250

RNA interference (RNAi)

251

In order to elucidate gene function, RNAi emerged in the 2000s as a promising tool to

252

knockdown proteins of interest in mammalian cells in culture and animals (Hammond et al.,

253

2001; Lewis et al., 2002). This technology is useful in species such as large animals where no

254

embryonic stem cells for gene knock-out are available. This method is based in a sequence-

255

specific posttranscriptional gene silencing mechanism, and it has a demonstrated good

256

efficiency using both small interfering RNA (siRNA, duplexes of 21 nt RNAs with 2 nt 3’

257

overhang) and small hairpin RNA (shRNA, a fold-back stem-loop structure).

258

The first study with this technology in small ruminants was reported in 2006 and combined the

259

LV technology to deliver a GFP transgene with a shRNA designed to suppress the expression
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260

of caprine and bovine prion proteins in goat fibroblasts (Golding et al., 2006). With these cells

261

the authors produced a cloned goat fetus by SCNT and compared its tissues with a WT control.

262

Tissues from the cloned fetus expressed GFP, and western blot analysis in brain showed a

263

decrease of 90% in the expression of the prion protein. Recently, a myostatin knock-down

264

transgenic sheep model combining shRNA technology in fibroblast with SCNT in oocytes was

265

reported (Hu et al., 2013). Three live lambs expressing the shRNA targeting myostatin in

266

muscle were produced, with a significant inhibition in the protein expression. Previously, the

267

same group reported the efficiency of siRNA for the myostatin gene in vitro (Tang et al., 2012),

268

significantly down-regulating the expression of this gene in adult sheep fibroblast. In this case,

269

the authors took advantage of the LV technology to deliver the siRNA construct into the cells

270

and produced sheep embryos by SCNT. By introducing the GFP gene into the construct, a

271

strong fluorescence in reconstructed embryos was shown. Again, the combination of these three

272

technologies could be a good option to produce knock-down animals.

273

Although RNAi holds great promise to investigate gene function and disease resistance in farm

274

animals, new approaches described below as CRISPR/Cas9 system are rapidly substituting

275

these previous technologies.

276
277

Site-specific recombinases

278

Originally found in bacteria, bacteriophage and yeast, these enzymes catalyze site-specific

279

recombination between two specific DNA sequences and promotes integration, deletion or

280

inversion of DNA, depending on the orientation and direction of two recognition sites. Two

281

families of enzymes exist depending on the aminoacids present in their active sites, so-called

282

tyrosine-type and serine-type. The most common tool for in vivo genome engineering in rodents

283

is the bidirectional tyrosine-type simple recombinase (Cre and Flp recombinases). These

284

enzymes catalyze reversible site-specific recombination events between two identical

285

sequences (34-bp loxP sites for Cre, 48-bp FR sites for Flp).
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286

In goats, the Flp system has been used in somatic cells to overcome the problem of SCNT

287

random DNA integration (Yu et al., 2013). In this study the authors introduced an FRT-docking

288

site by gene targeting in the cells, performed SCNT to rejuvenate the cells and subjected them

289

to a second round of recombination introducing an EGFP reporter gene with the Fflp/FRT

290

system. The resulting somatic cell clones exhibited faithful EGFP expression with the aim to

291

use it as nuclear donors for farm animal cloning. This system could be useful in livestock

292

somatic cells where there is no embryonic stem cells availability, allowing for transgenic farm

293

animals’ generation with targeted gene integration.

294

The Cre/loxP site-specific recombination system has also been tested in goat fibroblast cells for

295

SCNT (Xu et al., 2008). To overcome some problems related to the introduction of selectable

296

genes into the cells, the use of a cell-permeable protein transduction TAT-Cre recombinase

297

system that avoids the introduction of foreign nucleic acids into cells was proposed (Glover et

298

al., 2005). Two cloned goats were born from this approach, showing that TAT-Cre recombinase

299

system is functional to produce SCNT transgenic goats.

300

PhiC31 integrase has been tested also in sheep and goat fibroblast cells since it has some

301

advantages over the Cre and Flp systems such as efficiency, unidirectional integration, high

302

levels of long-term transgene expression and no size limitations (Calos, 2006). In this report

303

eight pseudo-attP sites were identified in the goat genome, showing different levels of foreign

304

gene expression (Ma et al., 2014). For sheep fibroblasts, three pseudo-attP sites were detected

305

in the genome, and the transgene integrated showed high expression levels showing an

306

acceptable efficiency of this technique also in sheep (Ni et al., 2012).

307
308

Sperm mediated gene transfer (SMGT)

309

The first report of this technology published by Lavitrano et al. in 1989 showed that mouse

310

spermatozoa are able to “capture” foreign DNA molecules added to the sperm suspension, with
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311

30% efficiency of transgenic pups born (Lavitrano et al., 1989). Thus, this technology relies on

312

the DNA bound of sperm cells before fertilizing oocytes in vitro or by ICSI. This approach has

313

been used in several species including goats and sheep despite controversial reports concerning

314

the efficiency of this technique.

315

In order to validate this technology in in vitro produced goat embryos, Shadanloo et al.

316

(Shadanloo et al., 2010) incubated buck sperm with different pcDNA/his/Lac-Z plasmid

317

concentrations and used it for IVF or ICSI in different conditions (i.e. IVF, motile sperm-ICSI,

318

live-immotile sperm-ICSI, dead sperm-ICSI, or sham). Blastocyst development rate ranged

319

from 11.7 to 26.2% among groups, with no significant differences with the development rate of

320

control group (sham, 35.0%). Transgene expression was only observed in live-immotile and

321

dead ICSI groups (9.5% best efficiency rate), concluding that transgene transmission and

322

expression are affected by the technique used and the sperm status. In 2010, Zhao et al.

