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Abstract Insertion specificity of mobile genetic elements is a
rather complex aspect of DNA transposition, which, despite
much progress towards its elucidation, still remains incom-
pletely understood. We report here the results of a meta-
analysis of IS2 target sites from genomic, phage, and plasmid
DNA and find that newly acquired IS2 elements are consis-
tently inserted around abrupt DNA compositional shifts, par-
ticularly in the form of switch sites of GC skew. The results
presented in this study not only corroborate our previous
observations that both the insertion sequence (IS) minicircle
junction and target region adopt intrinsically bent conforma-
tions in IS2, but most interestingly, extend this requirement to
other families of IS elements. Using this information, we were
able to pinpoint regions with high propensity for transposition

and to predict and detect, de novo, a novel IS2 insertion event
in the 3′ region of the gfp gene of a reporter plasmid. We also
found that during amplification of this plasmid, process pa-
rameters such as scale, culture growth phase, and medium
composition exacerbate IS2 transposition, leading to contam-
ination levels with potentially detrimental clinical effects.
Overall, our findings provide new insights into the role of
target DNA structure in the mechanism of transposition of IS
elements and extend our understanding of how culture condi-
tions are a relevant factor in the induction of genetic
instability.
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Introduction

Insertion sequences (ISs) are small and genetically compact
autonomous mobile genetic elements (MGEs) that play an
important role in prokaryotic genome evolution. IS2 is a 1.3
kb member of the large IS3 family of MGEs (reviewed in
(Chandler and Mahillon 2002), see also ISfinder: https://
www-is.biotoul.fr/) and was among the first bacterial
transposable elements to be identified (Hirsch et al. 1972). It
contains two partially overlapping open reading frames orfA
and orfB from which the transposase (TPase) OrfAB is gen-
erated by a programmed −1 translational frameshift (Polard
et al. 1991; Sekine et al. 1994; Vogele et al. 1991). The termini
of IS2 consist of two 42-bp and 41-bp left and right imperfect
inverted repeats (IRL and IRR), respectively (Fig. 1). IS2
transposition occurs by a circle forming variation of the cut-
and-paste pathway that involves in a first step the production
of a figure-8 molecule, which serves as the precursor of a
minicircle intermediate, that in a second step is inserted into
the target (Lewis et al. 2004; Lewis et al. 2001; Lewis and
Grindley 1997). Despite reports in the late twentieth century
of a regional preference for IS2 insertion in bacteriophage P1
genome (Sengstag and Arber 1983; Sengstag and Arber 1987;
Sengstag et al. 1983), the published literature in the subse-
quent years did not bring any conclusive evidence regarding
its insertional specificity (Bernard et al. 1991; Cohen et al.
1993; Lewis et al. 1994a; Lewis et al. 1994b; Rijavec et al.
2007; Szeverenyi et al. 1996a; Szeverenyi et al. 1996b;
Whiteway et al. 1998). It was only recently that a GFP-
tagged approach was successfully used to obtain, under native
conditions, preparations of full length, soluble, and active IS2
TPase that was usually insoluble when prepared under native
conditions, and refractory to whole structure-function or bio-
physical studies when solubilized (Lewis et al. 2011). This
paved the way for generating hydroxyl radical footprinting
data, which together with curvature propensity data obtained
from several target regions, provided for the first time support
for a structure-dependent mechanism for IS2 transposition
(Lewis et al. 2012). Both minicircle junction and IS2 target
sites were shown to adopt similar intrinsically curved
structures, supporting the idea that a particular configura-
tion is needed to regulate transposition by promoting the
assembly of the transpososome (Lewis et al. 2012). In fact,
a growing body of evidence has yielded similar observa-
tions in other MGEs such as IS10 (Kobori et al. 2009),
IS231 (Hallet et al. 1994), Tn10 (Pribil and Haniford 2003)
, bacteriophage Mu, and Tn5 (reviewed in (Nagy and
Chandler 2004)).

