
INTRAMOLECULAR INTEGRATION ASSAY IN INSECT CELLS

Vol  40  No. 6  November  2009 1235

Correspondence: Malcolm J Fraser Jr, Eck Insti-
tute of Global Health, Department of Biological
Sciences, University of Notre Dame, Indiana,
46556, USA.
Tel: 574-631-6209; Fax: 574-631-7413
E-mail: fraser.1@nd.edu

INTRAMOLECULAR INTEGRATION ASSAY VALIDATES
INTEGRASE PHI C31 AND R4 POTENTIAL IN A VARIETY

OF INSECT CELLS

Jakkrawarn Chompoosri1,2,4, Tresa Fraser1, Yupha Rongsriyam2, Narumon Komalamisra2,
Padet Siriyasatien3, Usavadee Thavara4, Apiwat Tawatsin4  and Malcolm J Fraser Jr1

1Department of Biological Sciences, Eck Institute of Global Health, University of Notre
Dame, Notre Dame, IN, USA; 2Department of Medical Entomology, Faculty of Tropical

Medicine, Mahidol University, Bangkok; 3Department of Parasitology,
Faculty of Medicine, Chulalongkorn University, Bangkok;

4National Institute of Health, Department of Medical Sciences, Nonthaburi, Thailand

Abstract. Phage φC31 and R4 integrases are site-specific and unidirectional serine
recombinases. We have analyzed the ability of these integrases to mediate intramo-
lecular integration between their attB and attP sites in 7 important insect cell lines as a
means of predicting their relative mobility in the corresponding insect species. Both
integrases exhibit significantly higher frequencies in Drosophila S2 cells than in the
other insect cell lines examined, but do work well in all of the species tested.  Our
results, coupled with previous results of the activity of φC31 integrase in D. melanogaster
and Aedes aegypti, suggest the family of serine catalyzed integrases will be useful site-
specific integration tools for functional genome analysis and genetic engineering in a
wide range of insect species.

INTRODUCTION

Practical genetic engineering of insects
for potential utility as moderators of native
populations requires new tools for efficient
site-specific integration of genes to allow
reliable prediction of expression stability and
fitness costs to the transgenic insects. The
most common method currently employed
for engineering eukaryotic chromosomes is
random integration facilitated by mobile
genetic elements in which foreign or ma-
nipulated DNA is introduced into the chro-

mosomes of an organism without control
over the ultimate position of the insertion,
resulting in unpredictable gene expression
and possible insertional mutagenesis lead-
ing to fitness costs.

In contrast, phage integration mecha-
nisms can provide high specificity and have
been recognized as a powerful genetic tool
in a variety of prokaryotic and eukaryotic
cells. While site-specific recombinases are
structurally and functionally diverse (Smith
and Thrope, 2002), most can be classified into
either the tyrosine or serine family based on
amino acid sequence homologies and cata-
lytic residues.

Recombinases such as Cre and FLP use
a catalytic tyrosine to mediate bidirectional
recombination between two identical sites
(Stark et al, 1992). These recombinases rec-
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ognize DNA sequences that are typically 30-
40 bp in length. They require no host-spe-
cific co-factors and have successfully func-
tioned in mammalian cells, providing impor-
tant and widely used tools for genome ma-
nipulation (O’Gorman et al, 1991; Sauer,
1994; Sorrell and Kolb, 2005). Although Cre
and FLP recombinase-mediated integrations
can be efficiently performed in mammalian
cells, the net integration frequency is low
(Sauer and Henderson, 1990) because of the
reversibility of the reaction.

In contrast, phage integrases mediate
unidirectional recombination between two
different DNA sequences, the bacterial at-
tachment site, attB, and the phage attach-
ment site, attP  (Campbell, 1992).  These two
sequences generally share a short stretch of
identical bases where crossing-over occurs.
After recombination, an integrated phage
genome is flanked by two hybrid sites, attL
and attR, each consisting of half attP se-
quence and half attB sequence. Only a sub-
set of phage integrases, including those from
phages φC31, R4, and TP-901-1, belong to the
serine recombinase family (Christiansen
et al, 1996; Matsuura et al, 1996; Thorpe and
Smith, 1998; Brondsted and Hammer, 1999;
Olivares et al, 2001; Hollis et al, 2003). Because
these integrases cannot carry out the reverse
excision reaction without additional co-fac-
tors, these enzymes are especially helpful for
catalyzing stable integration reactions.

φC31 integrase is isolated from a Strep-
tomyces phage (Kuhstoss and Rao, 1991;
Rausch and Lehmann, 1991) and is reported
to mediate intramolecular recombination of
plasmids in Escherichia coli and in vitro with
no requirement of  host-specific co-factors
(Thorpe and Smith, 1998). The 605-amino
acid φC31 integrase can perform recombina-
tion between minimal 34-bp attB and 39-bp
attP sites surrounding a core cleavage and
ligation sequence of TTG in human cells
(Groth et al, 2000). This integrase mediates

stable, site-specific integration of plasmids
bearing attB into attP sites randomly inte-
grated into the genomes of cultured human
cells (Thyagarajan et al, 2001). It also func-
tions in Rhodococcus equi (Hong and
Hondalus, 2008), Schizosaccharomyces pombe
(Thomason et al, 2001), the silkworm cell
line, BmN4 (Nakayama et al, 2006), wheat
plants (Rubtsova et al, 2008), Methanosarcina
species (Guss et al, 2008) and human cells
(Thyagarajan  et al, 2008).  φC31 integrase has
been utilized to efficiently create transgenic
Xenopus laevis  (Allen and Weeks, 2005, 2009),
and mice (Belteki et al, 2003; Hollis et al, 2003).

The φC31 integrase may also be used to
effectively target naturally occurring chromo-
somal sequences with partial sequence iden-
tity to attP, called pseudo attP sites
(Thyagarajan et al, 2001). Site-specific integra-
tion of foreign genes at pseudo attP sites of
Drosophila (Groth et al, 2004), bovine cells (Ma
et al, 2006; Ou et al, 2009), and mammalian
cells (Thyagarajan et al, 2001) has been de-
tected. The genomic integrations mediated by
φC31 were also detected by long-term expres-
sion of luciferase in human and mouse cells
(Thyagarajan et al, 2001; Thyagarajan and
Calos, 2005). This ability of φC31 integrase to
find and utilize pseudo attP sites has  been
successfully used in gene therapy experi-
ments in mouse liver, mouse muscle-derived
stem cells, mouse muscle, rat retina, human
myoblasts and human keratinocytes
(Olivares et al, 2002; Ortiz-Urda et al, 2002,
2003; Quenneville et al, 2004; Chalberg et al,
2005; Held et al, 2005; Bertoni et al, 2006). The
φC31 integrase system also produces stable
transgene expression in adult mouse neural
progenitor cells (mNPCs) and their progeny
that may be useful in strategies for combat-
ing neurodegenerative disorders (Keravala
et al, 2008).

The ability of φC31 integrase to effi-
ciently target transgenes to specific chromo-
somal locations and the potential to integrate
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very large transgenes has broad applicabi-
lity for genetic manipulation of many medi-
cally and economically important insect spe-
cies. φC31 integrase has demonstrated effec-
tiveness to promote integration of attB-bear-
ing plasmid  into P-element vectored attP sites
of two transformed Drosophila lines (Groth et
al, 2004). The  φC31 integrase system was used
in conjunction with recombinase-mediated
cassette exchange (RMCE) for precise target-
ing of transgenic construct to predetermined
genomic sites in Drosophila (Bateman et al,
2006). This integrase system has also been
used in the construction and manipulation
of transgenic Aedes aegypti mosquitoes, in-
creasing integration efficiencies by up to 7.9-
fold (Nimmo et al, 2006) over alternative
transposon-mediated protocols. Most re-
cently, endogenous expression of φC31
integrase has been used to generate a collec-
tion of Drosophila lines having many differ-
ent predetermined intergenic attP sites dis-
tributed throughout the fly genome (Bischof
et al, 2007).