323

reported the birth of transgenic live goats using SMGT with artificial insemination (IA) using

324

different doses of fresh or frozen semen (Zhao et al., 2009). Transgenic rate reported by

325

positive PCR from the born kids was 10.5% (8/76). This easy approach circumvents the

326

technical limitations of ICSI and allows efficient transgenic rates. The birth of GE live sheep

327

produced with this technique has not been reported yet, however, the efficiency to produce in

328

vitro blastocysts using SMGT for ICSI was enhanced by haploid chemical activation of injected

329

oocytes with ionomycin plus 6-dimethylaminopurine (Pereyra-Bonnet et al., 2008; Pereyra-

330

Bonnet et al., 2011), obtaining over 80% of EGFP expression in blastocyst with this approach.

331

Another interesting approach called testis mediated gene transfer (TMGT) has been firstly

332

reported in mice obtaining 94% success rate (male mice that sired transgenic pups) (Dhup and

333

Majumdar, 2008). This technology produces transgenic spermatozoa by transfecting

334

undifferentiated spermatogonial stem cells with DNA. To validate TMGT in sheep and goats,

335

some approaches have been reported with interesting outcomes and acceptable efficiency (He et

336

al., 2012; Qin et al., 2012; Qin et al., 2013; Zhang Z. et al., 2014; Raina et al., 2015).
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337

Despite the reported successes and regardless of its potential utilities, this group of techniques

338

collectively called as SMGT has not been established as a consistent and reliable tool for

339

genetic modification in farm animals.

340
341

Endonucleases

342

Enzymes which have the ability to cut DNA are termed endonucleases. Restriction

343

endonuclease that recognised specific DNA sequences have enabled modern-day molecular

344

biology. These bacterially derived DNA scissors, of which there are now many, each recognize

345

a given DNA sequence. This powerful tool has now been surpassed through the advent of site-

346

specific nucleases that cause double strand breaks (DSBs) at specific loci within the genome.

347

These endonucleases, of which there are now four types, are called genome editors (Urnov et

348

al., 2010; Tan et al., 2012; Doudna and Charpentier, 2014). They herald a revolution in biology

349

with applications across all three biological kingdoms and beyond into viruses.

350

The genome editing tools can be to a greater or lesser extent designed to recognize any DNA

351

sequence. Once bound to this sequence they engineered DSBs which in turn trigger the hosts

352

DNA repair mechanisms by two competing pathways (Kanaar et al., 1998), non-homologous

353

end joining (NHEJ) and homology directed repair (HDR). The former repair pathway can be

354

exploited to cause insertion or deletion mutation (indel) which if targeted to exonic coding

355

regions will in two-thirds of cases causes a frame shift mutation resulting in a C-terminal

356

truncation or creation of a null allele. Alternatively if the target site lays-out with the coding

357

region mutations to regulatory elements can be made. The latter pathway which involves a

358

DNA repair template (usually in the form of a single-stranded DNA oligo or plasmid sequence)

359

enables either exchange of a few nucleotides (e.g. allele swap) or transgene insertion. Note,

360

only the latter event can be termed transgenesis as in all the former mutations no transgenic

361

sequence is present at the target site.
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362

Of the four types of genome editor, three are in common use. Meganucleases or homing

363

endonucleases remain to garner widespread attention based on the perception they are limited

364

in versatility. Recent effort, however, may indicate that this endonuclease may start to gain

365

traction (Smith et al., 2006). The other three types of endonuclease are described below (Figure

366

2).

367
368

Zinc Finger Nuclease (ZFN)

369

Fundamentally a ZFN can be viewed as a restriction endonuclease that can be directed against

370

any target DNA sequence. A concept started in the mid-1990s (Kim et al., 1996) took another

371

decade before being transformed into a usable tool through the development of a modular,

372

library format (Urnov et al., 2010). Even so these reagents have proved difficult to produce and

373

its construction challenge is restricting there usage by the scientific community. Nevertheless

374

they remain a highly programmable, precise genome editing technology for livestock (Lillico S.

375

et al., 2013).

376

Genome editors have two basic parts: the endonuclease which actually cuts the DNA and

377

something that directs the endonuclease activity to a specific DNA sequence. For ZFNs the

378

restriction endonuclease is Fok1, while the targeting specificity is through the Cys2-His2 zinc

379

fingers (Urnov et al., 2010). Zinc finger small peptides are one of the most common DNA

380

binding domains in mammals and common to many transcription factors, with each finger

381

specifically binding to a 3-base sequence (Garton et al., 2015). They are modular in nature and

382

can be combined, usually as three or four adjacent fingers to target 9 or 12 bases in a given

383

DNA sequence. ZFNs are employed as pairs which recognize target sequences in adjacent

384

opposing DNA strands. When both partners in the pair bind to there respective target sequence

385

this brings together on the intervening sequence the Fok1 which is an obligate dimeric enzyme

386

(Miller et al., 2007; Doyon et al., 2011). The result is a targeted DSB.
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387

ZFNs have been successfully applied to many species but as yet there are no reports of ZFN

388

edited sheep and goats. Since they have been successfully used in zygotes for pigs (Lillico S. et

389

al., 2013) and are functional in ovine and caprine cells (Zhang C. et al., 2014; Song et al.,

390

2015), it is likely that they will have utility in small ruminants.

