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Although transgenic methods in mammals are inefficient, an easy and highly efficient trans-
genesis systemusing I-SceImeganuclease (intron-encodedendonuclease from S. cerevisiae)was
recently described in Xenopus. Themethod consisted of injection into fertilized eggs of an I-SceI
reaction mixture with a plasmid DNA carrying the transgene, flanked by the meganuclease
recognition sites (pIS). In the present study, the effects of I-SceI on gene transfer were tested
apparently for the first time in mammals, in particular, in cattle. Various conditions were
evaluated, including three concentrations of the plasmid pIS Pax6egfp, carrying I-SceI recog-
nition sites flanking egfp under Pax6 promoter and two injection times (before IVM and after
IVF) of pIS CAGegfp, carrying I-SceI sites fanking egfp under CAG promoter. In addition, the
quantityof transgenewasmeasuredusingquantitativepolymerase chain reaction,andpresence
of transgene signals was evaluated using fluorescence in situ hybridization analysis. Transgene
expression rateswere higher (P< 0.05) for groups treated after IVF (79.1%, 91/115 and63.0%, 75/
119) than before IVM (32.6%, 31/95 and 34.7%, 33/95), with and without I-SceI, respectively.
Interestingly, injectionwith pIS plus I-SceI after IVF increased frequency (P< 0.05) of nonmosaic
transgene-expressing embryos (58.3%, 42/72 vs. 29.7%, 25/84) for pIS plus I-SceI and pIS alone.
Basedonfluorescence in situhybridizationanalysis, injectionwith I-SceI increased (P< 0.05) the
proportion of embryos with transgene signals in all blastomeres compared with pIS alone
(44.0%,11/25 vs. 6.9%, 2/29) for pIS plus I-SceI and pIS alone. In addition, transgene copy number
was numerically higher for the group treated with pIS plus I-SceI compared with pIS alone. In
conclusion, I-SceI gene transfer increased transgene signals in bovine embryos.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction and they generally result in production of mosaic animals
Transgenic mammals are essential for basic and applied
research, but the available techniques remain inefficient.
Pronuclearmicroinjection for generation of transgenicmice
has been well established for more than 30 years [1].
Nevertheless, this method has many drawbacks: injected
sequences randomly insert as concatemers, they have
variable expression depending on the site of integration,
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[2,3]. Cloning techniques using genetically modified cells
have also been employed for transgenic animal production
and have resulted in transgenic cattle [4,5]. The main
advantage of cloning with a modified cell line is that it
allows targeted transgenesis [6]. However, the overall effi-
ciency of the process remains low [7,8].

The genetic engineering of transgene constructs with the
aim of increasing the probability of integration has attracted
more attention in recent years, after it was shown that
recombinases, integrases, and meganucleases derived from
lower organisms could also function in mammalian cells.
Twomain approaches to transgenesis have been introduced.
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The first approach, which requires previous manipulation of
the animal genome, is based on sequence-specific recombi-
nases [9] and integrases [10]. For this method, animals
carrying a docking site capable of interacting with the
incoming sequencemust be previously produced. Afterward,
a transgene vector containing a compatible site is coinjected
with the enzyme or mRNA encoding the recombinase or
integrase. Despite allowing targeted transgenesis directly in
the zygote, these techniques introduce practical limitations
that make them difficult to apply to mammals other than
mice. The second novel transgenesis approach does not
require previous modification of the genome; it is based on
designed meganucleases (zinc finger nucleases and tran-
scription activator-like effector nucleases) [11,12]. The des-
igned meganucleases carry two domains; a DNA binding
domain linked to a nonspecific DNA cleavage domain [11,12].
The advantage of this technique is that it can control the
recognition specificity of arbitrarily chosen chromosomal
sites, without previous manipulation of the genome [13].
However, accessibility to these nucleases is limited to only
a few laboratories. Another approach that does not require
previous modification of the host genome is based on
transposons. This technique was introduced after develop-
ment of transposons capable of acting in mammal cells [14].
In the past few years, transposon-mediated transgenesiswas
efficient for production of genetically modified livestock,
namely swine [15–17] and chickens [18].

Alternative approaches are based on natural mega-
nucleases, also known as homing endonucleases. One of these
meganucleases, I-SceI [19] was first described approximately
30 years ago, as a sequence-specific endonuclease that recog-
nized large (>12 base pair) sequence sites [20]. Transgenesis
using the I-SceI meganuclease was efficient for production of
transgenic killifish Medaka [21], Xenopus [22,23], and newts
[24]. This method simply consists of digestion of a transgene
construct carrying I-SceI recognition sites flanking the trans-
gene, and cytoplasmic injection of a digestion mixture into
fertilized eggs. Transgene expression was documented; fur-
thermore, it was transmitted through the germ line and also
expressed in offspring [22]. Ogino et al. [22] and Casco-Robles
et al. [24] reported that a high proportion of the Xenopus and
newt embryos had a nonmosaic expression pattern, and also
demonstrated that the number of transgene integration sites
was usually one or two, and that copy numbers ranged from
one to four. Unfortunately, the mechanisms underlying the
great success of the I-SceI transgenesis technique remain
unclear. It is presumed that continued binding of I-SceI to the
digested ends of injected transgenes prevented concatemer
formation and/or degradation of linear monomers [22].

