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Abstract
Phage ϕC31 encodes an integrase that can mediate the insertion of extrachromosomal DNA into
genomic DNA1. Here we show ϕC31 integrase can be used to generate transgenic Xenopus laevis
embryos. mRNA encoding integrase was co-injected with a reporter plasmid containing a CMV
promoter driven GFP into one cell embryos. The reporter plasmid was integrated into the genome.
GFP expression, though robust, was in a limited number of tissues and varied among the embryos
analyzed. We attributed this restriction to transcriptional silencing by chromosome position
effects. Modification of the reporter plasmid by bracketing the CMV-GFP region with tandem
copies of the chicken β-globin 5′ HS4 insulator2 relieved position effects. Embryos transgenic
with insulated CMV-GFP expressed GFP uniformly. Tissue specific expression was achieved
when the CMV promoter was replaced with a 551 base-pair minimal gamma crystallin lens
promoter from Xenopus. Embryos transgenic with this plasmid had GFP expression limited to the
lens of the eye. We observed that about a third of embryos assayed one week after fertilization
were transgenic. These experiments demonstrate that the integration of insulated gene sequences
using ϕC31 integrase can be used to efficiently create transgenic embryos in Xenopus laevis and
may increase the practical use of ϕC31 integrase in other systems as well.

The ability to generate transgenic animals has revolutionized studies on gene function.
Transgenic frogs of the genus Xenopus have been made using methods based on a
restriction-enzyme mediated sperm integration approach described by Kroll and Amaya3.
This method has been remarkably successful, but can be technically demanding. In addition,
many embryos contain multiple copies of the transgene inserted at random insertion
sites 3, 4.

We have tried an alternative approach, creating transgenic Xenopus embryos by using ϕC31
integrase mediated recombination. ϕC31 is a bacteriophage that encodes an integrase that
mediates sequence directed recombination between a 34 nucleotide long bacterial
attachment site (attB) and a 39 base-pair long phage attachment site (attP). ϕC31 integrase
has a high efficiency of recombination, requires no accessory factors5, 6 and has been
effectively used to integrate genes into plant cells7, mammalian cells1, 8-13, and
Drosophila14. The ϕC31 integrase does not require an attP site to have perfect sequence
fidelity for it to be recognized and cleaved9. These imperfect attP sites, or psuedo-attP sites,
may have a similarity as low as 24% to an attP site and still allow recombination9. It has
been estimated that a mammalian genome may contain 100-1000 psuedo attP sites 9. Since
the Xenopus laevis genome is approximately the same size as a mammalian genome (3×109

base pairs), we hypothesized that there would also be psuedo-attP sites in its genome that
could be used to create transgenic Xenopus embryos. In the experiments that follow all the
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plasmids injected are derivatives of pEGFPB2, which contains an attB site and the CMV
promoter to drive GFP expression.

Injection of plasmids into Xenopus embryos can recapitulate promoter specific temporal and
spatial expression; however, their expression is mosaic, randomly failing to transcribe in all
of the cells that they should15. In addition, gene expression from plasmid DNA rarely
extends to late stages (stage 42 and beyond) of development15. Typically 50-100 pg of
plasmid is used in plasmid injection experiments15. An example of a stage 39 embryo
injected with 100 pg of pEGFPB2 reporter plasmid demonstrating mosaic GFP expression is
shown in figure 1e. The half life of the GFP protein has been estimated to be as long as 80
hours. Most of the embryos initially GFP positive no longer fluoresce by stage 46, but about
10% still glow at this stage in a mosaic pattern (figure 1f).

We reduced the amount of plasmid injected to levels where we no longer detected CMV-
GFP expression in the embryo. We screened hundreds of embryos from three different
mating pairs of frogs and all were negative for fluorescence when 5 pg of reporter plasmid
was injected. We conclude that this concentration is too low to routinely see expression
using pEGFPB2 as an extrachromosomal reporter plasmid. To test whether the ϕC31
integrase can be used to insert DNA into the Xenopus genome, 5 pg of pEGFPB2 was
injected into single cell Xenopus embryos along with 1ng of mRNA encoding for the ϕC31
integrase protein. The earliest opportunity for expression of the reporter plasmid coincides
with the activation of embryonic transcription at the 4000 cell mid-blastula stage (stage 7.5
about 8 hours after fertilization). We were able to detect green fluorescence as early as stage
14 (about 20 hrs post fertilization) and monitored expression through stage 46 (about 8 days
post fertilization, Figure 1).

We focused on embryos that appeared developmentally normal at stage 46. We note that
although survivorship varied depending on the specific mating pair of adults, overall there
was no deleterious effect of plasmid or integrase mRNA on the health of the embryos when
compared to control injections (Table 1).