Asymmetries in DNA sequence composition have been
previously linked to conformational changes capable of favor-
ably influencing the integration of MGEs. For example, ret-
roviral integration was shown to occur more efficiently
in vitro at the outer face of curved DNA segments composed

of alternate AT- and GC-rich tracts (Muller and Varmus 1994).
In two other reports, integration of T-DNA from
Agrobacterium tumefaciens was described to take place in
regions of the Arabidopsis genome coincident with inversely
correlated and sharply asymmetric GC and AT skews
(Schneeberger et al. 2005; Zhang et al. 2007). The latter
studies observed an over-abundance of guanine and adenine
residues upstream of the insertion sites and an opposite
trend downstream. Complete symmetry regarding both
skews was concomitantly observed at the target site
(Schneeberger et al. 2005; Zhang et al. 2007). More recent-
ly, a large-scale comparative genomic analysis performed in
both bacteria and archaea revealed that switch sites of GC
skew (ssGCs) are hotspots for genomic island integration
(Du et al. 2011).

Taking all the above into consideration, we decided to
perform an extensive literature search for IS2 target sites, in
order to investigate whether these sites significantly correlate
with the presence of nearby compositional asymmetries. Our
results show a consistent and significant transposition bias
towards abrupt DNA compositional shifts, particularly in the
form of ssGCs. To further strengthen and validate our meta-
analysis, we used the information provided by the composi-
tional profiles to direct a de novo search of IS2 insertions.
Because spontaneous contamination with bacterial ISs repre-
sents a serious concern during the amplification of plasmids
for therapeutic purposes or protein expression studies, we
decided to focus our search on a plasmid model
(pVAX1GFP) typically used in the biopharmaceutical indus-
try as backbone for DNA vaccine development. We found a
region near the 3′ end of the gfp gene showing a skew profile
similar to those found in our meta-analysis and into which IS2
inserted in a spontaneous fashion. Such finding represents, to
the best of our knowledge, one of the very few reports of an
IS-mediated instability event taking place in what is probably
the most widely used reporter gene.

Along with the need for a comprehensive knowledge of
target preference and insertion specificity, a better understand-
ing of the type of environmental conditions capable of exac-
erbating the transposition of MGEs is currently lacking. The
latter is usually greatly suppressed under optimal growth
conditions, but transiently or permanently activated in re-
sponse to situations of cellular stress (Eichenbaum and
Livneh 1998; Twiss et al. 2005). This so-called stress-
induced transposition allows for fast genetic changes to take
place, fuelling the emergence of novel and advantageous traits
able to overcome stress. In this regard, we also evaluated the
impact of parameters such as growth medium composition,
production scale, and culture time on IS2 accumulation. Our
results demonstrate that prolonged culturing or the use of a
chemically defined medium and growth conducted under
high-cell densities favor the accumulation of IS2-contaminant
molecules. Altogether, these findings provide extensive
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evidence to establish for the first time a clear basis for the
nonrandom regional insertion specificity of IS2 and demon-
strate the important roles played by a diverse set of culture
parameters in promoting the transposition of IS elements.

Materials and methods

Bioinformatic analysis

We performed a literature search and gathered the nucleotide
sequences of 41 different IS2 target sites from genomic,
phage, and plasmid DNA (see Suppl. Material S1). The
strands analyzed from each target site correspond to those in
which the 5′ end of IRL and the 3′ end of IRR are arranged
from left to right upon insertion. We have used the DNA base
composition analysis tool (http://molbiol-tools.ca/Jie_Zheng/)
to evaluate GC and AT skew profiles of ±700 bp regions
flanking IS2 target sites. Sliding windows of 200 bp and a
step of 100 bp were used. Nucleotide skew was calculated as
(FA−FB)/(FA+FB) where FA and FB are respectively the
frequencies of nucleotides A and B. To statistically validate
the significance of the compositional asymmetries found, the
same dataset was randomly shuffled 30 times (k-tuples of

length 1) using the shuffleseq tool from the EMBOSS suite
(Rice et al. 2000). Both GC and AT skews were then comput-
ed from the randomized sequences, and z scores were com-
puted as:

z ¼ S−Srand
������
σrand

where Srand is the average of the randomized variable S, and
σrand represents its standard deviation. The corresponding
p values were obtained from p ¼ erfc zj j= ffiffiffi

2
p

� �

; where erfc
is the complement error function. Curvature propensity plots
were obtained by analyzing 200 bp sequences flanking the
target sites with the bend.it server (Gabrielian et al. 1997)
(http://hydra.icgeb.trieste.it/dna/bend_it.html) using the
DNAse I-based parameters of (Brukner et al. 1995). Three-
dimensional reconstruction was performed with the model.it
server (http://hydra.icgeb.trieste.it/dna/model_it.html)
(Vlahovicek et al. 2003), and the output was displayed and
visualized with Polyview 3D (http://polyview.cchmc.org/
polyview3d.html) (Porollo et al. 2004).