We recently observed that injection of zygotes with linear
transgenes improved transgene expression efficiency in cattle
[25], as previously reported [26,27]. These observations, in
addition to results obtained in Xenopus, newts, and fish for
meganuclease transgenesis,promptedus totest this technique
in mammals, in particular cattle. In the present study, the
effects of two constructs and two injection times were evalu-
ated. The integration status of the transgene was assessed
usingfluorescence in situhybridization (FISH) and the amount
of transgene in embryos producedby injectionwith transgene
alone or with the digestion mixture was compared using
quantitative polymerase chain reaction (qPCR).
2. Materials and methods

2.1. Experimental design

The experimental design is summarized in Figure 1.
Briefly, in the first experiment, three pIS concentrations (15,
25, and 50 ng/mL) of pIS Pax6egfp, plasmid carrying I-SceI
recognition sites flanking egfp under Pax6 promoter, were
compared for digestion mixture (15þ, 25þ, 50þ) and trans-
gene alone (15�, 25�, 50�) injection after IVF (four repli-
cates). In the second experiment, pIS CAGegfp (plasmid
carrying I-SceI recognition sites flanking egfp under CAG
promoter) was employed, and two injection times were
compared: injection into immature oocytes (immediately
after oocyte collection, before IVM) and into fertilized zygotes
(after IVF), for digestion mixture and transgene alone groups
(four replicates). Development to blastocysts and transgene
expression were evaluated. Embryos produced by injection
after IVFwithdigestionmixture orwith transgene alonewere
subjected to qPCR and to FISH analysis. For qPCR, the amount
of transgene was quantified at 30 minutes, at 22 hours after
injection and at the blastocyst stage (Day 7; Day 0¼ IVF). For
FISH, embryos were cultured until Day 2 (or 3) and subse-
quently synchronized, fixed, and subjected to double FISH
with a control pericentromeric bovine probe and with an
enhanced green fluorescent protein (egfp) probe.

2.2. Chemicals

Except where otherwise indicated, all chemicals were
obtained from Sigma Chemical Company (St. Louis, MO,
USA).

2.3. DNA construction

The plasmid used in the first experiment was pIS
Pax6egfp, kindly provided by Dr. E. Amaya (Faculty of Life
Sciences, The University of Manchester) and Dr. H. Ogino
(Nara Institute of Science and Technology) [22], produced by
insertion of the fragment XbaI/NotI from plasmid coding for
egfp under Pax-6 promoter pPax-6GFP [28] into a modified
version of pBluescript (ISceI-pBSII SKþ, a gift fromDr. Ogino)
[22], which has I-SceI sites flanking its multicloning site.
The other experiments used pIS CAGegfp, produced by
insertion of the fragment PstI-SalI from pCX-EGFP, codifying
egfp under the chimeric cytomegalovirus-IE-chicken b-actin
enhancer-promoter (CAG) [29], into ISceI-pBSII SKþ. A sch-
ematic figure of both constructs is shown (Fig. 2).

2.4. Oocyte collection and in vitro maturation

Bovine ovaries were collected from abattoirs and trans-
ported to the laboratory at 25 �C to 30 �C. Cumulus-oocyte
complexes were aspirated with 21-gauge needles from folli-
cleswithadiameterof2 to5mmintoHEPES-bufferedTyrode’s
albumin lactate pyruvate (HEPES-TALP). Oocytes coveredwith
at least three layers of granulosa cells were selected for IVM.
The maturation medium was bicarbonate-buffered TCM-199
(31100-035;Gibco,Grand Island,NY,USA), containing10% fetal
bovine serum (013/07; Internegocios, Caba, Argentina), 10 mg/
mL follicle stimulating hormone (NIH-FSH-P1; Folltropin;



Fig. 1. Experimental design. In the first experiment, three transgene concentrations were tested for I-SceI or transgene-alone mediated transgenesis through
injection into fertilized eggs. In the second experiment, injection into immature oocytes and fertilized eggs was compared for I-SceI transgenesis. In the third
experiment, qPCR was used to determine transgene copy number in embryos. Finally, a FISH technique was used to detect transgene signals in embryos. FISH,
fluorescence in situ hybridization, I-SceI, meganuclease; qPCR, quantitative polymerase chain reaction.
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Bioniche, Caufield North, Victoria, Australia), 0.3 mM sodium
pyruvate (P2256), 100 mM cysteamine (M9768), and 2%
antibiotic-antimycotic (15240-096; Gibco). The oocytes were
incubated for 24 hours in mineral oil (M8410) in 100-mL
droplets, in 6.5% CO2 in humidified air at 39 �C.
2.5. IVF procedure

Frozen semen was thawed in a 37 �C water bath for
30 seconds. Spermwere then centrifuged twice (490� g for 5
minutes) in Brackett-Oliphant medium (BO) [30] and resus-
pended in BO supplemented with 5 mM caffeine (C4144) and
20 IU/mL heparin (H3149). Spermwere adjusted to 40� 106/
mL and diluted to half concentration (20 � 106/mL) with BO
containing 10 mg/mL fatty acid-free bovine serum albumin
(A6003). The cumulus-oocyte complexes were washed twice
with BO plus 5mg/mL FAF-BSA (fatty acid- free bovine serum
albumin) and subsequently exposed to the sperm suspension
Fig. 2. Comparison of pIS Pax6egfp and pIS CAGegfp expression in bovine blastoc
mediated transgenesis with 50 ng/uL pIS Pax6egfp; (D) pIS CAGegfp construct; (E) a
CAGegfp. (B) and (E) Under bright light. (C) and (F) Under blue light (488 nm). pA:
CAGegfp, egfp under CAG promoter; I-SceI, meganuclease; MCS, multiple cloning si
I-SceI recognition sites flanking the transgene.
for 5 hours in a 100-mL drop at 39 �C in 5% CO2 in humidified
air. Presumptive zygotes were then washed three times
in HEPES-TALP, and, cumulus cells were removed by vorte-
xing for 2 minutes in 1 mg/mL hyaluronidase (H-4272; in
Dulbecco’s PBS). Then, presumptive zygotes were washed in
HEPES-TALP, selected by visualization of at least one polar
body, and immediately injectedwith pIS digestionmixture or
with pIS alone.
2.6. Digestion mixture