391
392

Transcription Activator Like Effector Nuclease (TALEN)

393

TALEN are similar to ZFN in that they are based on the Fok1 endonuclease with targeting

394

specificity through peptides (Carlson et al., 2012; Tan et al., 2012). For TALENs these peptide

395

are the transcription activator like-effector (TALE) domain existing in bacteria of plants, with

396

each TALE domain recognizing a single DNA base. Each TALE consists of 34 amino acids

397

with those at position 12 and 13 actually recognizing DNA and termed the repeat variable

398

diresidue (RDV). It is relatively easy to combine TALEs to target nearly any DNA sequence.

399

TALENs have been used to produce genome edited sheep (Proudfoot et al., 2014). In this report

400

TALEN mRNA was injected into the cytoplasm of abattoir-derived IVF oocytes with a 24%

401

blastocyst development rate observed. A total of 26 blastocysts were transferred into nine

402

recipient ewes with eight pregnancies going to term. Of the nine live lambs produced, one was

403

shown to carry a heterozygous edit at the myostatin locus. In goats, gene targeting through

404

TALEN-induced HR was recently reported for sequential gene knockout followed by gene

405

knock-in, in this case assisted by SCNT (Cui et al., 2015). The authors produced β-

406

Lactoglobulin-free milk goats as mammary gland bioreactors for the large-scale production of

407

human lactoferrin milk. The transmission of TALEN-mediated targeting events in somatic cells

408

through the germline was also demonstrated. These results are representatives of the power of

409

this technology.

410
411

CRISPR/Cas9 system
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412

The third genome editor termed Clustered Regularly Interspaced Short Palindromic Repeat

413

(CRISPR) and CRISPR associated gene 9 (Cas9), differs from the Fok1- based tools in that

414

utilizes RNA to confer target specificity (Cong et al., 2013; Jinek et al., 2013; Mali et al.,

415

2013). It is based on an ancient Archaea/Eubacateria adaptive immune defense system. It

416

comprises several components; the CRISPR RNA (crRNA) array of exogenous DNA targets

417

(protospacers) and direct repeat sequences, transactivating crRNA (tracrRNA) and Cas9 gene.

418

The tracrRNA facilitates processing of crRNA array into a 20-nt guide sequence and a partial

419

direct repeat. The 20 base ribonucleotide guide sequences directs the Cas9 nuclease to the

420

target site by Watson-Crick base pairing, which with a unique protospacer adjacent motif

421

(PAM) directs cleavage of target site. The clever bit in the development of this tool was the

422

combining of crRNA and tracrRNA as a single guide RNA (sgRNA) sequence (Doudna and

423

Charpentier, 2014).

424

The CRISPR/Cas9 system, which was first described just over two years ago, has seen an

425

unprecedented exponential increase in its use (Seruggia and Montoliu, 2014). It is extremely

426

easy to set up in a general molecular biology lab. The reagents are not expensive and quick to

427

make. Since unlike both ZFN and TALEN the endonuclease is not physically tethered to the

428

DNA recognition function, opportunities for simultaneous delivery of multiple sgRNA

429

realistically offers multiplex editing opportunities to be developed.

430

Given the ease with which this genome editing tool can be utilized, it is not surprising that

431

CRISPR/Cas9 edited sheep already exist (Crispo et al., 2015). In the first reported study

432

CRISPR/Cas9 mRNA was injected into the cytoplasm of sheep zygotes with cleavage rate and

433

development in vitro to blastocyst comparable to that of control injected zygotes. Genotyping

434

of zygotes indicated a 50% editing frequency and from the 53 transferred blastocysts, 22 lambs

435

were born of which eight biallelic and five heterozygous edited animals were identified. The

436

target locus was myostatin and homozygous animals displayed the anticipated heavier body

437

weight.
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438

This system was also recently first reported in goats (Ni et al., 2014). The authors used

439

CRISPR/Cas9 mediated approach to induce monoallelic and biallelic gene knockout in goat

440

primary fibroblasts. Four genes were disrupted simultaneously in caprine cells, which were

441

successfully used for SCNT resulting in live-born goats harboring biallelic mutations.

442

The first reports of CRISPR/Cas show this system is a robust genome editing tool (Table 1)

443

which in all likelihood will have extensive use in sheep, goats and other livestock.

444
445

Genome editing strategies and future direction

446

With regard to sheep and goats (and indeed all livestock), genome editing tools have a bright

447

future (Fahrenkrug et al., 2010) when we contrast with the more traditional strategies (Clark

448

and Whitelaw, 2003). To date, only NHEJ has been reported in sheep and goats but it can only

449

be a matter of (a short period of) time before HDR animals are reported. Yet challenges remain.

450

We still need to determine if off-target truly represent a constraint, with recent mouse studies

451

indicating that they are probably not of much concern (Iyer et al., 2015). Strategies to reduce

452

off-targets are continually being presented, with nickase variant enzymes being very appealing

453

(Frock et al., 2015), however they currently are much less efficient that those which cause

454

DSBs. Nickases could also be better for HDR, although several other strategies for biasing

455

towards HDR rather than NHEJ have been demonstrated. These include the use of NHEJ

456

inhibitor compounds and RNAi strategies, both designed to suppress components of the NHEJ

457

molecular machinery. Although currently NHEJ is an easy tool with which to initiate projects,

458

it is likely that HDR will over time predominate as this approach offers much more control over

459

the actual final mutation sequence; both are equally precise in targeting specificity.

460

The overall efficiency of genome editor delivery is good; with some reports achieving 100% of

461

live born animals carrying an edition at the target site (Bhanu Telugu, University of Maryland,

462

personal communication). As alternative, new more efficient nucleases may be further studied

463

and proposed for gene edition. Nowadays we need to get more consistent with robust and

18

464

develop durable protocols. Specifically the issue of mosaicism in founder edited animals

465

produced from injected zygotes needs to be tackled. Delivery can be to the zygote or the editing

466

event can be produced in cells destined for SCNT, a route that may offer multiplex editing

467

strategies more easily than through zygote injection. Certainly nobody knows the next coming

468

breakthrough announcement, but in the following years multiplex approaches, conditional

469

strategies and off-target free systems, are the challenges that are worth living in GE farm

470

animals.