R4 integrase is a similar unidirectional
site-specific recombinase derived from the
Streptomyces parvulus phage R4. This strepto-
myces phage encodes a 469 amino acid pro-
tein termed sre for site-specific recombinase
(Matsuura et al, 1996). sre mediates recombi-
nation between attP and attB  sequences shar-
ing a 12-bp common core region (Shirai et al,
1991). This integrase has demonstrated in-
tramolecular integration capability in human
cells (Olivares et al, 2001), and has been used
for recombining two introduced att sites on
the same chromosome resulting in deletion
of the intervening sequences (Hollis et al,
2003).

Using extrachromosomal plasmid exci-
sion and integration assays, we investigated
the ability of both φC31 and R4 integrases to
mediate intramolecular recombination reac-
tions between compact φC31 attB and attP
or R4 attB and attP sites in a variety of cul-

tured insect cells. We find that both φC31 and
R4 integrases are capable of serving as ef-
fective tools for efficient recombination in a
wild range of insects.

MATERIALS AND METHODS

Plasmids

φC31 integrase-expressing plasmids
were constructed using two promoters.
Drosophila-derived heat shock protein 70
(hsp70) promoter (Di Nocera and Dawid,
1983; Lis et at, 1983; Steller and Pirrotta, 1984;
Spradling, 1986; Linsquist and Craig, 1988)
was amplified by the PCR from the plasmid
phsp-pBac with the primers 5’-ACTAGT
CCCCCAGAGTTCTCTTCTTGTATTCAATAA
and 5’-GGTACCATTCCCATCCCCCTAG
AATCCCA. The D. melanogaster actin 5C
promoter was removed from pAct5C-Int by
digestion with the restriction enzymes
Acc65I and SpeI, and was replaced by the
heat-shock promoter, creating the plasmid
phsp-Int. The sre gene was amplified by the
PCR from the plasmids pCMV-sre (kindly
provided by Dr MP Calos) with the primers
5’-GGATCCTCAAACCTTCCTCTTCTT
CTTAGGCTCGGCCACGTCTCGCCACT
and 5’-ACTAGTACCATGGGTATGAATC
GAGGGGGGCCCACT. φC31 integrase was
removed from phsp-Int by digestion with
the restriction enzymes BamHI and SpeI, and
was replaced by the sre gene, creating the
plasmid phsp-sre.

Plasmid pBCPB+ (kindly provided by
Dr MP Calos) containing φC31 attP and φC31
attB and plasmid pBC-P64-B295 (kindly pro-
vided by Dr MP Calos) containing R4 attP
and R4 attB  were used to detect intramo-
lecular recombination in insect cells.

Cell line cultures

Seven insect cell lines used in this study
were presenting 2 orders of insect, Diptera
and Lepidoptera.  Diptera,  Ae. aegypti Aag2
cells, Anopheles gambiae Sua5B and
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D. melanogaster S2 cells were maintained at
28ºC in Schneider’s Drosophila medium
(Gibco Laboratories) supplemented with 10%
fetal bovine serum (FBS, Atlanta Biologicals),
10% tryptose phosphate broth (SIGMA-
ALDRICH) and 1% antibiotic/antimycotic
solution (SIGMA-ALDRICH). Ae. aegypti
ATC-10 cells and Ae. albopictus C6/36 cells
were maintained at 28ºC in Leibovitz L-15
medium (Atlanta Biologicals) supplemented
with 10% FBS, 10% tryptose phosphate broth
and 1% antibiotic/antimycotic solution.
Lepidoptera, silkworm Bombyx mori BmN4
and Fall armyworm Spodoptera frugiperda
Sf9 cells were maintained at 28ºC in TNM-
FH insect culture medium supplemented
with 5% FBS but no FBS was supplemented
in Sf9 cell culture, 10% tryptose phosphate
broth and 1% antibiotic/antimycotic solu-
tion.

Transfection efficiencies measured by fire-
fly luciferase expression

Insect cells, Aag2, ATC-10, C6/36, S2,
Sf9 and Sua5B were transfected with either
1 µg of the firefly luciferase-expressing plas-
mid, pAct5C-Fluc or 1 µg of enhanced yel-
low fluorescent protein expressing plasmid,
pAct5C-EYFP but BMN4 was transfected
with either 1 µg of pAct3C-Fluc or pXLH-
MASP1-Act3C-EYFP using either TransFectin
Lipid Reagent (Bio-Rad Laboratories) or
DOTAP Liposomal Transfection Reagent
(Roche Applied Science). At 24 hours post-
transfection, only S2 cells were harvested
for firefly luciferase assay because actin 5C
promoter (Act5C) originated from D.
melanogaster (Fyrberg et al, 1981, 1983; Bond
and Davidson, 1986), and it is strong pro-
moter in these cells. If these cells were har-
vested at 96 hours post-transfection, the lu-
ciferase protein would be oversaturated
and could not be assayed.  For other insect
cells, they were harvested at 96 hours post-
transfection.

To assay firefly luciferase expression,

the harvested cells were washed twice with
1x cold phosphate-buffered saline, pH 7.4
(Gibco laboratories). These washed cells
were resuspended in 500 µl of 1x cold cell
culture lysis reagent (Promega Corporation)
and then incubated at room temperature for
5-10 minutes.  The lysed cell suspension was
transferred to microcentrifuge tubes and
stored at -70ºC overnight. After overnight
storage, this lysed cell suspension was
thawed and centrifuged at 10,000 rpm for
30 seconds to remove cell debris. Luciferase
activity in crude protein extracts was deter-
mined using Luciferase Assay Reagent
(Promega Corporation) and the results were
analyzed with SoftMax Pro 4.8 software. The
luciferase activity in crude protein extracts
was normalized by subtracting the measure-
ment of the EYFP activity from that of the
firefly luciferase activity.

Intramolecular reaction mediated by either
φφφφφC31 or R4 integrase

Plasmid pBCPB+ or pBC-P64-B295 was
used to detect intramolecular recombination,
containing a lacZ gene flanked by their wild
type attB and attP sequences. Each insect cell
line was plated each well of a 6-well plate at
1x106 cells/well. Cells were co-transfected
with either 2.5 µg of pBCPB+ and 7.5 µg
of phsp-Int or  2.5 µg of pBC-P64-B295 and
7.5 µg of  phsp-sre using TransFectin Lipid
Reagent but using DOTAP Liposomal Trans-
fection Reagent for C6/36 cells. Control
transfection was performed using either
pBCPB+-only, phsp-Int-only, pBC-P64-B295-
only, phsp-sre-only or no DNA. At 24 hours
post-transfection, cells were heat shocked at
37ºC for 1.15 hours and changed to complete
media. The second heat shock was per-
formed at 48 hours post-transfection and
cells were allowed to grow. At 72 hours
post-transfection, low molecular weight
DNA was recovered as described by Hirt
(1967). A half portion of this DNA was
BamHI digested for reaction mediated by
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φC31 integrase or MluI digested for reac-
tion mediated by R4 integrase to reduce the
background of  unreacted DNA. DNA was
then electroporated into competent DH10B
E. coli cells (Invitrogen, Carlsbad, CA) and
spread on LB plates containing 25 µg/ml of
chloramphenicol and 50 µg/ml of 5-bromo-
4-chloro-3-indolyl β-D-galactoside (X-Gal)  to
select for white recombinant plasmids reacted
by φC31 integrase  and screened by primers
5’-GGCGAACGTGGCGAGAAAGG and 5’-
GGAAACCTGTCGTGCCAGCTG  and the
white recombinant plasmids reacted by R4
integrase are screened by primers 5’-
CAGCTGGCACGACAGGTTTCC and 5’-
CCTTTCTCGCCACGTTCGCC. PCRs on
white bacterial colonies contained 200 nM
forward and reverse primers, 2.5 units of Taq
DNA polymerase,  10 mM Tris-HCl (pH 8.3),
50 mM KCl, 2 mM MgCl2, 200 mM dNTPs
and 200 pg of either in vitro-reacted pBCPB+
or in vitro-reacted pBC-P64-B295 plasmid
DNA as a positive control. PCR was con-
ducted as follows: 95ºC for 2 minutes, fol-
lowed by 40 cycles of 95ºC for 30 seconds,
60.3ºC for 30 seconds, 72ºC for 30 seconds.
A final extension period of 72ºC for 7 min-
utes then was performed. PCR products
were analyzed on 1.5% agarose (SIGMA-
ALDRICH). The intramolecular integration

frequency was determined as the PCR-
screened positive white colonies divided by
the total number of colonies X 100.