The restriction digestion of pIS Pax6egfp or pIS CAGegfp
with I-SceI meganuclease was carried out at 37 �C for
40 minutes before injection into fertilized or immature
oocytes. The digestion mixture consisted of 1� I-SceI buffer,
0.5 U/mL I-SceI (R0694S, New England Biolabs, Ipswich, MA,
USA), 500 ng/mL of pIS Pax6egfp or pIS CAGegfp andwater to
reach a final 20-mL volume and a final 50-ng/mL transgene
ysts. (A) pIS Pax6egfp construct; (B) and (C) blastocyst produced by I-SceI
nd (F) blastocyst produced by I-SceI mediated transgenesis with 50 ng/uL pIS
polyadenilation site. In A), pA �1: SV40 pA; in D), pA �2: rabbit bglobin pA.
te; Pax6egfp, egfp under Pax6 promoter; pBS, pBluescript; pIS, plasmid with
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concentration. After digestion, 0.8% agarose gel electropho-
resis was performed to verify digestion of the construct.

2.7. Injection of transgene digestion mixture with I-SceI or
transgene alone

Immature and fertilized oocytes were subjected to hy-
aluronidase treatment, then transferred to 20-mL droplets
of HEPES-TALP and injected, using a 9-mmpipette, with 10%
Polyvinylpyrrolidone containing 50 ng/mL of: pIS Pax6egfp,
pIS Pax6egfp digested with I-SceI, pIS CAGegfp, or pIS
CAGegfp digestedwith I-SceI in a volume<10 pL. Immature
oocytes were matured in vitro after injection, as described
previously herein. The zygotes were then subjected to IVF
and cultured as described in the next section.

2.8. In vitro embryo culture

Presumptive zygotes were cultured in 50-mL droplets
of Synthetic oviductal fluid medium [31] supplemented
with 2.5% fetal bovine serum at 39 �C in 6.5% CO2 in
humidified air. Embryos were transferred to a new droplet
every 48 hours. Cleavage was evaluated on Day 2 and the
number of blastocysts on Day 7 post IVF.

2.9. Evaluation of EGFP fluorescence in embryos

All the embryos produced were briefly exposed to blue
light using an excitation filter at 488 nm and an emission
filter at 530 nm to determine egfp expression. Embryos
were evaluated on Days 4 and 7 after IVF.

2.10. Real-time polymerase chain reaction (qPCR)

Embryos produced using injection after IVF with pIS
CAGegfp digestion mixture or with pIS CAGegfp alone were
transferred as 1-mL aliquots into Eppendorf tubes, resus-
pended in 9 mL of 1� extraction polymerase chain re-
action (PCR) buffer (jump PCR completer) with proteinase K
(1 mg/mL; V302B; Promega, Madison, WI, USA) and incu-
bated at 56 �C for 1 hour and at 95 �C for 10 minutes.
Thereafter, qPCRwas performed using a StratageneMX305p
(Agilent Technologies), on a final volume of 25 mL. Reagents
employed were 2� SYBR Green PCR master mix (4309155;
Applied Biosystems), 0.04 mM Rox dye, 0.1 mM primer
forward oGFPq1F (CACATGAAGCAGCACGACTT), 0.1 mM pri-
mer reverse oGFPq2R (GGTCTTGTAGTTGCCGTCGT), and 1 mL
of proteinase K-treated embryo DNA. Cycling conditions
were: 1 cycle at 95 �C for 10minutes, followedby 95 �C for 30
seconds and 58 �C for 40 seconds during 60 cycles, and afinal
extension at 72 �C for 20 seconds. Afterward, a dissociation
curvewas included up to 95 �C. The PCR efficiency calculated
from slope was R2(qPCR 1): 0.992; R2(qPCR 2): 0.943. Data
were analyzed using Stratagene MX3005P V4.10, including
three replicates for each sample. The dose-response curve for
the qPCR was calculated using qPCR measurement on five
known dilutions of the pIS CAGegfp construct (3000, 300,
30, 3, and 0.3 fg). The trendland equation that best fitted the
curve was: number of molecules ¼ 2E þ 10 � e-0.53 Ct,
R2 ¼ 0.969. The number of copies of the transgene was
calculated considering 600 � 6 � 103 the molecular weight
of the plasmid.

2.11. Fluorescence in situ hybridization

Days 2 and 3 embryos produced by injection after IVFwith
pIS CAGegfp digestion mixture with I-SceI or with pIS
CAGegfp alone were subjected to FISH using a pCX- EGFP
plasmid sequence and a chromosome 19 pericentromeric
bovine sequence as probes. Embryos were incubated for 6
hours with 0.1 mg/mL demecolcine (D1925). Afterward,
embryos were treated with pronase, placed on slides, and
fixed with 3:1 methanol-acetic acid. The pCX-EGFP was
labeled with Rhodamine-5-20-Deoxyuridine, 50-Triphosphate
(RU-013-0135; eENZYME, Montgomery Village, MD, USA)
using the Nick Translation System (18156-010; Invitrogen).
To build a chromosome 19 control probe, the bacterial
artificial chromosome CH24050O11 (http://bacpac.chori.org/
bovine240.htm) was labeled with Fluorescein-12-20-Deoxy-
uridine, 50-Triphosphate (RU-013- 0125; eENZYME) using
the the Nick Translation System. The DNA probes were
denatured for 10 minutes at 85 �C in a hybridization mix
(H.Mix) containing 50% formamide (Merck, Darmstadt,
Germany), 40% sulfate dextrane (D8906), 20� sodium
chloride-sodium citrate (SSC) 10% and 0.03% herring sperm
DNA. The proportion used was 7:1:1 (H.Mix:labeled pCX-
EGFP:control probe). Before application of the denatured
probe, fixed embryos on slides were denatured with 70%
formamide in2� SSC for2minutesat72 �Canddehydratedby
successive passage through 70%, 95%, and 100% ethanol. The
probewas incubated overnight in amoist dark chamber at 37
�C. After incubation, coverslips were detached with a short
incubation in 2� SSC, the slides were washed at 72 �C for 2
minutes in 0.4� SSC with 0.3% Tween and then washed at
room temperature in 2� SSCwith 0.1% Tween. Total DNAwas
counterstained with DAPI (40,6-Diamidino-2-Phenylindole,
Dilactate) and coverslips were reapplied. Images of each cell
and their signals were recorded with an Optronics camera.