471
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References

473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503

Baguisi, A.; Behboodi, E.; Melican, D.T.; Pollock, J.S.; Destrempes, M.M.; Cammuso, C.;
Williams, J.L.; Nims, S.D.; Porter, C.A.; Midura, P.; Palacios, M.J.; Ayres, S.L.;
Denniston, R.S.; Hayes, M.L.; Ziomek, C.A.; Meade, H.M.; Godke, R.A.; Gavin, W.G.;
Overstrom, E.W. y Echelard, Y. (1999). Production of goats by somatic cell nuclear
transfer. Nat Biotechnol, vol. 17, no. 5, p.456-461.
Baldassarre, H.; Furnus, C.; De Matos, D. y Pessi, H. (1996). In vitro production of sheep
embryos using laparoscopic folliculocentesis: alternative gonadotrophin treatments for
stimulation of oocyte donors. Theriogenology, vol. 45, no. 707-717.
Baldassarre, H.; Keefer, C.; Wang, B.; Lazaris, A. y Karatzas, C.N. (2003b). Nuclear
transfer in goats using in vitro matured oocytes recovered by laparoscopic ovum pick-up.
Cloning Stem Cells, vol. 5, no. 4, p.279-285.
Baldassarre, H.; Wang, B.; Kafidi, N.; Gauthier, M.; Neveu, N.; Lapointe, J.; Sneek, L.;
Leduc, M.; Duguay, F.; Zhou, J.F.; Lazaris, A. y Karatzas, C.N. (2003a). Production of
transgenic goats by pronuclear microinjection of in vitro produced zygotes derived from
oocytes recovered by laparoscopy. Theriogenology, vol. 59, no. 3-4, p.831-839.
Baldassarre, H.; Wang, B.; Kafidi, N.; Keefer, C.; Lazaris, A. y Karatzas, C. (2002).
Advances in the production and propagation of transgenic goats using laparoscopic ovum
pick-up and in vitro embryo production technologies. Theriogenology, vol. 57, no. 275284.
Calos, M. (2006). The phiC31 integrase system for gene therapy. Curr Gene Ther, vol. 6,
no. 6, p.633-645.
Carlson, D.; Tan, W.; Lillico, S.; Stverakova, D.; Proudfoot, C.; Christian, M.; Voytas, D.;
Long, C.; Whitelaw, C. y Fahrenkrug, S. (2012). Efficient TALEN-mediated gene
knockout in livestock. Proc Natl Acad Sci U S A, vol. 109, no. 43, p.17382-17387.
Cibelli, J.B.; Stice, S.L.; Golueke, P.J.; Kane, J.J.; Jerry, J.; Blackwell, C.; Ponce de Leon,
F.A. y Robl, J.M. (1998). Cloned transgenic calves produced from nonquiescent fetal
fibroblasts. Science, vol. 280, no. 5367, p.1256-1258.
Claeys Bouuaert, C. y Chalmers, R.M. (2010). Gene therapy vectors: the prospects and
potentials of the cut-and-paste transposons. Genetica, vol. 138, no. 5, p.473-484.
Clark, J. y Whitelaw, B. (2003). A future for transgenic livestock. Nat Rev Genet, vol. 4,
no. 10, p.825-833.