RESULTS

Transfection efficiencies of each cell line
measured by firefly luciferase expression

We determined the relative transfection
efficiencies for each insect cell line using ei-
ther TransFectin or DOTAP and a firefly lu-
ciferase reporter plasmid (Table 1). Lu-
ciferase counts were 70 to 100-fold greater
for S2 cells compared to the other insect cell
lines transfected with the same reagent.
DOTAP yielded 9-fold higher transfection
efficiency for C6/36 cells than TransFectin
based on relative luciferase counts, but dis-
played decreased transfection efficiency in
Aag2 relative to TransFectin. The transfec-
tion efficiency results demonstrated
TransFectin was most efficient for Aag2,
ATC-10, BmN4, S2, Sf9 and Sua5B cell lines,
while DOTAP was most effective for C6/36
cells.

Intramolecular recombination assay for φφφφφC31
integrase activity

We developed an intramolecular recom-
bination assay to assess the activities of  φC31
and R4 integrases in a variety of insect cells.

TransFectin DOTAP
Cells

 Mean ± SE Mean ± SE

S2 1.10x105 ± 1,605.66 5.7x104 ± 1,908.89
Sf9 1.10x103 ± 13.22 7.34x102 ± 3.61
Sua5B 2.44x102 ± 10.85 2.37x102 ± 6.62
ATC-10 7.65 ± 0.24 1.12 ± 0.04
Aag2 5.46 ± 0.31 3.2x10-3 ± 0.0002
C6/36 4.68 ± 0.06 4.2x101 ± 0.50
BmN4 6.8x10-1 ± 0.07 6.6x10-1 ± 0.03

Table 1
Transfection efficiency measured by firefly luciferase assay.

Each value is the average of the three independent experiments, with the standard error.
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Fig 1–Plasmids used to monitor the φC31 and R4-mediated site-specific recombination in 7 insect cells.
(A) pBCPB+, intramolecular integration assay vector used in reaction mediated by φC31 . (B)
phsp-Int, a plasmid for expression of φC31 integrase. (C) pBC-P64-B295, intramolecular integra-
tion assay vector used in reaction mediated by R4. (D) phsp-sre,  a plasmid for expression of R4
integrase.

For the φC31, we used the recombination
assay plasmid, pBCPB+, containing φC31
attP and attB sites in direct orientation  that
flanked a lacZ gene driven by the native lacZ
promoter on a chloramphenicol-resistant
ColE1 derivative (Fig 1A).  The helper plas-
mid for the assay expressed the φC31
integrase under the control of a minimal heat
shock promoter (Lis et al, 1983), phsp-Int (Fig
1B). These plasmids were co-transfected into
each of the 7 insect cell lines being examined
and were subjected to heat shock for 1.15

hours at 37ºC at  24 and 48 hours post-trans-
fection to induce integrase expression. Low
molecular weight DNA was harvested at 72
hours post-transfection and a half portion of
the recovered DNA was BamHI digested to
reduce the background of unreacted plas-
mids prior to bacterial transformation.

Site-specific recombination mediated by
φC31 integrase resulted in deletion of the
lacZ gene from plasmid pBCPB+ (Fig 2B),
yielding plasmids that produced white colo-
nies on chloramphenicol/X-Gal plates upon
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transformation of DH10B E. coli cells. How-
ever, the simple digestion and plating assay
resulted in a high background of white colo-
nies due to unexpectedly high transfection-
associated mutation of the plasmid that was
not specific for the att site. We therefore veri-
fied the site-specific recombination by
colony PCR with specific primers that am-
plified a 600-bp product from the recombi-
nant (Fig 3). DNA sequences of these PCR
products were determined to confirm φC31
site-specific integration events (Fig 2C).

φC31 integrase catalyzed intramolecu-
lar recombination between φC31attB and attP
sites in all 7 insect cells (Table 2). The high-

est recombination frequency was obtained
in S2 cells which exhibited a 2-18-fold greater
frequency compared to that of other insect
cells. The increased frequencies of recombi-
nation events recovered in our assays did not
necessarily correspond with the relative
transfection efficiencies for each of the cell
lines, suggesting these data do reflect rela-
tive activities to some extent recombination.

Intramolecular recombination assay for R4
integrase activity

We used the plasmid pBC-P64-B295,
bearing R4 attP and attB sites flanking a lacZ
gene (Fig 1C) as the reporter plasmid for R4
integrase activity, with a helper plasmid ex-

Fig 2-Schematic diagram of  φC31-mediated site-specific recombination and DNA sequence. (A) plas-
mid pBCPB+ was used to assay  φC31 integrase-mediated intramolecular integration in a variety
of insect cells. DNA fragments of 285-bp φC31 attB and 221-bp φC31 attP flank LacZ gene driven
by lac Z promoter (Plac). (B) φC31-mediated site-specific recombination resulted in deletion of a
LacZ gene in pBCPB+. The φC31 attL  junction is derived from  φC31-mediated recombination
between φC31 attB and φC31 attP sites.  Arrows show the location of  PCR primers that amplify
600 bp fragment specific for φC31 attL.  (C) φC31 attB-derived flanking sequences are underlined
and 3-bp common core region between φC31 attB and φC31 attP in which crossovers occur is
shown in bold.

GTCGACGATGTAGGTCACGGTCTCGAAGCCGCGGTGCGGGTGCCAGGGCGTGCCCTTGAGTTCTCTCAG
TTGGGGGCGTAGGGTCGCCGACATGACACAAGGGGTTGTGACCGGGGTGGACACGTACGCGGGTGCTTA
CGACCGTCAGTCGCGCGAGCGCGA

 C

φC31 attL

    A

            pBCPB+

      ChlorR           Plac         φC31 attP               lacZ               φC31 attB

 B

ChlorR            Plac            φC31 attL
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pressing the R4 integrase under the control
of minimal heat shock promoter (Fig 1D).
These plasmids were co-transfected into
each of the cell lines followed by heat shock
at 24 and 48 hours post-transfection to in-
duce integrase expression. Low molecular
weight DNA was harvested at 72 hours post-
transfection and a half portion of the recov-
ered DNA was MluI digested to reduce the
background of unreacted plasmids, and pu-
tative recombination positive white colonies
were recovered following transformation of
DH10B E. coli cells by plating on chloram-
phenicol/X-Gal plates. As with the previous
recombination assay, R4 integrase-mediated
site-specific recombination resulted in dele-
tion of  the lacZ gene (Fig 4B), but the assay
resulted in a high background of white colo-
nies, necessitating PCR screening with spe-
cific primers that amplified a 678-bp prod-
uct from the recombinant (Fig 5) and se-
quencing confirmation to recover R4 site-
specific integration events (Fig 4C).

R4 integrase catalyzed recombination
between its attB and attP sites in all 7 insect
cells. The S2 cells displayed recombination
frequency 2-9-fold greater than that ob-
served for all other insect cells. Once again,
the relative recombination frequencies for

Fig 3–PCR analysis of φC31-mediated site-spe-
cific recombination in a variety of insect
cells. A 600-bp product is shown for the
site-specific recombination. Lane 1, positive
control, in vitro-reacted pBCPB+; lane 2,
in vitro-reacted pBCPB+ from Aag2 cells;
lane 3, in vitro-reacted pBCPB+ from ATC-
10 cells; lane 4, in vitro-reacted pBCPB+
from BmN4 cells; lane 5, in vitro-reacted
pBCPB+ from C6/36 cells; lane 6, in vitro-
reacted pBCPB+ from S2 cells; lane 7,
in vitro-reacted pBCPB+ from Sf9  cells;
lane 8, in vitro-reacted pBCPB+ from Sua5B
cells; lane 9, negative control, in vitro-trans-
fected pBCPB+; lane 10, negative control,
in vitro- transfected phsp-Int; lane M, size
markers.