2.12. Statistical analyses

In vitro embryo development and fluorescent expres-
sion were compared using Fisher Exact test, whereas qPCR
results were analyzed using a Kruskal–Wallis test. All
analyses were conducted using SAS [32] and differences
were considered significant when P < 0.05.

3. Results

3.1. Experiment 1: Comparison of three pIS Pax6egfp
concentrations for I-SceI- and transgene alone-mediated
gene transfer

In thefirst experiment, threepIS Pax6egfp concentrations
were compared for I-SceI- and transgene alone-mediated
gene transfer. The three concentrations evaluated yielded
similar blastocysts rates.However, except thegroups injected
with 25 and 50 ng/mL digested by I-SceI, treatments reduced
(P < 0.05) blastocyst rates compared with the IVF control
(Table 1 and Fig. 2). Although transgene expression rates at
Day 4 were higher for the group injected with 50 ng/mL pIS

http://bacpac.chori.org/bovine240.htm


Table 1
Comparison of three pIS Pax6egfp concentrations for I-SceI and transgene alone-mediated transgenesis in bovine IVP embryos.

pIS Pax6egfp (ng/mL) I-SceI (0.5 U/mL) N Cleavage (%) Blastocysts (%) Egfp expression (%)

D4 Blastocystsa

0 � 80 76 (95.0)b,c 31 (38.7)b 0 (0) 0 (0)
15 þ 69 57 (82.6)d 13 (18.8)d 4 (5.7)d 2 (15.3)

� 98 90 (91.8)b,d 22 (22.4)d 1 (1.0)d 5 (22.7)
25 þ 89 86 (96.6)b 25 (28.0)b,d 3 (3.3)d 5 (20.0)

� 91 81 (89.0)b,d 19 (20.8)d 4 (4.3)d 8 (42.1)
50 þ 80 69 (86.2)c,d 22 (27.5)b,d 1 (1.2)d 8 (36.3)

� 71 61 (85.9)d 16 (22.5)d 19 (26.7)b 8 (50.0)

Day 0: day of IVF and injection.
Abbreviations: D4, Day 4; I-SceI, meganuclease; IVP, in vitro production; Pax6egfp, egfp under Pax6 promoter; pIS, plasmid with I-SceI recognition sites
flanking the transgene.

a egfp blastocysts were calculated as a percentage of total blastocysts.
b–d Within a column, means without a common superscript differed (P < 0.05).
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Pax6egfp alone, at the blastocyst stage, there were no
significant differences between I-SceI and transgene-alone
gene transfer. Transgene-expressing blastocyst rates were
numerically higher for the groups injected with 50 ng/mL.

3.2. Experiment 2: Comparison of two injection times (before
IVM and after IVF) for I-SceI- and transgene alone-mediated
gene transfer

In the second experiment, pIS CAGegfp was used at
50 ng/mL. In this construction, egfp was under a strong and
early expression promoter, well known in mammals.
Fig. 3. Bovine egfp-expressing blastocysts produced using I-SceI transgenesis throug
fertilized oocytes (blue light; 488 nm). I-SceI, meganuclease.
Cytoplasmic injection was evaluated before IVM and after
IVF. For both injection times, transgene expression was
detected, however, embryo development was lower for
immature oocytes (P< 0.05). Despite observing higher egfp
expression rates on Day 4 for I-SceI gene transfer after IVF,
egfp-expressing blastocysts did not differ between trans-
gene alone or digested by I-SceI (Fig. 3 and Table 2). For the
group injected after IVF, mosaic expression at Day 4 was
determined for a group of embryos. Homogeneous ex-
pression was detected in 58.3% of the embryos that
expressed the transgene (42/72) in the group injected with
the digestion mixture; this was higher than for the group
h injection into (A) and (B) immature oocytes (bright light); and (C) and (D)



Table 2
Comparison of injection time (before IVM and after IVF) for I-SceI and transgene alone-mediated transgenesis in bovine IVP embryos.

pIS CAGegfp injection time I-SceI (0.5 U/mL) N Cleavage (%) Blastocysts (%) egfp expression (%)

D4 Blastocystsa

Before IVM þ 95 70 (73.6)b 4 (4.2)b 31 (32.6)b 3 (75.0)b

� 95 68 (71.5)b 3 (3.1)b 33 (34.7)b 2 (66.0)b

IVF controlc 119 66 (55.4)d 16 (13.4)d 0 (0) 0 (0)
After IVF þ 115 110 (95.6)e 40 (34.7)e 91 (79.1)d 32 (80.0)b

� 119 107 (89.9)e 46 (38.6)e 75 (63.0)e 35 (76.0)b

IVF control 217 201 (92.6)e 84 (38.7)e 0 (0) 0 (0)

Abbreviations: CAGegfp, egfp under CAG promoter; D4, Day 4; I-SceI, meganuclease; IVP, in vitro production; pIS, plasmid with I-SceI recognition sites
flanking the transgene.