19

504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553

Cong, L.; Ran, F.A.; Cox, D.; Lin, S.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X.; Jiang,
W.; Marraffini, L.A. y Zhang, F. (2013). Multiplex Genome Engineering Using
CRISPR/Cas Systems. Science, vol. 339, no. 6121, p.819-823.
Cornetta, K.; Tessanne, K.; Long, C.; Yao, J.; Satterfield, C. y Westhusin, M. (2013).
Transgenic sheep generated by lentiviral vectors: safety and integration analysis of
surrogates and their offspring. Transgenic Res, vol. 22, no. 4, p.737-745.
Crispo, M.; Mulet, A.P.; Tesson, L.; Barrera, N.; Cuadro, F.; Dos Santos-Neto, P.C.;
Nguyen, T.H.; Creneguy, A.; Brusselle, L.; Anegon, I. y Menchaca, A. (2015). Efficient
Generation of Myostatin Knock-Out Sheep Using CRISPR/Cas9 Technology and
Microinjection into Zygotes. PLoS One, vol. 10, no. 8, p.e0136690.
Crispo, M.; Vilarino, M.; Dos Santos-Neto, P.C.; Nunez-Olivera, R.; Cuadro, F.; Barrera,
N.; Mulet, A.P.; Nguyen, T.H.; Anegon, I. y Menchaca, A. (2015). Embryo development,
fetal growth and postnatal phenotype of eGFP lambs generated by lentiviral transgenesis.
Transgenic Res, vol. 24, no. 1, p.31-41.
Cui, C.; Song, Y.; Liu, J.; Ge, H.; Li, Q.; Huang, H.; Hu, L.; Zhu, H.; Jin, Y. y Zhang, Y.
(2015). Gene targeting by TALEN-induced homologous recombination in goats directs
production of beta-lactoglobulin-free, high-human lactoferrin milk. Sci Rep, vol. 5, no.
10482.
Dhup, S. y Majumdar, S. (2008). Transgenesis via permanent integration of genes in
repopulating spermatogonial cells in vivo. Nat Meth, vol. 5, no. 7, p.601-603.
Doudna, J.A. y Charpentier, E. (2014). Genome editing. The new frontier of genome
engineering with CRISPR-Cas9. Science, vol. 346, no. 6213, p.1258096.
Doyon, Y.; Vo, T.; Mendel, M.; Greenberg, S.; Wang, J.; Xia, D.; Miller, J.; Urnov, F.;
Gregory, P. y Holmes, M. (2011). Enhancing zinc-finger-nuclease activity with improved
obligate heterodimeric architectures. Nat Methods, vol. 8, no. 1, p.74-79.
Ebert, K. y Schindler, J. (1993). Transgenic farm animals: Progress report.
Theriogenology, vol. 39, no. 1, p.121-135.
Fahrenkrug, S.; Blake, A.; Carlson, D.; Doran, T.; Van Eenennaam, A.; Faber, D.; Galli, C.;
Gao, Q.; Hackett, P.; Li, N.; Maga, E.; Muir, W.; Murray, J.; Shi, D.; Stotish, R.;
Sullivan, E.; Taylor, J.; Walton, M.; Wheeler, M.; Whitelaw, B. y Glenn, B. (2010).
Precision genetics for complex objectives in animal agriculture. J Anim Sci, vol. 88, no. 7,
p.2530-2539.
Frock, R.; Hu, J.; Meyers, R.; Ho, Y.; Kii, E. y Alt, F. (2015). Genome-wide detection of
DNA double-stranded breaks induced by engineered nucleases. Nat Biotechnol, vol. 33,
no. 2, p.179-186.
Garton, M.; Najafabadi, H.; Schmitges, F.; Radovani, E.; Hughes, T. y Kim, P. (2015). A
structural approach reveals how neighbouring C2H2 zinc fingers influence DNA binding
specificity. Nucleic Acids Res, vol., no. [Epub ahead of print].
Geurts, A.; Balciunas, D. y Mates, L. (2011). Vertebrate Transgenesis by Transposition. In:
Springer Advanced Protocols for Animal Transgenesis. Pease, S. and Saunders, T.,
Berlin Heidelberg, 213-236.
Glover, D.; Lipps, H. y Jans, D. (2005). Towards safe, non-viral therapeutic gene
expression in humans. Nat Rev Genet, vol. 6, no. 4, p.299-310.
Golding, M.C.; Long, C.R.; Carmell, M.A.; Hannon, G.J. y Westhusin, M.E. (2006).
Suppression of prion protein in livestock by RNA interference. Proc Natl Acad Sci U S A,
vol. 103, no. 14, p.5285-5290.
Gordon, J.W. y Ruddle, F.H. (1981). Integration and stable germ line transmission of
genes injected into mouse pronuclei. Science, vol. 214, no. 4526, p.1244-1246.
Grabundzija, I.; Irgang, M.; Mátés, L.; Belay, E.; Matrai, J.; Gogol-Döring, A.; Kawakami,
K.; Chen, W.; Ruiz, P.; Chuah, M.; VandenDriessche, T.; Izsvák, Z. y Ivics, Z. (2010).
20

554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601

Comparative analysis of transposable element vector systems in human cells. Mol Ther,
vol. 18, no. 6, p.1200-1209.
Hammer, R.E.; Pursel, V.G.; Rexroad, C.E., Jr.; Wall, R.J.; Bolt, D.J.; Ebert, K.M.;
Palmiter, R.D. y Brinster, R.L. (1985). Production of transgenic rabbits, sheep and pigs by
microinjection. Nature, vol. 315, no. 6021, p.680-683.
Hammond, S.M.; Boettcher, S.; Caudy, A.A.; Kobayashi, R. y Hannon, G.J. (2001).
Argonaute2, a link between genetic and biochemical analyses of RNAi. Science, vol. 293,
no. 5532, p.1146-1150.
He, X.; Li, H.; Zhou, Z.; Zhao, Z. y Li, W. (2012). Production of brown/yellow patches in
the SLC7A11 transgenic sheep via testicular injection of transgene. J Genet Genomics,
vol. 39, no. 6, p.281-285.
Hofmann, A.; Kessler, B.; Ewerling, S.; Weppert, M.; Vogg, B.; Ludwig, H.; Stojkovic,
M.; Boelhauve, M.; Brem, G.; Wolf, E. y Pfeifer, A. (2003). Efficient transgenesis in
farm animals by lentiviral vectors. EMBO Rep, vol. 4, no. 11, p.1054-1060.
Hu, S.; Ni, W.; Sai, W.; Zi, H.; Qiao, J.; Wang, P.; Sheng, J. y Chen, C. (2013).
Knockdown of myostatin expression by RNAi enhances muscle growth in transgenic
sheep. PLoS One, vol. 8, no. 3, p.e58521.
Iyer, V.; Shen, B.; Zhang, W.; Hodgkins, A.; Keane, T.; Huang, X. y Skarnes, W. (2015).
Off-target mutations are rare in Cas9-modified mice. Nat Methods, vol. 12, no. 6, p.479.
Jinek, M.; East, A.; Cheng, A.; Lin, S.; Ma, E. y Doudna, J. (2013). RNA-programmed
genome editing in human cells. Elife, vol. 2, no. e00471.
Kanaar, R.; Hoeijmakers, J.H. y van Gent, D.C. (1998). Molecular mechanisms of DNA
double strand break repair. Trends Cell Biol, vol. 8, no. 12, p.483-489.
Keefer, C.L.; Baldassarre, H.; Keyston, R.; Wang, B.; Bhatia, B.; Bilodeau, A.S.; Zhou,
J.F.; Leduc, M.; Downey, B.R.; Lazaris, A. y Karatzas, C.N. (2001). Generation of dwarf
goat (Capra hircus) clones following nuclear transfer with transfected and nontransfected
fetal fibroblasts and in vitro-matured oocytes. Biol Reprod, vol. 64, no. 3, p.849-856.
Kim, Y.; Cha, J. y Chandrasegaran, S. (1996). Hybrid restriction enzymes: zinc finger
fusions to Fok I cleavage domain. Proc Natl Acad Sci U S A, vol. 93, no. 3, p.1156-1160.
Kues, W.A.; Anger, M.; Carnwath, J.W.; Paul, D.; Motlik, J. y Niemann, H. (2000). Cell
cycle synchronization of porcine fetal fibroblasts: effects of serum deprivation and
reversible cell cycle inhibitors. Biol Reprod, vol. 62, no. 2, p.412-419.
Lavitrano, M.; Camaioni, A.; Fazio, V.; Dolci, S.; Farace, M. y Spadafora, C. (1989).
Sperm cells as vectors for introducing foreign DNA into eggs: genetic transformation of
mice. Cell, vol. 57, no. 5, p.717-723.
Lewis, D.L.; Hagstrom, J.E.; Loomis, A.G.; Wolff, J.A. y Herweijer, H. (2002). Efficient
delivery of siRNA for inhibition of gene expression in postnatal mice. Nat Genet, vol. 32,
no. 1, p.107-108.
Lillico, S.; Proudfoot, C.; Carlson, D.; Stverakova, D.; Neil, C.; Blain, C.; King, T.;
Ritchie, W.; Tan, W.; Mileham, A.; McLaren, D.; Fahrenkrug, S. y Whitelaw, C. (2013).
Live pigs produced from genome edited zygotes. Sci Rep, vol. 3, no. 2847.
Lillico, S.; Vasey, D.; King, T. y Whitelaw, B. (2011). Lentiviral transgenesis in livestock.
Transgenic Research, vol. 20, no. 3, p.441-442.
Lois, C.; Hong, E.J.; Pease, S.; Brown, E.J. y Baltimore, D. (2002). Germline transmission
and tissue-specific expression of transgenes delivered by lentiviral vectors. Science, vol.
295, no. 5556, p.868-872.
Long, C.; Westhusin, M. y Golding, M. (2014). Reshaping the transcriptional frontier:
epigenetics and somatic cell nuclear transfer. Mol Reprod Dev, vol. 81, no. 2, p.183-193.