Fig. 1 Schematic illustrating the organization of the IS2 insertion se-
quence. The two partially overlapping open reading frames, orfA and orfB
are flanked by imperfect left and right inverted repeats (IRL and IRR,
respectively). The latter are bipartite structures, containing an internal
protein binding domain and an outer cleavage domain (Lewis et al. 2001).
orfA contains an AAAAAAG (A6G) slippery signal located near its stop

codon, which is changed to A7G by a −1 translational frameshift to
produce an OrfAB fusion protein (Lewis and Grindley 1997). Also
shown is the outwardly directed −35 hexamer located in the IRR, which
together with the terminal −10 hexamer of the catalytic domain of IRL, is
involved in the formation of a junction promoter in the minicircle inter-
mediate (Lewis et al. 2004)
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Bacterial strains and plasmid DNA

The bacterial strains Escherichia coli MG1655 ΔendA
ΔrecA (F− λ− ilvG rfb-50 rph1 ΔendA ΔrecA) and DH5α
(F− 80lacZΔM15 Δ(lacZYA-argF)U169 recA1 endA1
hsdR17(rk

−, mk
+) phoA supE44 thi-1 gyrA96 relA1) were

respectively obtained from Kristala Prather’s Lab at MIT
(Cambridge, MA) and from Invitrogen (Carlsbad, CA). The
model plasmids used in this work were pCIneo, a 5,472 bp
mammalian expression vector (Promega, Madison, WI), and
pVAX1GFP, a 3,697 bp plasmid constructed from
pVAX1LacZ (Invitrogen) as described previously (Azzoni
et al. 2007).

Cell culture in shake flasks

E. coli cells were grown at 37ºC and 250 rpm in 1 L shake
flasks containing 250 mL of Luria-Bertani (LB) medium
(Sigma-Aldrich, St. Louis, MO). Ampicillin (Roche
Diagnostics, Mannheim, Germany) or kanamycin
(Calbiochem, La Jolla, CA) were routinely added for plasmid
selection at final concentrations of 100 and 30 μg mL−1,
respectively. Cells were grown for a total cumulative time of
192 h (4 consecutive inoculations followed by growth for 48 h
each).

Fed-batch fermentations

Fed-batch fermentations were performed in a Fermac 360
Bioreactor (Electrolab, Tewksbury, UK), equipped with
equally spaced six-blade Rushton turbines and four baffles,
with a working volume of 1.6 L. An initial volume of 1.1 L of
medium containing 20 g L−1 of glucose (Merck KgaA,
Darmstadt, Germany) was used during batch phase, and
0.5 L of feed solution containing 200 g L−1 of glucose was
subsequently added. The exponential feeding rate was calcu-
lated according to the equation described in (Carnes et al.
2006), with μ=0.12 h−1. Pre-inoculum was prepared by trans-
ferring cells from seed bank (1 % v/v) to 5 mL of medium
supplemented with 30 μg mL−1 of kanamycin. Cells were
grown overnight at 37ºC and 250 rpm. Next, an inoculum
was prepared in 100 mL of medium with 1 % pre-inoculum
culture and grown to early exponential phase (OD600∼1.5) at
37 ºC and 250 rpm. One liter of medium was in situ
autoclaved, and trace elements, kanamycin, and glucose
(20 g L−1) were added on the inoculation day. The reactor
was inoculated at an initial OD600∼0.1 using the prepared
inoculum. The temperature set point was 37ºC. A dissolved
oxygen level of 30 % was cascade-controlled by agitation
(250 to 800 rpm), and air was provided at a flow rate of
1 vvm. The pH was controlled at 7.10 using 2 M NaOH and
2 M H2SO4. Antifoam was manually added as required. Two
different media were used: (i) a chemically defined medium

((NH4)2SO4 (Panreac Quimica, Barcelona, Spain) 8 g L−1,
KH2PO4 (Merck) 13.3 g L−1, citric acid (Sigma-Aldrich)
1.7 g L−1, thiamine hydrochloride (Sigma-Aldrich)
120 mg L−1, MgSO4 (Riedel de Haën, Seelze, Germany)
1.2 g L−1, trace elements solution 1 mL L−1) (Listner et al.
2006) and (ii) a complex medium (yeast extract (Merck)
10 g L−1, bacto tryptone (Becton, Dickinson and Company,
Sparks, MD) 10 g L−1, NaCl (Panreac) 10 g L−1).