a egfp blastocysts and their respective statistic were calculated as a percentage of total blastocysts.
b,d,e Within a column, means without a common superscript differed (P < 0.05).
c This IVF control was denuded before IVM, then IVM and 22 hours later subjected to IVF.
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injected with transgene alone, for which only 29.7% (25/84)
embryos had nonmosaic transgene expression (P < 0.05).
When the injection was performed into immature oocytes,
it was difficult to determinemosaicism rates, becausemany
embryos had already begun fragmentation at Day 4.
3.3. Experiment 3: Quantification of transgene in embryos
produced by I-SceI-mediated gene transfer using real time
polymerase chain reaction (qPCR)

The plasmid used in this study has nomammalian origin
of replication. Therefore, only integration into the genome
could increase the amount of transgene during embryo
development to the blastocyst stage. The amount of
transgene present in embryos injected with I-SceI digestion
mixture or with transgene alone was quantified by real-
time PCR at 30 minutes and at 22 hours after injection,
and at the blastocyst stage. No statistical differences were
detected either between different embryo stages within
one particular treatment or between treatments at the
same embryo stage. However, at 30 minutes after injection
and also at the blastocyst stage, the group injected with
I-SceI digestion mixture exhibited more transgene (media
transgene copy number � SEM: 25620 � 8940; 2250 �
525; 6540 � 3345, for quantification at 30 minutes, 22
hours, and the blastocyst stage, respectively) compared
with the transgene alone group (media transgene copy
number � SEM: 4320 � 960; 1185 � 360; and 2250 � 870,
for quantification at 30 minutes, 22 hours, and the blasto-
cyst stage, respectively; Fig. 4).
Fig. 4. Quantification of transgene (number of copies of the transgene) using
real time polymerase chain reaction at 0.5 hours, 22 hours, and Day 7
(blastocyst stage) for meganuclease (þ I-SceI) or transgene alone (- I-SceI)
transgenesis. I-SceI, meganuclease.
3.4. Experiment 4: FISH of embryos produced by I-SceI and
transgene alone-mediated gene transfer

Although the FISH technique is quite inefficient in
embryos, 54 embryos were evaluated (those lacking control
probe signals were discarded). There were more transgene-
positive blastomeres detected for the group injected with
I-SceI digestion mixture than for the group injected with
transgene alone (79.4%, 54/68 for I-SceI vs. 46.9%, 38/81 for
transgene alone gene transfer, P < 0.05). In addition, for the
group injected with I-SceI, more embryos (P < 0.05) had
transgene signals in all blastomeres (Table 3). Furthermore,
the total number of embryos with at least one trans-
gene signal was also determined; it was noteworthy that
there were no significant differences between I-SceI and
transgene-alone groups (24/25 vs. 21/29 embryos with at
least one transgene signal for the I-SceI and transgene-alone
groups, respectively). In that regard, there was a higher
proportion of embryos with transgene signals in all of their
blastomeres for the group injected with the digestion
mixture comparedwith the transgene alone (P< 0.05; Table
3 and Fig. 5). The number of transgene signals in blastomeres
ranged from 1 to 4.
4. Discussion

The method used in this study was characterized by its
simplicity: injecting fertilized eggswith a reactionmixture of
I-SceImeganuclease and a plasmidDNA carrying a transgene
cassette flanked by I-SceI recognition sites. Reports in
amphibians such as Xenopus [22,32] and newts [24], and also
in fish [21,33] described the high efficiency and simplicity of
I-SceI meganuclease-mediated gene transfer. However, to
date this technique has apparently not been tested in
mammals. In the present study, transgene-expressing
bovine embryos were produced using I-SceI gene transfer.



Table 3
Fluorescence in situ hybridization analysis of bovine embryos produced by I-SceI or transgene alone-mediated transgenesis.

Group I-SceI Embryos, N Blastomeres, N Blastomeres, tgþ (%) Embryos (%) Cr19 probe (%)

tgþa tg� nd euploid

þ 25 68 54 (79.1)b 11 (44.0)b 1 (4.0)b 7 (28.0) 21 (84.0)
� 29 81 38 (46.9)c 2 (6.9)c 8 (27.8)c 5 (17.2) 22 (75.8)

tgþ indicates presence of the transgene signal, and tg� indicates absence of the transgene signal.
Abbreviations:þ, injected with digestion mixture with I-SceI; �, injected with transgene alone; Cr19 probe, bovine chromosome 19 pericentromeric probe;
I-SceI, meganuclease; nd, not determined (embryos showing only one analyzable blastomere).

a Embryos showing transgene signal in all of their blastomeres.
b,c Within a column, means without a common superscript differed (P < 0.05).
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Furthermore, it was noteworthy that this technique also
resulted in an increased proportion of embryos with trans-
gene signals in all of their blastomeres. In addition, we
concluded that injection can be performed into immature
oocytes or presumptive zygotes, resulting in production of
transgene-expressing embryos.

In the first experiment, I-SceI-mediated gene transfer
was tested with a construct carrying I-SceI recognition sites
flanking a Pax6gfp, gfp under Pax6 promoter, sequence. The
Pax 6 promoter had apparently never been used to induce
transgene expression in bovine embryos. The Pax 6 tran-
scription factor, which acts high in the regulatory hierarchy,
has been described as fundamental for eye and lens
development in humans, mice, zebrafish, and Drosophila
[34–37]. Based on this first experiment, we inferred that
the Pax 6 promoter can induce leaky expression of the egfp
gene from early activation of the bovine embryo genome at
Day 4 [38]. In addition, injecting meganuclease did not
affect embryo viability. Although no differences in
transgene-expressing blastocysts were detected between
digested and undigested pIS Pax6egfp, egfp-expressing
blastocysts were numerically higher for the 50 ng/mL
concentration; therefore, that concentration was used for
the following experiments.