21

602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651

Ma, H.; Ma, Q.; Lu, Y.; Wang, J.; Hu, W.; Gong, Z.; Cai, L.; Huang, Y.; Huang, S. y Zeng,
F. (2014). PhiC31 integrase induces efficient site-specific recombination in the Capra
hircus genome. DNA Cell Biol, vol. 33, no. 8, p.484-491.
Mali, P.; Yang, L.; Esvelt, K.M.; Aach, J.; Guell, M.; DiCarlo, J.E.; Norville, J.E. y
Church, G.M. (2013). RNA-Guided Human Genome Engineering via Cas9. Science (New
York, N.Y.), vol. 339, no. 6121, p.823-826.
Miller, J.; Holmes, M.; Wang, J.; Guschin, D.; Lee, Y.; Rupniewski, I.; Beausejour, C.;
Waite, A.; Wang, N.; Kim, K.; Gregory, P.; Pabo, C. y Rebar, E. (2007). An improved
zinc-finger nuclease architecture for highly specific genome editing. Nat Biotechnol, vol.
25, no. 7, p.778-785.
Ni, W.; Hu, S.; Qiao, J.; Wang, Y.; Shi, H.; Wang, Y.; He, Z.; Li, G. y Chen, C. (2012).
PhiC31 integrase mediates efficient site-specific integration in sheep fibroblasts. Biosci
Biotechnol Biochem, vol. 76, no. 11, p.2093-2095.
Ni, W.; Qiao, J.; Hu, S.; Zhao, X.; Regouski, M.; Yang, M.; Polejaeva, I.A. y Chen, C.
(2014). Efficient gene knockout in goats using CRISPR/Cas9 system. PLoS One, vol. 9,
no. 9, p.e106718.
Park, F. (2007). Lentiviral vectors: are they the future of animal transgenesis? Physiol
Genomics, vol. 31, no. 2, p.159-173.
Park, K.; Cheong, H.; Lai, L.; Im, G.; Kuhholzer, B.; Bonk, A.; Samuel, M.; Rieke, A.;
Day, B.; Murphy, C.; Carter, D. y Prather, R. (2001). Production of nuclear transferderived swine that express the enhanced green fluorescent protein. Anim Biotechnol, vol.
12, no. 2, p.173-181.
Parrish, J.J.; Susko-Parrish, J.L.; Leibfried-Rutledge, M.L.; Critser, E.S.; Eyestone, W.H. y
First, N.L. (1986). Bovine in vitro fertilization with frozen-thawed semen.
Theriogenology, vol. 25, no. 4, p.591-600.
Pereyra-Bonnet, F.; Fernandez-Martin, R.; Olivera, R.; Jarazo, J.; Vichera, G.; Gibbons, A.
y Salamone, D. (2008). A unique method to produce transgenic embryos in ovine,
porcine, feline, bovine and equine species. Reprod Fertil Dev, vol. 20, no. 7, p.741-749.
Pereyra-Bonnet, F.; Gibbons, A.; Cueto, M.; Sipowicz, P.; Fernandez-Martin, R. y
Salamone, D. (2011). Efficiency of sperm-mediated gene transfer in the ovine by
laparoscopic insemination, in vitro fertilization and ICSI. J Reprod Dev, vol. 57, no. 2,
p.188-196.
Peura, T.T.; Hartwich, K.M.; Hamilton, H.M. y Walker, S.K. (2003). No differences in
sheep somatic cell nuclear transfer outcomes using serum-starved or actively growing
donor granulosa cells. Reprod Fertil Dev, vol. 15, no. 3, p.157-165.
Pfeifer, A. (2004). Lentiviral transgenesis. Transgenic Res, vol. 13, no. 6, p.513-522.
Pfeifer, A.; Ikawa, M.; Dayn, Y. y Verma, I.M. (2002). Transgenesis by lentiviral vectors:
lack of gene silencing in mammalian embryonic stem cells and preimplantation embryos.
Proc Natl Acad Sci U S A, vol. 99, no. 4, p.2140-2145.
Proudfoot, C.; Carlson, D.; Huddart, R.; Long, C.; Pryor, J.; King, T.; Lillico, S.; Mileham,
A.; McLaren, D.; Whitelaw, C.B. y Fahrenkrug, S. (2014). Genome edited sheep and
cattle. Transgenic Research, vol., no. 1-7.
Qin, Y.; Chen, H.; Zhang, Y.; Zhu, C.; Gao, B.; Yin, Y.; Li, W.; Shi, Q.; Zheng, M.; Xu,
Q.; Song, J. y Li, B. (2013). Cloning of the Xuhuai goat PPARgamma gene and the
preparation of transgenic sheep. Biochem Genet, vol. 51, no. 7-8, p.543-553.
Qin, Y.; Zhang, Y.; Yin, Y.; Xu, F.; Gao, B.; Shi, Q.; Zhu, C.; Li, W. y Li, B. (2012).
Cloning of Xuhuai goat lipoprotein lipase gene and the preparation of transgenic sheep.
Mol Biol Rep, vol. 39, no. 8, p.8439-8446.
Raina, A.; Kumar, S.; Shrivastava, R. y Mitra, A. (2015). Testis mediated gene transfer: In
vitro transfection in goat testis by electroporation. Gene, vol. 554, no. 1, p.96-100.
22