Cells % integration frequency % integration frequency
mediated by φC31 integrase mediated by R4 integrase

S2 1.65a ± 0.2 1.16a ± 0.19
C6/36 0.98b ± 0.16 0.72b ± 0.11
Sua5B 0.24c ± 0.06 0.73b ± 0.19
ATC-10 0.39c ± 0.11 0.64b ± 0.12
BmN4 0.40c ± 0.08 0.19c ± 0.06
Sf9 0.36c ± 0.05 0.13c ± 0.04
Aag2 0.09c ± 0.03 0.19c ± 0.09

Table 2
Integration frequency in a variety of insect cells.

Each value is the average of the three independent experiments, with the standard error. Average fol-
lowed by the different letter is statistically significant (p < 0.001).

650 bp
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Fig 4–Schematic diagram of R4-mediated site-specific recombination and DNA sequence. (A) plasmid
pBC-P64-B295 was used to assay R4 integrase-mediated intramolecular integration in a variety of
insect cells. DNA fragment of 295-bp R4 attB and 64-bp R4 attP flank LacZ gene driven by lac Z
promoter (Plac). (B) R4-mediated site-specific recombination resulted in deletion of a LacZ gene
in pBC-P64-B295. The R4 attL  junction is derived from  R4-mediated recombination between R4
attB and R4 attP sites.  Arrows show the location of PCR primers that amplify 678 bp-fragment
specific for R4 attL.  (C) R4 attB-derived flanking sequences are underlined and 12-bp common
core region between R4 attB and R4 attP in which crossovers occur is shown in bold.

 C

R4 attL

pBC-P64-B295

    A
ChlorR          Plac           R4 attP                 lacZ                 R4 attB

 B
ChlorR        Plac        R4 attL

CGTGGGGACGCCGTACAGGGACGTGCACCTCTCCCGCTGCACCGCCTCCAGCGTCGCCGCCGGCTCGAAGGACG

GGGCCGGGATGACGATGCAGGCGGCGTGGGAGGTGGCGCCCAAGTTGCCCATGACCATGCCGAAGCAGTGGTA

CTGCTTGTGGGTACACTCTGCGGGTG

this integrase in each of the cell lines did not
necessarily correspond with the relative
transfection efficiencies, suggesting these
frequencies were at least partly related to the
activity of R4 integrase within the given cell
line.

Control assay for recombination in trans-
formed bacterial cells

While both φC31 and R4 integrases are
active in bacterial cells, neither should  be
expressed within bacteria from our heat
shock promoter helper plasmids. To assure

that the φC31 integrase-mediated and R4
integrase-mediated site-specific integration
events that we were detecting actually re-
sulted from recombinations within the trans-
fected insect cells and not upon transforma-
tion of the bacteria, we coelectroporated the
integrase and assay plasmids directly into
DH10B E. coli and examined the resulting
colonies for evidence of recombination
events.  No white colonies were present on
ampicillin/chloramphenicol/X-Gal plates
out of total colonies recovered confirming
that the site-specific recombination events
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Fig 5–PCR analysis of R4-mediated site-specific
recombination in a variety of insect cells.
A 678-bp product is shown for the site-spe-
cific recombination. Lane 1, positive con-
trol, in vitro-reacted pBC-P64-B295; lane 2,
in vitro-reacted pBC-P64-B295 from Aag2
cells; lane 3, in vitro-reacted pBC-P64-B295
from ATC-10 cells; lane 4,  in vitro-reacted
pBC-P64-B295 from BmN4 cells; lane 5, in
vitro-reacted pBC-P64-B295 from C6/36
cells; lane 6, in vitro-reacted pBC-P64-B295
from S2 cells; lane 7, in vitro-reacted  pBC-
P64-B295 from Sf9 cells; lane 8, in vitro-
reacted pBC-P64-B295from Sua5B cells;
lane 9, negative control, in vitro-transfected
pBC-P64-B295; lane 10, negative control, in
vitro- transfected phsp-sre; lane M, size
markers.

recovered in our assays could not have
arisen from recombination in bacterial cells
following harvesting plasmids from the
transfected insect cells.

DISCUSSION

Integrase activity assays are greatly in-
fluenced by the ability to effectively trans-
fect the plasmid DNA into target cells.  A
number of diverse methods have been ex-
plored for introducing DNA into eukaryotic
cells including the use of calcium phosphate
or other divalent cations, polycations, lipo-
somes, retroviruses, microinjection and
electroporation.  An important addition to
repertoire of DNA-transfection methodolo-
gies is cationic liposome-mediated transfec-
tion (lipofection) such as TransFectin Lipid
Reagent and DOTAP liposomal Transfection
Reagent. For this study, we tested the abili-
ties of these liposome reagents to mediate
transfection of firefly luciferase-expressing
plasmids into seven of the most widely used
insect cell lines.

The promoters chosen for the firefly lu-
ciferase (Fluc) reporter plasmids were
based upon previous observations of pro-
moter activity in a variety of cell lines (Burn
et al, 1989; Han et al, 1989; Chung and Keller,
1990; Huynh and Zieler, 1999; Zhao and
Eggleston, 1999). For most cell lines in this
study the Drosophila actin 5C promoter
proved adequate in reporting firefly lu-
ciferase activity. However, this promoter
was inadequate for expressing Fluc in
Bombyx mori cells (data not shown) and we
chose instead to utilize the B. mori actin 3C
promoter previously characterized (Zhang
et al, 2008).

The transfection frequency obtained
with TransFectin was greater for most in-
sect cell lines with the notable exception of
the mosquito C6/36 cell line. There are sev-
eral possibilities that make the difference of

both transfection frequencies.  It might have
to optimize transfection conditions of both
transfection methods and cell types includ-
ing cell density, duration of transfection,
volume of medium during transfection and
ratio of lipid reagent to DNA that are key
factors for transfection efficiency. For
TransFectin, it is a mixture of a proprietary
cationic lipid and colipid DOPE (1,2-
dioleoyl-phosphatidylethanolamine).  When
cationic lipids are brought into contact with
aqueous solutions under special conditions,
they form positively charged micelles or li-
posomes. These micelles associate with the
negatively charged phosphates of nucleic

650 bp
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acids and form spontaneous complexes with
DNA or RNA. The DNA-liposome com-
plexes then fuse with cell membrane via
hydrophobic and electrostatic interactions,
and the complex is then internalized (Remy
et al, 1994; Zhou and Huang, 1994). For
DOTAP, it is aqueous dispersion (liposomes)
in MBS (MES-buffered saline) that there
might be some differences from TransFectin
in formulation like colipid. In various re-
ported studies, cationic liposomes function
most efficiently when cationic lipid is mixed
with a helper lipid or colipid like DOPE that
is most commonly used in applications
(Legendre and Szoka, 1993; Felgner et al,
1994; Farhood et al, 1995).  DOPE is gener-
ally believed to rest on its propensity to form
nonbilayer structures that are akin to mem-
brane fusion intermediates (Hui et al, 1981).
It is thought to help facilitate the fusion of
cationic liposome in DNA-cationic liposome
complexes to cell membrane. Therefore, the
fusion between DNA-cationic liposomes and
the cell membrane appeared from the use of
TransFectin might play better role in gene
delivery, expression including in determin-
ing transfection efficiency for most insect
cells except C6/36 than that occurred from
DOTAP.  For C6/36 cell transfection, DOTAP
works better than TransFectin. It might be
because of cell membrane constituents and
properties of C6/36 cells to be the critical
barriers of cationic liposome-mediated gene
delivery. DOTAP formulation might  pro-
vide the DNA-cationic liposome complexes
to better fuse with C6/36 cell type than other
cell types resulting in being more taken by
cells.  Based on the transfection efficiency
results, TransFectin was chosen for DNA
transfection of Aag2, ATC-10, BmN4, S2, Sf9
and Sua5B cell lines while DOTAP was used
only for C6/36 transfection.

Previous work had shown that the
serine-catalyzed φC31 integrase could occa-
sionally integrate attB into endogenous se-

quences with partial sequence identity to
attP, pseudo-attP sites of Drosophila (Groth
et al, 2004), bovine cells (Ma et al, 2006; Ou et
al, 2009) and mammalian cells (Thyagarajan
et al, 2001). The genomic integration medi-
ated by φC31 integtrase was also detected
by long-term expression of  luciferase over
the 4-week time course (Thyagarajan et al,
2001; Thyagarajan and Calos, 2005). This
ability of φC31 integrase to integrate into
pseudo attP sites has been used in gene
therapy experiments in mouse, human
keratinocytes (Olivares et al, 2002; Ortiz-
Urda et al, 2002, 2003; Quenneville et al, 2004;
Held et al, 2005; Bertoni et al, 2006), and rat
retina (Chalberg et al, 2005). The φC31
integrase system also produces stable
transgene expression in adult mouse neural
progenitor cells (mNPCs) and their progeny
that may be useful in strategies for combat-
ing neurodegenerative disorders (Keravala
et al, 2008).