Co-injection of 5 pg of pEGFPB2 with integrase mRNA resulted in approximately one third
of the embryos scoring positive for green fluorescence. GFP expression was limited to a
subset of tissues despite being driven by a CMV promoter (Figure 1). Embryos could be
sorted into three groups based on GFP expression. 57% showed somatic muscle tissue along
the tail(fig 1b), 31% the eyes and forebrain (fig 1c), and 7% in gill structures(fig 1d). While
the embryos represented in fig 1c and 1d have a very different expression pattern than we
have seen with plasmid alone injection, those in 1b are reminiscent of the mosaic expression
from unintegrated plasmid. However, without co-injection with integrase mRNA we did not
see GFP expression from this concentration of reporter plasmid, and the CMV promoter was
not expected to give such limited mosaic expression. Integration of the reporter plasmid
(pEGFPB2) was confirmed by Southern blot analysis (Figure 2, lanes 1 and 2). We did not
routinely detect extrachromosomal reporter plasmid, indicating that plasmid did not persist
in a non-integrated state. It is worth noting that one quarter of non-fluorescing embryos
tested by Southern blot analysis still had an integrated copy of the GFP plasmid. These
experiments suggest that the ϕC31 integrase can mediate recombination of plasmid carrying
an attB site in Xenopus embryos. However, they failed to provide transgenic embryos with
the expected expression pattern.

The CMV promoter should have been active in every tissue, so we sought to explain why
GFP expression was not ubiquitous. As cells differentiate, multicellular eukaryotes render
regions of chromosomes transcriptionally inactive by a process called silencing16, 17.
Chromatin silencing can spread to neighboring loci and the insertion of a transgene into a
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silenced region of chromatin prevents the expression of the transgene. The transcriptional
silencing (or the inappropriate activation by insertion next to an enhancer) of a transgene
based on where it inserts into the genome is referred to as chromosome position effect 18.
Insulators are DNA sequences that protect genes from chromosome position effects 16, 17.
One of the best characterized insulators is the chicken β-globin 5′ HS4 insulator 2, 19.
Experimentally, it has been shown that tandem copies of the 250 base-pair core region of the
chicken β-globin 5′HS4 insulator is sufficient to block the spread of chromatin
silencing 2, 17, 19.

We inserted duplicated copies of the chicken β-globin 5′HS4 250 base-pair insulator
flanking the CMV driven GFP into our reporter plasmid. 5 pg of insulated reporter plasmid
along with 1ng of mRNA encoding ϕC31 integrase was injected into single cell Xenopus
embryos. Embryos injected with integrase mRNA and insulated reporter plasmid began to
express GFP ubiquitously at stage 14 and continued expressing until stage 46 when the
experiment was stopped (Figure 3c). Embryos injected with only reporter plasmid did not
fluoresce at any stage (Figure 3b).

When embryos injected with 1ng of integrase mRNA and insulated reporter plasmid were
assayed at stage 46, approximately 34-42% expressed GFP uniformly (Table 1). Integration
was confirmed by Southern blot analysis (an example of integration is shown in Figure 2,
lane 5). Embryos injected with less integrase mRNA (500 pg and 50 pg respectively)
produced tadpoles with the expected GFP expression pattern, just at lower frequencies (table
1). We note that the quality of the integrase mRNA is critical to the success of this
technique. Though further testing is needed, the expression patterns of GFP is consistent
with integration generally occurring prior to first cleavage. Most of the remaining embryos
failed to express GFP, while an occasional embryo expressed GFP in a manner similar to
that seen for uninsulated plasmid, or only on one side.

We next asked if a tissue specific promoter derived from Xenopus would behave in an
appropriate manner. Using the insulated GFP reporter plasmid we replaced the CMV
promoter with 551 base-pairs of the Xenopus gamma crystallin lens promoter 20(Figure 3d-
g). Unlike the global expression seen with the CMV promoter, embryos injected with
integrase mRNA and the crystallin lens-GFP plasmid expressed GFP only in the lens of the
eye (Figure 3f). GFP expression in the lens of the eye is uniform as seen in figure 3g.
Integration efficiency ranged from 37-41% (Table 1) and was confirmed by Southern blot
analysis (Figure 2 lanes 3 and 4).