652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701

Remy, S.; Nguyen, T.H.; Menoret, S.; Tesson, L.; Usal, C. y Anegon, I. (2010). The use of
lentiviral vectors to obtain transgenic rats. In: Humana Press Rat Genomics. Anegon, I.,
NY, 597, 109-125.
Ritchie, W.A.; King, T.; Neil, C.; Carlisle, A.J.; Lillico, S.; McLachlan, G. y Whitelaw,
C.B. (2009). Transgenic sheep designed for transplantation studies. Mol Reprod Dev, vol.
76, no. 1, p.61-64.
Schnieke, A.E.; Kind, A.J.; Ritchie, W.A.; Mycock, K.; Scott, A.R.; Ritchie, M.; Wilmut,
I.; Colman, A. y Campbell, K.H. (1997). Human factor IX transgenic sheep produced by
transfer of nuclei from transfected fetal fibroblasts. Science, vol. 278, no. 5346, p.21302133.
Seruggia, D. y Montoliu, L. (2014). The new CRISPR-Cas system: RNA-guided genome
engineering to efficiently produce any desired genetic alteration in animals. Transgenic
Res, vol. 23, no. 5, p.707-716.
Shadanloo, F.; Najafi, M.; Hosseini, S.; Hajian, M.; Forouzanfar, M.; Ghaedi, K.; Abedi,
P.; Ostadhosseini, S.; Hosseini, L.; Eskandari-Nasab, M. y Esfahani, M. (2010). Sperm
status and DNA dose play key roles in sperm/ICSI-mediated gene transfer in caprine. Mol
Reprod Dev, vol. 77, no. 10, p.868-875.
Smith, J.; Grizot, S.; Arnould, S.; Duclert, A.; Epinat, J.C.; Chames, P.; Prieto, J.; Redondo,
P.; Blanco, F.J.; Bravo, J.; Montoya, G.; Paques, F. y Duchateau, P. (2006). A
combinatorial approach to create artificial homing endonucleases cleaving chosen
sequences. Nucleic Acids Res, vol. 34, no. 22, p.e149.
Song, Y.; Cui, C.; Zhu, H.; Li, Q.; Zhao, F. y Jin, Y. (2015). Expression, purification and
characterization of zinc-finger nuclease to knockout the goat beta-lactoglobulin gene.
Protein Expr Purif, vol. 112, no. 1-7.
Tan, W.; Carlson, D.; Walton, M.; Fahrenkrug, S. y Hackett, P. (2012). Precision editing of
large animal genomes. Adv Genet, vol. 80, no. 37-97.
Tang, D.; Zhu, H.; Wu, J.; Chen, H.; Zhang, Y.; Zhao, X.; Chen, X.; Du, W.; Wang, D. y
Lin, X. (2012). Silencing myostatin gene by RNAi in sheep embryos. J Biotechnol, vol.
158, no. 3, p.69-74.
Tervit, H.R.; Whittingham, D.G. y Rowson, L.E. (1972). Successful culture in vitro of
sheep and cattle ova. J Reprod Fertil, vol. 30, no. 3, p.493-497.
Urnov, F.D.; Rebar, E.J.; Holmes, M.C.; Zhang, H.S. y Gregory, P.D. (2010). Genome
editing with engineered zinc finger nucleases. Nat Rev Genet, vol. 11, no. 9, p.636-646.
Whitelaw, C.B.; Lillico, S.G. y King, T. (2008). Production of transgenic farm animals by
viral vector-mediated gene transfer. Reprod Domest Anim, vol. 43 Suppl 2, no. 355-358.
Wilmut, I.; Schnieke, A.E.; McWhir, J.; Kind, A.J. y Campbell, K.H. (1997). Viable
offspring derived from fetal and adult mammalian cells. Nature, vol. 385, no. 6619,
p.810-813.
Xu, Y.; Liu, S.; Yu, G.; Chen, J.; Chen, J.; Xu, X.; Wu, Y.; Zhang, A.; Dowdy, S. y Cheng,
G. (2008). Excision of selectable genes from transgenic goat cells by a protein
transducible TAT-Cre recombinase. Gene, vol. 419, no. 1-2, p.70-74.
Yu, H.; Wang, X.; Zhu, L.; He, Z.; Liu, G.; Xu, X.; Chen, J. y Cheng, G. (2013).
Establishment of a rapid and scalable gene expression system in livestock by site-specific
integration. Gene, vol. 515, no. 2, p.367-371.
Zhang, C.; Wang, L.; Ren, G.; Li, Z.; Ren, C.; Zhang, T.; Xu, K. y Zhang, Z. (2014).
Targeted disruption of the sheep MSTN gene by engineered zinc-finger nucleases. Mol
Biol Rep, vol. 41, no. 209-215.
Zhang, Z.; Xu, F.; Zhang, Y.; Li, W.; Yin, Y.; Zhu, C.; Du, L.; Elsayed, A. y Li, B. (2014).
Cloning and expression of MyoG gene from Hu sheep and identification of its myogenic
specificity. Mol Biol Rep, vol. 41, no. 2, p.1003-1013.
23