Previous studies have demonstrated the
potential for φC31 integrase to mediate site-
specific recombination in some insect spe-
cies. This integrase mediated site-specific
integration of two φC31 attP flanking DsRed
gene  into the cultured silkworm cell line,
BmN4, in which φC31 attB sites inserted be-
tween a baculovirus IE2 promoter and a
polyadenylation signal are present in one
chromosome (Nakayama et al, 2006). φC31
integrase was employed to target the P ele-
ment-predetermined attP sites in transgenic
Drosophila by injecting integrase mRNA to-
gether with φC31 attB, resulting in up to 55%
of fertile adults producing transgenic off-
spring (Groth et al, 2004). The  φC31 integrase
system was used in conjunction with
recombinase-mediated cassette exchange
(RMCE) for precise targeting of transgenic
construct to predetermined genomic sites in
Drosophila that the efficient RMCE events
were observed at all four genomic target sites
tested and the transgene lacking a visible
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marker can be integrated with high effi-
ciency by selecting only for a phenotypic
marker in genomic target (Bateman et al,
2006, Bateman and Wu, 2008). It has also
been shown as improved current method to
reproducibly produce transgenic Ae. aegypti
in range of 17-32% (Nimmo et al, 2006).

Actually, transgenesis has been per-
formed  through many techniques. In Droso-
phila, transgenesis mostly relies on P element
transposon. This transposon was introduced
and has been one of the most important
breakthroughs in germ line transgenesis in
Drosophila.  P element belongs to a group of
transposable elements (designated class II,
Finnegan, 1992). It contains two terminal
repeats, including inverted repeat sequences
and other internally located sequences mo-
tifs absolutely required for their mobiliza-
tion and transposition (Beall and Rio, 1997).

Attempts to transform Aedes mosqui-
toes began in the late 1980s using the P ele-
ment from D. melanogaster (Morris et al,
1989). This element would mobilize and in-
tegrate into the mosquito genome. The re-
sult of transformed lines containing exo-
genous constructs was obtained after mi-
croinjecting embryos with plasmid DNA.
However, transformed lines were obtained
at frequencies of less than 0.1% of the em-
bryos injected and transformation appeared
not be P-element mediated, but to result
from illegitimate recombination. The low
frequency of integration precludes the use
of this approach for the routine transforma-
tion of mosquitoes.

Because of the failure of P element,
many other methods of transformation have
been developed. Transformation of Ae.
aegypti and other mosquitoes was made pos-
sible by the isolation and characterization of
additional class II transposable elements
such as Hermes, Mariner, Minos and piggyBac
(Franz and Savakis, 1991; Medhora et al,
1991; Atkinson et al, 1993; Fraser et al, 1996).

These transposons were first discovered in
insects, all except piggyBac belong to large
families of elements that appear wide-
spread throughout eukaryotes. Having
learned a lesson from the many failed ex-
periments with P element, researchers first
tested these new elements for mobility with
in vivo transposition assays.  These experi-
ments involve microinjecting embryos with
three different plasmids, a donor that con-
tains a marker gene flanked by the ITRs (in-
verted terminal repeats) of the transposable
element, a target that carries a number of
marker genes distinct from the donor, and
a helper that contains the appropriate
transposase under the control of an induc-
ible promoter (O’Brochta and Handler,
1988).  Induction of the transposase mobi-
lizes the marker gene construct from the
donor to the target.  Successful transposi-
tion assays in Ae. aegypti embryos were  re-
ported for Hermes (Sarkar et al, 1997) and
Mariner (Coates et al, 1998).

The  piggyBac element is the only iden-
tified mobile member of a larger family of
what are now called TTAA-specific elements
(Fraser, 2000).  This short inverted terminal
repeat element is 2.5 kb long, having a paired
inverted terminal repeat configuration, a 2.1
kb ORF and specificity for the target se-
quence TTAA which it duplicates upon in-
sertion and precisely regenerates upon ex-
cision (Cary et al, 1989; Elick et al, 1996; Fraser
et al, 1996).  Both excision and interplasmid
transposition assays indicate that this ele-
ment is mobile in a wide variety of insects
(Lobo et al, 1999; Lobo N, unpublished data)
suggesting a ubiquitous mechanism of mo-
bilization.

piggyBac has an experimentally demon-
strated capability to mediate germ-line
transformation in a myriad of insects includ-
ing the Mediterranean fruit fly, Ceratitis
capitata (Handler et al, 1998), the pink boll-
worm, Pectinophora gossypiella (Peloquin et
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al, 2000), D.  melanogaster (Handler and
Harrell, 1999), the silkworm, B. mori (Tamura
et al, 2000), the Caribbean fruit fly, Anastrepha
suspense (Handler and Harrell, 2001), the
Oriental fruit fly, Bactrocera dorsalis (Handler
and McCombs, 2000), the housefly, Musca
domestica (Hediger et al, 2001) and the mos-
quitoes, Ae. aegypti (Lobo et al, 1999, 2001,
2002; Kokoza et al, 2001; Nimmo et al, 2006;
Sethuraman et al, 2007), Ae. albopictus (Lobo
et al, 2001), Ae. triseriatus (Lobo et al, 2001),
An. gambiae, (Grossman et al, 2001), An.
albimanus (Perera et al, 2002) and An. stephensi
(Nolan et al, 2002).

In this study, we demonstrated the abil-
ity of φC31 integrase to mediate unidirec-
tional site specific recombination in 5
Dipteran cell lines Ae. aegypti Aag2, Ae.
aegypti ATC-10, Ae. albopictus C6/36 , An.
gambiae Sua5B, as well as D. melanogaster S2.
We also demonstrated the effectiveness of
this integrase in two Lepidopteran cell lines
B. mori BMN4, and S. frugiperda Sf9. Based
upon these and previous analyses, there is
ample evidence that this integrase can pro-
vide for effective integration in virtually any
insect species.

This study also establishes that the R4
integrase derived from S. parvulus phage R4,
like the φC31 integrase, mediates site-spe-
cific recombination in the 7 assayed insect
cell lines. As with φC31, the R4 integrase has
wide effective host range (Olivares et al,
2001). The ability of these integrases to func-
tion in such a wide range of species is di-
rectly related to their lack of cofactor require-
ment (Thrope and Smith, 1998).

Because the transfection abilities varied
greatly among the cells examined, it is im-
possible to directly compare the relative ef-
fectiveness of φC31 integrase among these
cells. However, there may be a correlation
between the relative recombination frequen-
cies and expression of the integrase from the
hsp70 promoter. According to our results

these integrases seem to perform best in
Drosophila S2 cells, exhibiting a statistically
significant higher integration frequency. This
may be due to the relative hsp70 promoter
activity in each of these cell lines. The hsp70
promoter was first discovered as a heat-in-
duced puff on Drosophila polytene chromo-
somes (Ritossa, 1962). Since hsp70 promoter
originated from Drosophila as a strong pro-
moter, it is most commonly used promoter
for transgenic work in D. melanogaster and
with Drosophila cell lines (Cobreros et al, 2008;
Siddique et al, 2008; Singh et al, 2008). It is
heat-inducible and functions at all stages of
development and in all Drosophila tissues (Di
Nocera and Dawid, 1983; Steller and Pirrotta,
1984; Spradling, 1986; Lindquist and Craig,
1988). The hsp70 promoter has been widely
used in mosquito cells (Lycett and
Crampton, 1993; Shotkoski et al, 1996; Zhao
and Eggleston, 1999), transgenic Ae. aegypti
(Pinkerton et al, 2000; Nimmo et al, 2006;
Sethuraman et al, 2007), An. gambiae cells and
embryos (Miller et al, 1987; Windbichler et
al, 2007) and lepidopteran cell lines and lar-
vae (Helgen and Fallon, 1990; Morris and
Miller, 1992; Plymale et al, 2008). Also, it was
employed in driving the gene expression in
S.  frugiperda Sf9 cells (Sah et al, 1999) and
transgenic silkworm, B. mori, (Suzuki et al,
2005; Dai et al, 2007).  Because of its applica-
bility in many insects, we chose hsp70 pro-
moter to drive the expression of integrase
genes for mediating the site-specific integra-
tion in a variety of insect cell lines. Phage
φC31 and R4 integrases may come to repre-
sent a powerful site-specific integration tools
for genetic manipulation of medically and
economically important organisms.