In subsequent experiments, a well characterized, strong
CAG promoter (the chimeric cytomegalovirus-IE-chicken
Fig. 5. Detection of transgene signals using FISH for (A), (B), and (C) I-SceI transgene
transgene signals (rhodamine-labeled probe) and green arrows indicate bovine chro
are shown in the Supplementary File. FISH, fluorescence in situ hybridization; FITC
b-actin enhancer-promoter) was used. With this constr-
uct, there was an increased proportion of nonmosaic egfp
embryos at Day 4 for the group injectedwith I-SceI after IVF
than for the group injected with the transgene alone. In
previous reports in amphibians and fish, there was also
higher transgenesis and homogeneous expression rates
after digestion mixture injection [21,22,39]. One of the
main concerns to achieve integration of the transgene
through the I-SceI transgenesis technique, as noted by
Ogino et al. [22] and Thermes et al. [21], was to inject the I-
SceI reaction as soon as possible after egg fertilization. In
our study, this was achieved through transgene injection
before IVM or immediately after IVF. We had previously
reported that injection of the transgene into metaphase II
oocytes before IVF resulted in poor cleavage and subse-
quent embryo development, possibly because of premature
cortical granule exocytosis in response to the injection [40].
Consequently, in the present study, injection into immature
oocytes was done in an attempt to avoid that problem.
Although it was possible to produce transgene-expressing
bovine embryos by injecting exogenous DNA into imma-
ture oocytes, injecting DNA after IVF resulted in higher
embryo development rates. Interestingly, egfp/total blas-
tocyst rates were not significantly different between the
two injection times, indicating that early injection affected
embryo viability but not transgene expression efficiency.
sis and for (D), (E), and (F) transgene-alone transgenesis. Pink arrows indicate
mosome 19 pericentromeric signals (FITC-labeled probe). Additional figures
, Fluorescein isothiocyanate; I-SceI, meganuclease.
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The poor development rates for the groups injected before
IVM seemed to be related to the lack of cumulus cells
duringmaturation. It is well known that the presence of the
cumulus cells is crucial for nuclear and cytoplasmic matu-
ration [41]; consequently, removal of cumulus cells before
injection and to IVM, reduced embryo viability. That
injection of the transgene before IVM can result in trans-
gene expression up to the blastocyst stage, could be very
useful for the study of early maturation events, through
injection of interference RNAs, exogenous DNAs, or mRNAs.
Although this strategy has apparently never been tested in
cattle, it has been done in chickens andmice [42,43]. Future
research should be directed to enhance the viability of
injected oocytes with only a few layers of cumulus cells.

For groups injected after IVF, which resulted in the
highest blastocysts and egfp expression rates, the quantity of
transgene at 0.5 hours, 22 hours, andDay 7 (blastocyst stage)
after injection was measured using qPCR and the number of
molecules of transgene present was calculated using
a highly sensitive dose–response curve. Although the tran-
sgene copy numbers did not differ among groups, the
quantity of transgene present shortly after injection was
numerically higher for the group injected with the I-SceI
digestion mixture. In addition, the quantity of transgene at
the blastocyst stage was higher than observed at 22 hours
after injection, especially for the group injected with I-SceI
digestion mixture. Because the exogenous DNA employed in
thiswork had nomammalian origin of replication, this could
only be explained by integration. In contrast to restriction
enzyme mediated integration transgenesis, in which trans-
gene integration is stimulated by partial digestion of the
host genome by coinjected restriction enzymes [44], in I-
SceI transgenesis, the host genome does not contain the
known I-SceI recognition site. Choulika et al. [45] reported
that digestion by I-SceI provoked the insertion product
of interest to remain as short fragments, exposing more
recombinogenic ends. Through association with one of its
cleavage products, I-SceI might accomplish ‘inhibition’ of
endogenous ligases/replicases by digestion of generated
concatemers, or by protection of digested recombinogenic
ends from degradation, ligation, or both. This protective
action of I-SceI could explain the high quantity of transgene
detected at 0.5 hours after injection, as proposed by Thermes
et al. [21], for meganuclease transgenesis in fish. Persistence
of ectopic plasmids in blastocysts could also indicate that
even in the case of digestion mixture injection, sometimes
the meganuclease does not digest on both sides of the
transgene, allowing concatemer formation and persistence
of ectopic plasmids. If the transgene integrated only once in
the genome, approximately 150 copies of transgene would
be expected at the blastocyst stage. However, quantities of
transgene higher than expected as a result of integration,
were detected for transgene plus meganuclease and for
transgene alone. Consequently, we propose the following
scenarios: (1) integration of transgene molecules as con-
catemers; (2) more than one copy of transgene integrated
which (combined with 1) resulted in an important range of
measures; and (3) the presence of ectopic plasmids even at
the blastocyst stage, as reported [46].