Plasmid DNA purification and analysis

Plasmid DNA was routinely purified using the High Pure
Plasmid Isolation Kit (Roche Diagnostics). DNA extraction
from agarose gels was performed using the QIAquick gel
extraction kit (Qiagen, Crawley, UK). DNA sequencing was
performed by STABVIDA (Portugal).

Detection and quantification of IS2 insertions

Real-time PCR was used to detect and quantify the number of
plasmid molecules with IS2 insertions using outward IS2- and
plasmid-specific primer pairs. For example, for the region of
pVAX1GFP having an abrupt compositional asymmetry, we
amplified a 255 bp fragment comprising the 3′ extremity of
the gfp gene and the 5′ extremity of IS2 using primers
GFPFOR (5′ CCACTACCTGAGCACCCAG 3′) and
IS2REV (5′ TACACCATGTTGCCGGGC 3′). For the
pCIneo region having an abrupt compositional asymmetry
(see text and also Figs. S1 and S2), this was performed with
the amplification of a 244 bp fragment that comprised the
entire inverted right repeat (IRR) and part of the 3′ extremity
of the neoR gene using primers IS2FOR (5′ GTGACTACAT
CAGTATCATGC 3′) and IS2REV2 (5′ CCTGCGTGCAAT
CCATCT 3′). Reactions were carried out using miniprep-
purified pDNA according to the following program: 10 min
at 95ºC followed by 45 cycles of 15 s at 95ºC, 15 s at 55ºC,
and 15 s at 72ºC. Positive standards were prepared with
increasing amounts of pure synthetic fragments containing
the amplified region, ranging from 2.0×101 to 2.0×105.
Appropriate dilutions were performed with milliQ water, and
4 μL of each of the former were mixed with the remaining
PCR reagents as described below. Negative controls with no
pDNAwere also prepared. All PCR reactions were performed
in a 20 μL final volume containing 1.6 μL of MgCl2 solution
(2.0 mM final concentration), 0.4 μL of each primer (0.2 μM
final concentrations), 11.6μL PCR grade water, 2.0μL of 10×
SYBRGreen I mixture, and 4.0 μL of sample. Reactions were
carried out in a Roche Light Cycler™ detection system, and
threshold cycle (CT) values were calculated by the
LightCycler software version 3.4 (Roche Diagnostics) using
the fit points method. MeanCT values and standard deviations
were calculated from at least three independent assays.
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Results

Transposition of IS2 is biased towards regions harboring
abrupt shifts in GC skew

We have shown in a recent study that IS2 preferentially
transposes into intrinsically curved regions (Lewis et al.
2012). Because DNA composition asymmetries have been
previously linked with transitions between rigid and flexible
regions (Pedersen et al. 1998), we sought to understand in
more detail if a similar relation could exist and explain the
intrinsic curvature observed at IS2 target sites. For this pur-
pose, we performed a literature search and gathered 41 IS2
insertion sites, each having 1.4 kb in length (±0.7 kb flanking
the target site) (see Suppl. Material S1). During this process,
we considered only recent transposition events (typically as-
sociated with major phenotypic changes and flanked by 5 bp
duplications at the target site), thus avoiding including regions
in which genomic erosion might have taken place. GC and AT
skew profiles were subsequently computed using 200 bp win-
dows and a 100 bp step. We consistently observed ssGCs and/
or switch sites of AT skew (ssATs) occurring in the close
vicinity of IS2 insertions. The former often consisted in abrupt
and symmetric inversions with a crossing point close to the
insertion site. To facilitate the analysis and the comparison
with published data from other MGEs, we averaged the pro-
files over our entire data set (Fig. 2a). We observed a negative
to positive transition in GC skew and a rather symmetric and
less-prominent inversion in AT skew, both taking place at the
position corresponding to the insertion site. We next evaluated
if the average maximum amplitude observed at ssGCs and
ssATs statistically departed from the average compositional
fluctuation of the replicons from which they belong (Fig. 2b)
(see “Materials and methods” section for details). Our results
show significant differences between the observed and back-
ground maximum amplitudes for GC skew but not for AT
skew, supporting a role of the former in the process of trans-
position of IS2.