We show here both by expression analysis of GFP and by Southern blot analysis that
genomic integration of plasmid can be obtained if the plasmid has an attB site and ϕC31
integrase is expressed. We have assayed 39 embryos by Southern blot analysis. Although we
commonly found that a single integration event occurred, we have seen nine different sized
bands containing the integrated plasmid on Southern blots with no consistent indication of
insertion site preference. The Southern blot band sizes are not consistent with multiple
repeats or extrachromosomal plasmid, but vary in size dependent upon the nearest common
restriction site in the Xenopus genome. We have not yet been able to assign particular
integration sites to the different patterns of tissue expression seen with uninsulated reporter
plasmids, but further analysis of the sites of integration are underway. Although we do not
know if the integrations using this technique will be transmitted in the germ line we have
analyzed buccal cells derived from a juvenile frog grown from an embryo co-injected with
integrase mRNA and pEGFPB2. We find that there is still an integrated copy of the reporter
gene in the buccal cell DNA (data not shown), so we are cautiously optimistic.
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The insulated GFP reporters render the expression of the integrated gene independent of
chromosome position effects. In addition, we have shown that tissue specific gene
expression can be achieved, as is demonstrated by the studies using crystallin lens promoter-
GFP reporter plasmid. The plasmids successfully used in this study were between 5 and 6.2
Kbp. We are in the process of constructing larger plasmids to test the limits of the system.
We have reason to be optimistic that plasmids as large as 41Kb pairs may be able to be used,
as that is the size of the ϕC31 phage21.

The goal of this study was to determine if the ϕC31 integrase system could generate
transgenic Xenopus laevis embryos at a high enough efficiency to be able to study the F0
generation of transgenes. This goal has been met. We feel that this technique has the
potential to become a valuable tool for transgenic studies on Xenopus and in other systems.

Methods
DNA Constructs

Plasmids pET11phiC31 polyA, used to generate the integrase mRNA in vitro, and reporter
plasmid pEGFPB2, which contains a CMV driven GFP along with an attB site, were kindly
provided by Michele Calos (Stanford). Gary Felsenfeld (NCBI) kindly provided a plasmid
encoding the duplicated 250 base-pair 5′ HS4 insulator. The 5′ HS4 double insulator core
fragment was PCR amplified with either BmgBI or PciI ends using the primer pairs
CCACGTCCGGGTACCGAGTTGGCGCG and
CGACGTGTCGATGAATTCGAGTTGGC or
CACATGTCCGGGTACCGAGTTGGCGCG and
CACATGTCGATGAATTCGAGTTGGC. The 550 base-pair PCR fragments were cloned
into TOPO 4 (Invitrogen) and sequenced to ensure insulator sequence fidelity. BmgBI -HS4
double insulator was ligated into the BmgBI site between the attB site and the 5′ end of the
CMV-GFP reporter and the PciI -HS4 double insulator ligated into the PciI site 3′ of the
CMV-GFP reporter.

To prepare the Xenopus minimal gamma-crystallin lens promoter 20 driving GFP reporter
plasmid, the CMV promoter was removed from insulated CMV promoter driving GFP
expression reporter plasmid by digesting with AseI and AgeI. The Xenopus gamma
crystallin lens promoter was kindly provided by Paul Krieg (University of Arizona). A 551
base-pair region of the gamma crystallin lens promoter was PCR amplified with AseI and
AgeI ends and inserted into the reporter plasmid.

Integrase mRNA synthesis
The plasmid pET11phiC3 1polyA was linearized with EcoRI. mRNA was synthesized in
vitro using the T7 mMessage Machine Kit following the manufacture's instructions
(Ambion). A total of 1 μg of digested DNA was used as a template for mRNA production.

Xenopus Injections
Xenopus laevis males and females were obtained either from Xenopus I or Nasco. Eggs
were obtained from hormonally induced females and fertilized as previously described 22.
Single-cell embryos were injected with either water, 5 pg of reporter plasmid, or 5 pg of
reporter plasmid and 1ng, 500 pg, or 50 pg of ϕC31 integrase mRNA in a total volume of
10nl as previously described23. The developmental staging of stage 46 embryos was
performed as described in Nieuwkoop and Faber24.
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Embryo Analysis
Embryos were analyzed for GFP fluorescence through embryonic stage 46 with a
fluorescent Zeiss dissecting microscope (Stemi SV 11) or for higher magnifications with a
Zeiss Axioplan 2 microscope. Light passed through a GFP filter with an emission filter limit
of 535 nanometers. Color brightfield and GFP embryo pictures were taken with a Diagnostic
Instrument Spot Camera. Black and white images were taken with a Zeiss Axiocam. Images
were oriented and processed with Adobe Photoshop 7.0.