ACKNOWLEDGEMENTS

We are grateful to Longhua Sun for ad-
vice. This research was supported by FNIH-
GCGH grant #777 to MJF, and by the Royal
Golden Jubilee PhD program PHD/0110/2547



SOUTHEAST ASIAN J TROP MED PUBLIC HEALTH

1248 Vol  40  No. 6  November  2009

from the Thailand Research Fund to YR.

REFERENCES

Allen BG, Weeks DL. Transgenic Xenopus laevis
embryos can be generated using phiC31
integrase. Nat Methods 2005; 2: 975-9.

Allen BG, Weeks DL. Bacteriophage phiC31
integrase mediated transgenesis in Xenopus
laevis for protein expression at endogenous
levels. Methods Mol Biol 2009; 518: 113-22.

Atkinson PW, Warren WD, O’Brochta DA.  The
hobo transposable element of Drosophila can
be cross-mobilized in houseflies and excises
like the Ac element of maize. Proc Natl Acad
Sci USA 1993; 90: 9693-7.

Bateman JR, Lee AM, Wu CT. Site-specific trans-
formation of Drosophila via φC31 integrase-
mediated cassette exchange. Genetics 2006;
173: 769-77.

Bateman JR, Wu CT. A simple polymerase chain
reaction-based method for the construction
of recombinase-mediated cassette exchange
donor vectors. Genetics 2008; 180: 1763-6.

Beall EL, Rio DC. Drosophila P-element trans-
posase is a novel site-specific endonuclease.
Genes Dev 1997; 11: 2137-51.

Belteki G, Gertsenstein M, Ow DW, Nagy A.  Site-
specific cassette exchange and germlines
transmission with mouse Es cells express-
ing φC31 integrase.  Nature Biotechnol  2003;
21: 321-4.

Bertoni C, Jarrahian S, Wheeler TM, et al. En-
hancement of plasmid-mediated gene
therapy for muscular dystrophy by directed
plasmid integration. Proc Natl Acad Sci USA
2006; 103: 419-24.

Bischof J, Maeda RK, Hediger M, Karch F, Basler
K. An optimized transgenesis system for
Drosophila using germ-line-specific phiC31
integrases. Proc Natl Acad Sci USA 2007; 104:
3312-7.

Bond BJ, Davidson N. The Drosophila melanogaster
actin 5C gene uses two transcription initia-
tion sites and three polyadenylation sites to
express multiple mRNA species. Mol Cell

Biol 1986; 6: 2080-8.

Brondsted L, Hammer K. Use of the integration
elements encoded by the temperate
lactococcal bacteriophage TP901-1 to obtain
chromosomal single-copy transcriptional
fusions in Lactococcus lactis. Appl Environ
Microbiol 1999; 65: 752-8.

Burn TC, Vigoreaux JO, Tobin SL. Alternative
actin 5C transcripts are localized in differ-
ent patterns during Drosophila embryogen-
esis. Dev Biol 1989; 131: 345-55.

Campbell AM. Chromosomal insertion sites for
phages and plasmids.   J Bacteriol 1992; 174:
7495-9.

Cary LC, Goebel M, Corsaro BG, Wang HG, Rosen
E, Fraser MJ. Transposon mutagenesis of
Baculoviruses: Analysis of Trichoplusia ni
transposon IFP2 insertions within the FP-
Locus of nuclear polyhedrosis viruses.
Virology 1989; 172: 156-69.

Chalberg TW, Genise HL, Vollrath D, Calos MP.
phiC31 integrase confers genomic integra-
tion and long-term transgene expression in
rat retina. Invest Ophthalmol Vis Sci 2005; 46:
2140-6.

Christiansen B, Brondsted L, Vogensen FK, Ham-
mer K. A resolvase-like protein is required
for the site-specific integration of the tem-
perate lactococcal bacteriophage TP901-1. J
Bacteriol 1996; 178: 5164-73.

Chung YT, Keller EB. Positive and negative regu-
latory elements mediating transcription
from the Drosophila melanogaster actin 5C
distal promoter. Mol Cell Biol 1990; 10: 6172-
80.

Coates CJ, Jasinskiene N, Miyashiro L, James AA.
Mariner transposition and transformation of
the yellow fever mosquito, Aedes aegypti.
Proc Natl Acad Sci USA 1998; 95: 3748-51.

Cobreros L, Fernandez-Minan A, Luque CM,
Gonzalez-Reyes A, Martin-Bermudo MD. A
role for the chaperone Hsp70 in the regula-
tion of border cell migration in the Droso-
phila ovary. Mech Dev 2008; 125: 1048-58.

Dai H, Jiang R, Wang J, et al. Development of heat
shock inducible and inheritable RNAi sys-



INTRAMOLECULAR INTEGRATION ASSAY IN INSECT CELLS

Vol  40  No. 6  November  2009 1249

tem in silkworm. Biomol Eng 2007; 24: 625-
30.

Di Nocera PP,  Dawid IB. Transient expression of
genes introduced into cultured cells of
Drosophila. Proc Natl Acad Sci USA 1983; 80:
7095-8.

Elick TA, Bauser CA, Fraser MJ.  Excision of the
piggyBac transposable element in vitro is a
precise event that is enhanced by the expres-
sion of its encoded transposase. Genetica
1996; 98: 33-41.

Farhood H, Serbina N, Huang L. The role of
dioleoyl-phosphatidylethanolamine in cat-
ionic liposome mediated gene transfer.
Biochim Biophys Acta 1995; 1235: 289-95.

Felgner JH, Kumar R, Sridhar CN, et al. Enhanced
gene delivery and mechanism studies with
a novel series of cationic lipid formulations.
J Biol Chem 1994; 269: 2550-61.

Finnegan DJ. Transposable elements.  Curr Opin
Genet Dev 1992; 2: 861-7.

Franz G, Savakis C.  Minos, a new transposable
element from Drosophila hydei, is a member
of the Tc1-like family of transposons.  Nucleic
Acids Res 1991; 19: 6646.

Fraser MJ. The TTAA-specific family of transpos-
able elements. Identification, functional
characterization, and utility for transforma-
tion of insects. In: Handler AM, James AA,
eds.  Insect transgenesis, 2000: 249-68.

Fraser MJ, Ciszczon T, Elick T, Bauser C.  Precise
excision of TTAA-specific lepidopteran
transposons piggyBac (IFP2) and tagalong
(TFP3) from the baculovirus genome in cell
lines from two species of Lepidoptera.  Insect
Mol Biol 1996; 5: 141-51.

Fyrberg EA, Bond BJ, Hershey ND, Mixter KS,
Davidson N. The actin genes of Drosophila:
protein coding regions are highly conserved
but intron positions are not. Cell 1981; 24:
107-16.

Fyrberg EA, Mahaffey JW, Bond BJ, Davidson N.
Transcripts of the six Drosophila actin genes
accumulate in a stage- and tissue-specific
manner. Cell 1983; 33: 115-23.

Grossman GL, Rafferty CS, Clayton JR, Stevens

TK, Mukabayire O,  Benedict MQ. Germline
transformation of the malaria vector, Anoph-
eles gambiae, with the piggyBac transposable
element. Insect Mol Biol 2001; 10: 597-604.

Groth AC, Fish M, Nusse R, Calos MP.  Construc-
tion of transgenic Drosophila by using the
site-specific integrase from Phage φC31
integrase. Genetics 2004; 166: 1775-82.

Groth AC, Olivares EC, Thyagarajan B, Calos MP.
A phage integrase directs efficient site-spe-
cific integration in human cells.  Proc Natl
Acad Sci USA 2000; 97: 5995-6000.