De novo identification of IS2 transposition events occurring
at ssGCs and ssATs

In order to validate the observations gathered in our meta-
analysis, we performed a de novo identification of IS2 trans-
position events taking place in DNA regions exhibiting skew
profiles resembling the one depicted in Fig. 2a. Since we are
particularly interested in improving the stability of backbone
sequences of biotechnologically and clinically relevant plas-
mids, we thought that pVAX1would be a good candidate, as it
is widely used as backbone for DNA vaccine development.
Analysis of both GC and AT skew profiles did not reveal any
conspicuous switches in the core sequence of pVAX1, but
most interestingly, prominent ssGCs and ssATs were observed

within and in the close vicinity of the widely used reporter
gene gfp (Fig. 3a). Although this gene is not present in
therapeutic formulations of the vector, it is commonly used,
for example, to assess transfection efficiencies in eukaryotic
cells. Therefore, to investigate the possibility that IS2 trans-
positions may preferentially take place at this site (or in its
close vicinity), we performed several PCR amplifications
using plasmid- and IS2-specific primer pairs (see “Materials
and methods” for details). The PCR amplification correspond-
ing to this particular region showing a high asymmetry in GC
and AT skew, led to the identification of a 255 bp amplicon,
which after sequencing analysis, revealed the presence of an
IS2 element disrupting the gfp gene (Fig. 3a, red triangle). No
additional IS2 insertions were detected in the plasmid (data
not shown). This region in the gfp gene is also shown to adopt
an intrinsically bent conformation (Fig. 3b) in line with pre-
vious findings from our group (Lewis et al. 2012). The inser-
tion produced a duplication of a 5 bp sequence (CCCCA) and
resulted in the formation of a hybrid promoter with an out-
wardly directed −35 hexamer from IS2 and a resident −10
hexamer from gfp (Fig. 3c). The formation of such transient
promoters is neither new nor exclusive to IS2 (Oliveira et al.
2009b; Zhang and Saier 2009) and represents one of the
strategies employed by some ISs for gene activation. Our
observations of IS2 insertions at ssGCs and ssATs are not
exclusive to pVAX1. The only IS2 insertion site detected in
the mammalian expression vector pCIneo (Fig. S1) (Oliveira
et al. 2009b) is also located at a region showing a high
asymmetry in GC and AT skew, and this further corroborates
our observations.

Percentage of IS2 insertions in E. coli plasmids increases
with time under standard growth conditions

Understanding how external environmental stresses impact
the behavior of ISs is central to predict and explain the
evolvability of both natural and laboratory cell populations.
In this and the following sections, we examine how IS2
accumulation in pVAX1GFP is shaped under growth condi-
tions that are either routinely used in a laboratory setting
(typically smaller working volumes, standard growth condi-
tions, unmonitored pH, and aeration) or during a larger-scale
production process (larger working volumes, higher cell den-
sities, higher shear-stresses, monitored pH, and aeration). For
this purpose, plasmid pVAX1GFP was gel-purified (to avoid
starting with a heterogeneous population of parental and con-
taminant forms) and used to transform E. coli cells with two
different genetic backgrounds: DH5α and MG1655 (see ge-
notype details in the “Materials and methods” section). DH5α
and MG1655 were chosen in this study as two examples of
common laboratory strains, which have approximately the
same number of full-length IS2 copies per genome
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(respectively 7.3±4.3 (PCR determined in this work) and 6
(Studier et al. 2009)).