Genomic DNA extraction and Southern blotting
DNA was extracted from stage 46 tadpoles according to the manufacturer's instructions
(Qiagen DNeasy Tissue Kit). Genomic DNA was digested with HindIII (non-insulated
experiments) or BamHI (insulated experiments) overnight at 37°C, separated on a 1%
agarose gel, and transferred onto positively charged Hybond membrane (Amersham). For
the non-insulated integrant DNA analysis, pEGFPB2 was linearized with HindIII and then
labeled with P32- dCTP following the manufactures instructions of Rediprime II Random
Prime Labeling System (Amersham). For the insulated integrant DNA analysis, a 790 base-
pair GFP fragment from pEGFPB2 was isolated by digestion with AgeI and BamHI. The
fragment was then labeled with P32- dCTP following the manufactures instructions of
Rediprime II Random Prime Labeling System (Amersham). The filters were hybridized with
the labeled probe and washed at 68°C to a stringency of 0.1XSSC, 0.1% SDS.
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Figure 1.
Co-injection of ϕC31 integrase with CMV-GFP reporter plasmid enables detection of GFP
expression in Xenopus embryos in stage 46 embryos. Embryos were anesthetized and the
tails curled around toward the head for photo documentation. Images a--f are images of
embryos viewed under fluorescent light passing through a 535 nanometer limit GFP
emission filter. In every case the insert shows a brightfield image of the embryo. (a) Stage
46 Xenopus embryo injected 5 pg of pEGFPB2. (b-d) Stage 46 Xenopus embryos injected
with 1ng of integrase mRNA and 5 pg of pEGFPB2. Depending on the embryo we noted
GFP signal in either dorsal muscle (b), eyes and neural tissue (c), or in the gill structures of
the embryos (d). (e) Stage 39 Xenopus embryo injected with 100pg pEGFPB2 reporter
plasmid. (f) Stage 46 Xenopus embryo injected with 100pg pEGFPB2 reporter plasmid.
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Figure 2.
Southern blot analysis of treated embryos indicates insertion of the GFP reporter plasmid
into the embryonic genome. Markers in kilobase pairs are indicted on the left side of the
blot. Lane c is linearized pEGFPB2, lane 1 and 2 used DNA isolated from the embryos in
figure 1 in panel b and c. Lane 3 and 4 are from embryos transgenic for the insulated
crystallin lens-GFP reporter and lane 5 is from an embryo transgenic for insulated CMV-
GFP reporter.
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Figure 3.
Co-injection of ϕC31 integrase with insulated CMV-GFP or crystallin-lens-GFP reporter
plasmid generated Xenopus embryos with tissue appropriate expression. . Images (a-f) are
images of embryos viewed under fluorescent light passing through a 535 nanometer limit
GFP emission filter. In every case the insert shows a brightfield image of the embryo. (a-c)
are stage 46 embryos assaying the expression of insulated CMV-GFP reporter (a) is non-
injected, (b) is the insulated CMV-GFP reporter without co-injection of ϕC31 integrase (c) is
an embryo co-injected with insulated CMV-GFP and ϕC31 integrase. (d-f) are stage 42
embryos assaying the expression of insulated crystallin-lens-GFP reporter (d) is non-
injected, (e) is the insulated crystallin lens-GFP reporter without co-injection of ϕC31
integrase (f) is an embryo co-injected with insulated crystallin lens-GFP reporter and ϕC31
integrase. The two grayscale inserts represent photographs of the eye using either brightfield
or fluorescence of the embryos eye taken through a 10× objective on a Zeiss Axioplan 2
microscope.
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Table 1

Assay of GFP fluorescence as an indicator of integrase mediated gene insertion. The table indicates starting
numbers of one cell embryos, the number of trials, survivorship to stage 46 and the number of embryos with
GFP fluorescence at stage 46.

Sample # Embryos
Injected (#trials/

mothers)

Stage 46 Survival Stage 46 Fluoresence Avg % of embryos
glowing (Range)

Non-Injected 1194(12/7) 779 0.00E+00 0.00E+00

DEPC H2O 916 (7/5) 398 0.00E+00 0.00E+00

Integrase mRNA 1 ng 125 (1/1) 44 0.00E+00 0.00E+00

5 pg pEGFPB2 337 (3/3) 165 0.00E+00 0.00E+00

5 pg insulated pEGFPB2 plasmid 300 (4/3) 118 0.00E+00 0.00E+00

5 pg pEGFPB2 plasmid + 1 ng Integrase 452 (3/3) 258 95 36.82 (12-49)

5 pg insulated pEGFPB2 plasmid + 1 ng
integrase

300 (4/3) 148 47 31.76 (29-44)

5 pg insulated pEGFPB2 plasmid + 500 pg
integrase

100(1/1) 34 4 11.76

5 pg insulated pEGFPB2 plasmid + 50 pg
integrase

100(1/1) 52 2 3.85

5 pg insulated crystallin lens plasmid 200 (4/2) 69 0.00E+00 0.00E+00

5 pg insulated crystallin lens plasmid + 1 ng
Integrase

200 (4/2) 73 29 39.73 (37-44)

Nat Methods. Author manuscript; available in PMC 2013 January 23.