Guss AM, Rother M, Zhang JK, Kulkarni G,
Metcalf WW. New methods for tightly regu-
lated gene expression and highly efficient
chromosomal integration of cloned genes
for Methanosarcina species. Archaea 2008; 2:
193-203.

Han K, Levine MS, Manley JL. Synergistic acti-
vation and repression of transcription by
Drosophila homeobox proteins. Cell 1989;
56: 573-83.

Handler AM, Harrell RA.  Germline transforma-
tion of Drosophila melanogaster with the
piggyBac transposon vector.  Insect Mol Biol
1999; 8: 449-57.

Handler AM, Harrell RA.  Transformation of the
Caribbean fruit fly with a piggyBac
transposon vector marked with poly-
ubiquitin-regulated GFP. Insect Biochem Mol
Biol 2001; 31: 201-7.

Handler AM, McCombs SD.  The piggyBac
transposon mediates germ-line transforma-
tion in the Oriental fruit fly and closely re-
lated elements exist in its genome. Insect Mol
Biol 2000; 9: 605-12.

Handler AM, McCombs SD, Fraser MJ, Saul SH.
The Lepidopteran transposon vector
piggyBac, mediates germ-line transforma-
tion in the Mediterranean fruit fly.  Proc Natl
Acad Sci USA 1998; 95: 7520-5.

Hediger M, Niessen M, Wimmer EA,
Dubendorfer A, Bopp D.  Genetic transfor-
mation of the housefly Musca domestica with
the lepidopteran derived transposon
piggyBac.  Insect Mol Biol 2001; 10: 113-9.



SOUTHEAST ASIAN J TROP MED PUBLIC HEALTH

1250 Vol  40  No. 6  November  2009

Held PK, Olivares EC, Aguilar CP, Finegold M,
Calos MP, Grompe M. In vivo correction of
murine hereditary tyrosinemia type I by
phiC31 integrase-mediated gene delivery.
Mol Ther 2005; 11: 399-408.

Helgen JC, Fallon AM. Polybrene-mediated
transfection of cultured lepidopteran cells:
induction of a Drosophila heat shock pro-
moter. In Vitro Cell Dev Biol 1990; 26: 731-6.

Hirt B. Selective extraction of polyoma DNA from
infected mouse cell cultures. J Mol Biol 1967;
26: 365-9.

Hollis RP, Stoll SM, Sclimenti CR, Lin J, Chen-
Tsai Y, Calos MP.  Phage integrases for the
construction and manipulation of transgenic
mammals. Reprod Biol Endocrinol 2003; 1: 1-
11.

Hong Y, Hondalus MK. Site-specific integration
of Streptomyces φC31integrase-based vectors
in the chromosome of Rhodococcus equi.
FEMS Microbiol Lett 2008; 287: 63-8.

Hui SW, Stewart TP, Boni LT, Yeagle PL. Mem-
brane fusion through point defects in bilay-
ers. Science 1981; 212: 921-3.

Huynh CQ, Zieler H. Construction of modular
and versatile plasmid vectors for the high-
level expression of single or multiple genes
in insects and insect cell lines. J Mol Biol
1999; 288: 13-20.

Keravala A, Ormerod BK, Palmer TD, Calos MP.
Long-term transgene expression in mouse
neural progenitor cells modified with
phiC31 integrase. J Neurosci Methods 2008;
173: 299-305.

Kokoza V, Ahmed A, Wimmer EA, Raikhel AS.
Efficient transformation of the yellow fever
mosquito Aedes aegypti using the piggyBac
transposable element vector pBac[3XP3-
EGFP afm].  Insect Biochem Mol Biol 2001; 31:
1137-43.

Kuhstoss S, Rao RN. Analysis of the integration
function of the streptomycete bacteriophage
phi C31.  J Mol Biol 1991; 222: 897-908.

Legendre JY, Szoka FC Jr. Cyclic amphipathic
peptide-DNA complexes mediate high-effi-
ciency transfection of adherent mammalian

cells. Proc Natl Acad Sci USA 1993; 90: 893-7.

Linquist S, Craig EA. The heat shock proteins.
Annu Rev Genet 1988; 22: 631-77.

Lis JT, Simon JA, Sutton CA. New heat shock
puffs and β-galactosidase activity resulting
from transformation of Drosophila with an
hsp70-LacZ hybrid gene. Cell 1983; 35: 403-
10.

Lobo N, Hua-Van A, Li X, Nolen BM, Fraser MJ.
Germ line transformation of the yellow fe-
ver mosquito, Aedes aegypti, mediated by
transpositional insertion of a piggyBac vec-
tor.  Insect Mol Biol  2002; 11: 133-9.

Lobo N, Li X, Fraser MJ.  Transposition of the
piggyBac element in embryos of Drosophila
melanogaster, Aedes aegypti and Trichoplusia
ni.  Mol Gen Genet 1999; 261: 803-10.

Lobo N, Li X, Hua-Van A, Fraser MJ.  Mobility of
the piggyBac transposon in embryos of the
vectors of Dengue fever (Aedes albopictus)
and La Crosse encephalitis (Ae. triseriatus).
Mol Genet Genomics 2001; 265: 66-71.

Lycett GJ, Crampton JM. Stable transformation
of mosquito cell lines using a hsp70: neo fu-
sion gene. Gene 1993; 136: 129-36.

Ma QW, Sheng HQ, Yan JB, et al. Identification of
pseudo attP sites for phage phiC31 integrase
in bovine genome. Biochem Biophys Res
Commun 2006; 345: 984-8.

Matsuura M, Noguchi T, Yamaguchi D, et al. The
sre gene (ORF469) encodes a site-specific
recombinase responsible for integration of
the R4 phage genome. J Bacteriol 1996; 178:
3374-6.

Medhora M, Maruyama K, Hartl DL.  Molecular
and functional analysis of the mariner mu-
tator element Mos1 in Drosophila. Genetics
1991; 128: 311-8.

Miller LH, Sakai RK, Romans P, Gwadz RW,
Kantoff P, Coon HG.  Stable integration and
expression of a bacterial gene in the mos-
quito Anopheles gambiae. Science 1987; 237:
779-81.

Morris AC, Eggleston P, Crampton JM.  Genetic
transformation of the mosquito Aedes aegypti
by micro-injection of DNA.  Med Vet Entomol



INTRAMOLECULAR INTEGRATION ASSAY IN INSECT CELLS

Vol  40  No. 6  November  2009 1251

1989; 3: 1-7.

Morris TD, Miller LK. Promoter influence on
baculovirus-mediated gene expression in
permissive and nonpermissive insect cell
lines. J Virol 1992; 66: 7397-405.

Nakayama G, Kawaguchi Y, Koga K, Kusakabe
T. Site-specific gene integration in cultured
silkworm cells mediated by phiC31
integrase. Mol Genet Genomics 2006; 275: 1-
8.

Nimmo DD, Alphey L, Meredith M, Eggleston P.
High efficiency site-specific genetic engi-
neering of the mosquito genome.  Insect Mol
Biol 2006; 15: 129-36.

Nolan T, Bower TM, Brown AE, Crisanti A,
Catteruccia F.  piggyBac-mediated germline
transformation of the malaria mosquito
Anopheles stephensi using the red fluorescent
protein dsRED as a selectable marker. J Biol
Chem 2002; 277: 8759-62.

O’Brochta DA, Handler AM.  Mobility of P ele-
ments in drosophilids and nondrosophilids.
Proc Natl Acad Sci USA 1988; 85: 6052-6.

O’Gorman S, Fox DT, Wahl GM. Recombinase-
mediated gene activation and site-specific
integration in mammalian cells. Science 1991;
251: 1351-5.

Olivares EC, Hollis RP, Chalberg TW, Meuse L,
Kay MA, Calos MP. Site-specific genomic
integration produces therapeutic Factor IX
levels in mice. Nat Biotechnol 2002; 20: 1124-8.

Olivares EC, Hollis RP, Calos MP. Phage R4
integrase mediates site-specific integration
in human cells. Gene 2001; 278: 167-76.

Ortiz-Urda S, Thyagarajan B, Keene DR, et al.
Stable nonviral genetic correction of inher-
ited human skin disease. Nat Med 2002; 8:
1166-70.