Beause the main interest in mammal transgenesis is to
assure incorporation of the transgene into the genome, in
a subsequent experiment we performed FISH of preim-
plantation embryos (for groups injected after IVF). This is
the most powerful tool available to detect in situ presence
of a transgene and the sole option available to detect
transgene signals in preimplantatory embryos. Unfortu-
nately, the low amount of DNA present in a blastocyst did
not enable the use of other techniques, such as Southern
blot analysis. Therefore, in this work, more than 50 em-
bryos were analyzed, using a control bovine chromosome
19 pericentromeric probe and a pCX-EGFP probe (with 90%
homology to the pIS CAGegfp sequence). This experiment
provided conclusive evidence that I-SceI-mediated gene
transfer increased the proportion of embryos showing
transgene signals in all of their blastomeres (refer to the
Supplementary File for visualization of a higher number of
blastomeres). Total numbers of embryos showing trans-
gene signal in at least one of their blastomeres did not differ
between transgene alone and transgene plusmeganuclease
groups; however, I-SceI-mediated gene transfer increased
the proportion of blastomeres with transgene signals per
embryo. Perhaps mosaic expression of green fluorescent
protein reflected persistence of injected plasmids as extra-
chromosomal episomes which are inherited only by
a subset of cells [47,48] and also to late integration in the
genome. This phenomenon was frequently observed after
pronuclear microinjection and intracytoplasmic sperm
injection-mediated gene transfer in mammals [26,27], and
it continues to be one of the main limitations of most of the
current transgenesis techniques inmammals. These ectopic
plasmids are eliminated during the steps before FISH
hybridization; therefore, the increased proportion of
embryos with a transgene signal in all of their blastomeres
observed in this work for I-SceI gene transfer in the bovine
could have been the result of increased frequency of inte-
gration at the one-cell stage, as proposed by Thermes et al.
[21] for fish. These observations could also explain the
controversial results obtained using qPCR and FISH. The
high transgene copy numbers detected with qPCR were
because of the presence of integrated and episomal trans-
genes. As the meganuclease binds to the ends of the linear
fragments generated by its digestion, it protects them from
degradation and from concatemer formation, and higher
transgene copy numbers are detected. Conversely, we
inferred that incubation in demecolcine before FISH pro-
voked condensation of the chromatin and rupture of the
nuclear envelope, resulting in loss of most episomal DNA
during washing (only large concatemers persisted after
washing). Then, as the meganuclease avoided concatemer
formation, our hypothesis is that the increased transgene
signals observed for I-SceI gene transfer were related to
integration and not to persistence of episomal plasmids. In
support of the previous statement, Thermes et al. [21] also
reported that transgene integration never occur as long
concatemers, reducing the gene-silencing effect frequently
observed in vertebrates [49]. Instead, the transgene was
integrated in short repeats and consequently not silenced,
which could have a great effect onmammalian transgenesis
technology.

Based on the evidence presented so far, we inferred
that the action of I-SceI on the genome was indirect. The
meganuclease introduced highly recombinogenic double
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stranded breaks at both ends of the insert of interest, and
protected it from degradation. In the context of the early
zygote environment, in which DNA repair machinery is
active [25], these double-stranded breaks of the transgene
are joined to similar breaks in the genome by recombina-
tion reactions. A remarkable aspect of the I-SceI gene
transfer technique is that the meganuclease should not
directly digest the genome, because no canonical 18-base
pair I-SceI restriction site was detected using blastn (NCBI
program that searches nucleotide databases using a nucle-
otide query) in the bovine genome. However, it is possible
that the binding of the meganuclease to the transgene
fragments stimulated recruitment of the repairing proteins.
The amplified activity of the DNA repair machinery, the
high number of ruptures in the genome (exacerbated by
the transgene injection), and the presence of many linear
transgene fragment substrates for recombination seemed
to be responsible for the increased presence of transgene
signals for this technique.

4.1. Conclusions

This was apparently the first report regarding the use
of I-SceI gene transfer in a mammalian species, namely cat-
tle. Not only was this technique simple and versatile, but
most importantly, it increased the frequency of nonmosaic
embryos and of transgene FISH signals, making it an inter-
esting alternative for transgenicdomestic animalproduction.
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Supplementary FISH images

Blastomeresignalswereevaluatedusingdirectmicroscopic
visualization. In addition, images of the blastomere signals
were recorded with an Optronics camera. However, in many
cases,fluorescence fading tookplaceafterprolongedexposure,
and therefore, the fluorescence detected in the pictures was
not as strong as the one observed using direct visualization
immediately after exposure. In this Supplement, we include
images of 30 of the blastomeres evaluated for this study.

Each figure in this Supplementary material is orga-
nized as panel (A), panel (B), and coupled image (panel
Supplementary Fig. 1. Blastomere with one transgene and two control signals. (A)
background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled pr
probe labeled with FITC (green signal); and right panel, DAPI staining of chromosom
with the image operations tool of Image Pro Plus or with similar tools from Photo
C); (A) corresponds to the exact picture taken using
the microscope after the FISH procedure (the images
were cropped for better presentation); (B) corresponds
to the same pictures after background removal using
the contrast enhancement tool of Image Pro Plus. The
final image (C) with the red and green signals coupled
to the nuclei, was generated with the image operations
tool of Image Pro Plus or with similar tools from
Photoshop by superposition of the images shown
in (B).

The first picture set corresponds to FISH on I-SceI
transgenesis embryos.
Microscopic images after the FISH procedure. (B) Same images as in (A) after
obe (red signal); the middle panel, a bovine chromosome 19 pericentromeric
es. (C) Image with the red and green signals coupled to the nuclei, generated
shop, by superposition of the images shown in (B).



Supplementary Fig. 2. Blastomere with two transgene signals (not as clear in the picture as after direct microscopic visualization) and two control signals. (A)
Microscopic images after the FISH procedure. (B) Same images as in (A) after background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled
probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric probe labeled with FITC (green signal); and right panel, DAPI staining of
chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated with the image operations tool of Image Pro Plus or with similar tools
from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 3. Blastomere with three transgene signals and only one chromosome signal (not well appreciated in the picture). (A) Microscopic images
after the FISH procedure. (B) Same images as in (A) after background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the
middle panel, a bovine chromosome 19 pericentromeric probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with
the red and green signals coupled to the nuclei, generated with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by super-
position of the images shown in (B).
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Supplementary Fig. 4. Blastomere with one transgene and two control signals. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric
probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated
with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 5. Blastomere with one transgene and two control signals. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric
probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated
with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 6. Two blastomeres, both of them with two transgene and two control signals. (A) Microscopic images after the FISH procedure. (B) Same
images as in (A) after background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome
19 pericentromeric probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the
nuclei, generated with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 7. Blastomere with a trisomy (three control signals) and also three transgene signals (not showing a very strong fluorescence in the picture,
because of the presence of some strong unspecific fluorescence). (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after background
removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric probe
labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated with
the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 8. Blastomere with three transgene signals, one of them lost in (B) after increase of contrast to allow visualization of signals in the coupled
image, and two control signals. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after background removal. In (A) and (B), the left panel
shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric probe labeled with FITC (green signal); and right
panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated with the image operations tool of Image Pro Plus
or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 9. Blastomere with four transgene and two control signals. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric
probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated
with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).