702
703
704
705
706
707

Zhao, Y.; Wei, H.; Wang, Y.; Wang, L.; Yu, M.; Fan, J.; Zheng, S. y Zhao, C. (2009).
Production of Transgenic Goats by Sperm-mediated Exogenous DNA Transfer Method.
Asian Australas. J. Anim. Sci, vol. 23, no. 1, p.33-40.

24

Figure 1. Schematic representation of different approaches for the generation of genetically
engineered (GE) founders in sheep and goats. Immature oocytes could be obtained from
live animals by Laparoscopic Ovum Pick-Up (LOPU) or from slaughterhouse ovaries.
After maturation (MII stage) oocytes may be used for: A) Cytoplasmic recipient of a
transgenic donor cell (e.g. fibroblast) using somatic cell nuclear transfer (SCNT); B) In
vitro fertilization (IVF) and subsequent DNA/RNA delivery into the zygote by: a)
pronuclear microinjection of DNA fragments, transposon system (TS), RNA interference
(RNAi), and endonucleases (ZFN, TALEN and CRISPR/Cas9); b) Cytoplasmic
microinjection of endonucleases (ZFN, TALEN and CRISPR/Cas9); c) Perivitelline
injection of lentiviral vectors; or d) Electroporation of endonucleases without the need of
embryo micromanipulation (proved only in rats and mice). C) In addition, sperm mediated
gene transfer may be performed by incubating sperm with DNA before insemination, IVF,
or intracytoplasmic sperm injection (ICSI). Produced transgenic founders should be
multiplied afterwards using advanced reproductive technologies.

Figure 2

Nucleases

ZFNs

TALENs

CRISPR/Cas9

Target genomic sequence
Double DNA strand breaks

DNA-repair
mechanisms

Non-Homologous End Joining
(NHEJ)

Gene disruption in <70%
Out of frame deletions = STOP
Targeted knockout or
C-terminal deletion
DNA
analyses

PCR+sequence
T7 endonuclease I
look for frame shift mutations

Homology-directed repair
(single-strand annealing)
ssODNs or plasmid

Precise repair (user–defined)
Targeted integration
nucleotides

PCR+sequence
look for specific mutations

Homology-directed repair
(homologous recombination)
several kbDNA donors

Precise repair (user–defined)
Targeted integration
expression cassette

PCR+sequence
Southern blot
look for specific mutations

Table 1. Expected outcomes for the production of genetically engineered (GE) founders in sheep
and goats. Data compiled from 63 reports indexed in Scopus database1. Information is only
descriptive since the variability among reports in results, methods and showed data make difficult
further analysis.
Pronuclear microinjection Somatic cell nuclear transfer
CRISPR/Cas
(average data from 17,171 (average data from 28,536 (average data from 470
zygotes)
fused oocytes)
zygotes)3
1985 (sheep)
1997 (sheep)
2014 (goats)
Year of first GE sheep/goat
report
21
24
3
Number of different GE
models reported in sheep
and goats2
60-90%
<50%
60-90%
Zygote/oocyte survival after
micromanipulation
Not affected (40-50%)
Low (<30%)
Not affected (40-50%)
Pregnancy rate in recipients
(from transferred)
Not affected (30-40%)
Low (<10%)
Not affected (30-40%)
Delivery rate in recipients
(from transferred)
Maintenance of pregnancy
Not affected
Low
Not affected
Live newborns from
∼15% (5 to 40%)
∼1% (usually <10%)
∼20%
transferred embryos
GE animals from newborns
<10%
Usually 100%
20-50%
5-20%
GE live animals from
∼1%
∼1% (usually <10%)
transferred embryos
<1%
<1%
<5%
GE live animals from
micromanipulated
ova/embryos
Knock in
Knock in
Knock in and
Type of genome
modification
Knockout
Integration
Randomly
Randomly, multiple sites,
Homologous and non
mosaicism
homologous end
joining
Technical feasibility
+
+
+++
Costs per GE founder
+++
++
+
Time consuming project
+++
++
+
1

Key words sheep or goats plus the name of each technique were used, with subsequent filter done
one per one.
2
Some GE models are published in more than one report and some reports describes more than
one model.
3
Regarding the low number of published reports with CRISPR/Cas9, this information should be
taken as preliminary data.