Ortiz-Urda S, Thyagarajan B, Keene DR, Lin Q,
Calos MP, Khavari PA. PhiC31 integrase-
mediated nonviral genetic correction of
junctional epidermolysis bullosa. Hum Gene
Ther 2003; 14: 923-8.

Ou HL, Huang Y, Qu LJ, et al. A phiC31 integrase-
mediated integration hotspot in favor of
transgene expression exists in the bovine

genome. FEBS J  2009; 276: 155-63.

Peloquin JJ, Thibault ST, Staten R, Miller TA.
Germ-line transformation of pink bollworm
(Lepidoptera:gelechiidae) mediated by the
piggyBac transposable element. Insect Mol
Biol 2000; 3: 323-33.

Perera OP, Harrell IR, Handler AM.  Germline
transformation of the South American ma-
laria vector, Anopheles albimanus, with a
piggyBac/EGFP transposon vector is routine
and highly efficient.  Insect Mol Biol 2002;
11:  291-7.

Pinkerton AC, Michel K, O’Brochta DA, Atkinson
PW. Green fluorescent protein as a genetic
marker in transgenic Aedes aegypti. Insect
Mol Biol 2000; 9: 1-10.

Plymale R, Grove MJ, Cox-Foster D, Ostiguy N,
Hoover K. Plant-mediated alteration of the
peritrophic matrix and baculovirus infection
in lepidopteran larvae. J Insect Physiol 2008;
54: 737-49.

Quenneville SP, Chapdelaine P, Rousseau J, et al.
Nucleofection of muscle-derived stem cells
and myoblasts with phiC31 integrase: stable
expression of a full-length-dystrophin fu-
sion gene by human myoblasts. Mol Ther
2004; 10: 679-87.

Rausch H, Lehmann M. Structural analysis of the
actinophage phi C31 attachment site. Nucleic
Acids Res 1991; 19: 5187-9.

Remy JS, Sirlin C, Vierling P, et al. Gene transfer
with a series of lipophilic DNA-binding
molecules. Biocojug Chem 1994; 5: 647-54.

Ritossa F. A new puf. ng pattern induced by tem-
perature shock and DNP in Drosophila.
Experentia 1962; 18: 571-3.

Rubtsova M, Kempe K, Gils A, Ismagul A, Weyen,
J, Gils M. Expression of active Streptomy-
ces phage phiC31 integrase in transgenic
wheat plants. Plant Cell Rep 2008; 27: 1821-
31.

Sah NK, Taneja TK, Pathak N, Begum R, Athar M,
Hasnaia SE. The baculovirus antiapoptotic
p35 gene also functions via an oxidant-de-
pendent pathway. Proc Natl Acad Sci USA
1999; 96: 4838-43.



SOUTHEAST ASIAN J TROP MED PUBLIC HEALTH

1252 Vol  40  No. 6  November  2009

Sarkar A, Yardley K, Atkinson PW, James AA,
O’Brochta DA. Transposition of the Hermes’
element in embryos of the vector mosquito,
Aedes aegypti . Insect Biochem Mol Biol 1997;
27: 359-63.

Sauer B Site-specific recombination: develop-
ments and applications. Curr Opin Biotechnol
1994; 5: 521-7.

Sauer B, Henderson N. Targeted insertion of ex-
ogenous DNA into the eukaryotic genome
by the Cre recombinase. New Biol 1990; 2:
441-9.

Sethuraman N, Fraser MJ, Eggleston P, O’Brochta
DA. Post-integration stability of piggyBac in
Aedes aegypti. Insect Biochem Mol Biol  2007;
37: 941-51.

Shirai M, Nara H, Sato A, Aida T, Takahashi H.
Site-specific integration of the actinophage
R4 genome into the chromosome of Strepto-
myces parvulus upon lysogenization. J
Bacteriol 1991; 173: 4237-9.

Shotkoski F, Zhang HG, Jackson MB, French-
Constant RH.Stable expression of insect
GABA receptors in insect cell lines. Promot-
ers for efficient expression of Drosophila and
mosquito Rdl GABA receptors in stably
transformed mosquito cell lines. FEBS Lett
1996; 380: 257-62.

Siddique HR, Gupta SC, Mitra K, et al.  Adverse
effect of tannery waste leachates in
transgenic Drosophila melanogaster: role of
ROS in modulation of Hsp70, oxidative
stress and apoptosis. J Appl Toxicol 2008; 28:
734-48.

Singh MP, Reddy MM, Mathur N, Saxena DK,
Chowdhuri DK. Induction of hsp70, hsp60,
hsp83 and hsp26 and oxidative stress mark-
ers in benzene, toluene and xylene exposed
Drosophila melanogaster: Role of ROS genera-
tion. Toxicol Appl Pharmacol 2008. [Epub
ahead of print].

Smith MC, Thorpe HM.  Diversity in the serine
recombinases.  Mol Microbiol 2002; 44: 299-
307.

Sorrell DA, Kolb AF. Targeted modification of
mammalian genomes. Biotechnol Adv 2005;

23: 431-69.

Spradling AC. P element-mediated transforma-
tion. In: Roberts DB, ed. Drosophila: A Prac-
tical Approch. Oxford: IRL Press, 1986: 175-
97.

Stark WM, Boocock MR, Sherratt DJ. Catalysis
by site specific recombinases.  Trends Genet
1992; 8: 432-9.

Steller H, Pirrotta V. Regulated expression of
genes injected into early Drosophila em-
bryos. EMBO J 1984; 3: 165-73.

Suzuki MG, Funaguma S, Kanda T, Tamura T,
Shimada T. Role of the male BmDSX pro-
tein in the sexual differentiation of Bombyx
mori. Evol Dev 2005; 7: 58-68.

Tamura T, Thibert C, Royer C, Kanda T, et al.
Germline transformation of the silkworm
Bombyx mori L. using a piggyBac transposon-
derived vector.  Nat Biotechnol 2000; 1: 81-4.

Thomason LC, Calendar R, Ow DW.  Gene inser-
tion and replacement in Schizosaccharo-
myces pombe mediated by the Streptomyces
bacteriophage φC31 site-specific recombina-
tion system.  Mol Genet Genomics 2001; 265:
1031-8.

Thorpe HM, Smith MC. In vitro site-specific inte-
gration of bacteriophage DNA catalyzed by
a recombinase of the resolvase/invertase fam-
ily. Proc Natl Acad Sci USA 1998; 95: 5505-10.

Thyagarajan B, Calos MP. Site-specific integra-
tion for high-level protein production in
mammalian cells. Methods Mol Biol 2005; 308:
99-106.

Thyagarajan B, Liu Y, Shin S, et al. Creation of
engineered human embryonic stem cell lines
using phiC31 integrase. Stem Cells 2008; 26:
119-26.

Thyagarajan B, Olivares EC, Hollis RP, Ginsburg
DS, Calos MP. Site-specific genomic integra-
tion in mammalian cells mediated by
phage φC31 integrase. Mol Cell Biol 2001; 21:
3926-34.

Windbichler N, Papathanos PA, Catteruccia F,
Ranson H, Burt A, Crisanti A. Homing en-
donuclease mediated gene targeting in
Anopheles gambiae cells and embryos. Nucleic



INTRAMOLECULAR INTEGRATION ASSAY IN INSECT CELLS

Vol  40  No. 6  November  2009 1253

Acids Res 2007; 35: 5922-33.

Zhang Y, Zhang X, Xia H, et al. Quantitative
analysis of cytoplasmic actin gene promoter
and nuclear polyhedrosis virus immediate-
early promoter activities in various tissues
of silkworm Bombyx mori using recombinant
Autographa californica nuclear polyhedro-
sis virus as vector. Acta Biochim Biophys Sin
(Shanghai) 2008; 40: 533-8.

Zhao YG, Eggleston P. Comparative analysis of
promoters for transient gene expression in
cultured mosquito cells. Insect Mol Biol 1999;
8: 31-8.

Zhou X, Huang L. DNA transfection mediated
by cationic liposomes containing lipopoly-
lysine: characterization and mechanism of
action. Biochim Biophys Acta 1994; 1189: 195-
203.