To evaluate the kinetics of IS2 accumulation on a smaller
scale, typical of many laboratory settings, cells were grown
under standard conditions (shake flask culture, LB medium,
37ºC) for an initial period of 48 h after which they were used
to reinoculate a new shake flask for another 48 h. Such
extended growth until late-stationary phase is frequently used
during the overproduction of certain proteins or chemical
compounds of biological interest, and it was used here as a
worst-case scenario in terms of IS accumulation. The proce-
dure was repeated four times until reaching a maximum
accumulated growth time of 192 h. Samples taken at the end
of each growth period were analyzed by real-time PCR for
quantification of IS2 insertions (Fig. 4). Our results show that
detectable levels of transposition (approximately 1 in 2×107

plasmid molecules) can be attained at very early stages of cell
culture (soon after transformation and during inoculum
growth) (time 0). Assuming a purely stochastic distribution
of IS2-contaminated plasmids in the cell population, we can
roughly estimate that at this stage, approximately 1 out of
6.7×104 cells will contain one plasmid with IS2 insertions
(assuming an average number of 300 copies per cell). Our
results also point out that growing E. coli for one single round
of 48 h is enough to quickly increase the number of IS2
insertions as much as 1,000-fold (Fig. 4). This necessarily
implies that our chance of finding one IS2-contaminated plas-
mid increased substantially, being now confined to a popula-
tion of only 67 cells. By performing consecutive growth-
reinoculation cycles, we observed a gradual accumulation of

IS2 insertions until a plateau stage was eventually reached
(from 48 to 192 h after the first inoculation). We must empha-
size that the profile of IS2 accumulation seen on Fig. 4 does
not seem to be exclusive to pVA1GFP. We have performed a
similar analysis using a different plasmid harboring a different
target site, and the overall profile was found to be similar
(Figs. S1 and S2) (Oliveira et al. 2009b). The observed dy-
namics of IS accumulation seems to reflect a balancing con-
flict between the need to fuel diversity under stress
(transposition) and the requirement to assure genetic stability
and to keep metabolic burden to bearable levels. Hence, we
demonstrate that a single batch growth performed under stan-
dard growth conditions is enough to rapidly increase the
population of plasmids with IS2 insertions. The fact that we
have considered only one particular type of IS, raises concerns
about the real proportion of contaminated plasmids.

Growth conducted under high-cell densities
and in a chemically defined medium exacerbates IS2
transposition

We next investigated whether growth performed under condi-
tions typical of a larger-scale production process could influ-
ence IS2 accumulation. For this purpose, fed-batch fermenta-
tions were conducted using both complex and chemically
defined media (Fig. 5) (seeMaterials andMethods for details).
Although the time-dependent accumulation of contaminants is
similar to that previously observed under batch mode, we
observe that at high-cell densities, contamination titers are
substantially increased. In particular, when cells were grown

Fig. 2 Relation between DNA compositional asymmetries and IS2
transposition. a Average profiles of GC and AT skew 550 bp upstream
and downstream of the insertion site of IS2. b Averages of maximum
amplitude in GC and ATskews in the same window length used for skew

analysis, both at observed and random IS2 target sites. Error bars
represent the standard error of the mean. A more permissive threshold
(p<0.1) was allowed in this particular analysis to allow for increased
sensitivity and in order not to miss positive results. *p<0.1
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in a chemically defined medium, the number of IS2 contam-
inants surpassed 100,000 per 2×108 plasmid molecules after
36 h of growth (Fig. 5). If again, we assume an average
plasmid copy number of 300 per cell, this would correspond
to a situation in which we have approximately one out of
seven cells contaminated with at least one mutant plasmid.

During a high-density fed-batch culture, cells are typically
subjected to a scenario of substrate limitation. Under such
stressful conditions, bacteria are known to undergo transcrip-
tional, metabolic, morphological, and translational changes, as
well as to increase their mutation rate (including the transpo-
sition of MGEs) in an SOS and RpoS-dependent manner
(more on this below). Our data is in line with these observa-
tions of stress-induced transposition and also highlights the

fact that invasion of a DNA molecule by a foreign MGE can
take place at high frequencies and in short periods of time,
even at target regions for which there is no clear advantage for
the cell.