R.J. Bevacqua et al. / Theriogenology xxx (2013) 1–10 10.e9



Supplementary Fig. 10. Blastomere with one transgene, more clearly seen in (A) than in (B), and one control signal, in pairs, possibly related to each sister
chromatide. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after background removal. In (A) and (B), the left panel shows a gfp
rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric probe labeled with FITC (green signal); and right panel, DAPI
staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated with the image operations tool of Image Pro Plus or with
similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 11. Blastomere with two transgene and two control signals. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric
probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated
with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 12. Blastomere with two transgene and two control signals. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric
probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated
with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 13. Blastomere with four transgene signals (one too weak to persist after background removal) and one control signal (in pairs, not very clear
in this picture). (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after background removal. In (A) and (B), the left panel shows a gfp
rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric probe labeled with FITC (green signal); and right panel, DAPI
staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated with the image operations tool of Image Pro Plus or with
similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 14. Blastomere with one transgene and one control signal (not clear in the picture because of the background). (A) Microscopic images after
the FISH procedure. (B) Same images as in (A) after background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the
middle panel, a bovine chromosome 19 pericentromeric probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with
the red and green signals coupled to the nuclei, generated with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by super-
position of the images shown in (B).
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Supplementary Fig. 15. Blastomere with one transgene and one control signal. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric
probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated
with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 16. Blastomere with one transgene and one control signal. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric
probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated
with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 17. Blastomere with four transgene and two control signals. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric
probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated
with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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The second group of pictures correspond to FISH performed on transgene-alone transgenesis-derived embryos.
Supplementary Fig. 18. Blastomere with no transgene signal (the corresponding picture was not taken), and two control signals. (A) Microscopic images after the
FISH procedure. (B) Same images as in (A) after background removal. In (A) and (B), the left panel shows a bovine chromosome 19 pericentromeric probe labeled
with FITC (green signal); and the right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated with the
image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).



Supplementary Fig. 19. Blastomere with two transgene and two control signals. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric
probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated
with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 20. Blastomere with one transgene and two control signals. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric
probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated
with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 21. Blastomere with no transgene and two control signals. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric probe
labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. In (B), the left pannel was not included as no gfp signal was detected. The middle
and right pannels are equivalent to the ones shown in (A). (C) Image with the red and green signals coupled to the nuclei, generated with the image operations
tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).

Supplementary Fig. 22. Blastomere with no transgene and two control signals. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A), the left panel shows the bastomere under red light detection, a bovine chromosome 19 pericentromeric probe labeled with FITC
(green signal); and right panel, DAPI staining of chromosomes. In (B), the left panel is omitted as no rhodamine signal was detected, the remaining pannels are the
same as in (A). (C) Image with the red and green signals coupled to the nuclei, generated with the image operations tool of Image Pro Plus or with similar tools
from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 23. Blastomere with four transgene (in pairs) and two control signals (also in pairs). (A) Microscopic images after the FISH procedure. (B)
Same images as in (A) after background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine
chromosome 19 pericentromeric probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals
coupled to the nuclei, generated with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown
in (B).
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Supplementary Fig. 24. Blastomere with two transgene (not very clear in the picture) and two control signals. (A) Microscopic images after the FISH procedure.
(B) Same images as in (A) after background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine
chromosome 19 pericentromeric probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals
coupled to the nuclei, generated with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown
in (B).
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Supplementary Fig. 25. Blastomere with no transgene and one control signal (in a pair). (A) Microscopic images after the FISH procedure. (B) Same images as in
(A) after background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19
pericentromeric probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the
nuclei, generated with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 26. Blastomere with one transgene and two control signals. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric
probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated
with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 27. Blastomere with three transgene and two control signals. (A) Microscopic images after the FISH procedure. (B) Same images as in (A)
after background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 peri-
centromeric probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the
nuclei, generated with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 28. Blastomere with no transgene and two control signals in different layers. (A) Microscopic images after the FISH procedure. (B) Same
images as in (A) after background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chro-
mosome 19 pericentromeric probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals
coupled to the nuclei, generated with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown
in (B).
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Supplementary Fig. 29. Blastomere with one transgene and one control signal. (A) Microscopic images after the FISH procedure. (B) Same images as in (A) after
background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel, a bovine chromosome 19 pericentromeric
probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and green signals coupled to the nuclei, generated
with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the images shown in (B).
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Supplementary Fig. 30. Blastomere with two transgene (one lost after background removal) and two control signals. (A) Microscopic images after the FISH
procedure. (B) Same images as in (A) after background removal. In (A) and (B), the left panel shows a gfp rhodamine-labeled probe (red signal); the middle panel,
a bovine chromosome 19 pericentromeric probe labeled with FITC (green signal); and right panel, DAPI staining of chromosomes. (C) Image with the red and
green signals coupled to the nuclei, generated with the image operations tool of Image Pro Plus or with similar tools from Photoshop, by superposition of the
images shown in (B).
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