Discussion

In this study, we have performed a meta-analysis of published
IS2 target sites from genomic, phage, and plasmid DNA and
found compelling evidence for the presence of this element
within, or in the close vicinity of regions having abrupt shifts
and/or inversions in GC skew. In earlier studies, DNA se-
quence asymmetries have been shown to be associated with

Fig. 3 Skew analysis and IS2 insertion site in pVAX1GFP. a Profiles of
GC and AT skew for plasmid pVAX1GFP. A large shift in DNA compo-
sition is observed close to the 3′ region of the gfp gene. PCR amplification
of this region led to the identification of a spontaneous IS2 insertion (red
arrow) 83 bp upstream the stop codon. Less prominent and abrupt shifts
can also be observed in the 5′ region of gfp and in the 5′ region of neoR

(both only for GC skew). Although we have not detected transposition
events in these latter regions, recent studies have done so (see main text).
b Three-dimensional representation of a 0.4 kb region flanking the

insertion site (shown in green). The region shows intrinsic curvature close
to the insertion site, and concomitantly, in the vicinity of sequences
showing abrupt compositional shifts. Start and end positions of the
DNA fragment are indicated and refer to pVAX1GFP numbering. c
Schematic representation of the pVAX1GFP::IS2 plasmid, highlighting
the hybrid promoter generated between the 3′ end of IS2 (purple) and the
gfp gene (green). Capital letters match the E. coli promoter consensus
sequence TTGACAN16–18TATAAT. The 5 bp duplication generated upon
insertion is shown as a stippled box
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alternating rigid and flexible regions (Pedersen et al. 1998) as
well as curved sequences (Brukner et al. 1995). The presence
of sequence-directed bends has been implicated in function-
ally relevant cellular processes including transcription (Cress
and Nevins 1996), replication (Gimenes et al. 2008), and
recombination (Kusakabe et al. 2001). In this study, we pres-
ent evidence that composition asymmetry directly affects the
bendability and configuration of the target region, which in
turn, likely modulates IS2 transposition in a way which we do
not yet fully understand. Since both the IS minicircle junction

and target sites adopt bent structures that share identical cur-
vature profiles (Lewis et al. 2012), it seems plausible that a
similar conformation could facilitate the transposition process
within the synaptic complex. Bending results in a compaction
of the DNA structure that might contribute to an increased
level of sequence discrimination and a proper alignment of the
target DNA within the catalyt ic domains of the
transpososome.

To further validate our in silico observations, we performed
a de novo search for IS2 transpositions in a plasmid pertaining
to the pVAX1 family. The rationale for this choice was two-
fold: first, multicopy systems such as plasmids render them-
selves more appropriate to an easier detection and to a more
accurate quantification of spontaneous mutations that are not
associated with any phenotypic change. Second, transposition
of bacterial ISs into pDNA represents a major regulatory
concern if clinical applications are envisaged, as these ele-
ments can seriously compromise the overall production yield
obtained and alter the therapeutic potential and safety of the
molecule (Oliveira et al. 2009a; Oliveira et al. 2012).
Published examples of these are the detection of IS1 and IS5
in an HIV DNA vaccine (Prather et al. 2006), the contamina-
tion with IS1 of a plasmid used for cystic fibrosis therapy
(Boyd et al. 1999), and the detection of IS2 transposition
upstream of the neoR gene of the mammalian expression
vector and DNA vaccine backbone pCIneo (Oliveira et al.
2009b). Interestingly, van der Heijden and coworkers recently
observed an IS2 transposition event in a plasmid from the
pVAX1 family (van der Heijden et al. 2013). In this case, the
insert could be detected between the BGH polyadenylation
signal and the neoR gene during a fed-batch fermentation step,
but not in the inoculum from the master cell bank. The fact
that the authors were not able to detect transposition at early
stages of the production process seems to be in agreement
with the existence of a less abrupt shift in GC skew in this
region (see Fig. 3a).

To the best of our knowledge, there is only one other
published study describing the loss of function of gfp by
invading ISs (Yang et al. 2013). In that study, the authors
observed the spontaneous transposition of IS2 into a region
closer to the 3′ end of the gene, but did not provide further
details about the exact insertion positions or transposition
frequency.

In addition, we now have compelling evidence that trans-
position events of IS elements from families other than the IS3
family also correlate with the presence of abrupt composition-
al shifts, and thus with the intrinsic curvature of target DNA.
One example is that of IS1, a 768 bp element ubiquitous
within the Enterobacteriaceae family, for which we also found
a preference for integration into ssGCs (see Fig. S3). Although
the mechanisms behind the target specificity of IS1 are still
poorly known, both its terminal inverted repeats as well as one
of its insertion hotspots are known to contain binding sites for

Fig. 4 Effect of cultivation time under standard growth conditions (shake
flask, LB medium, 37ºC) on the accumulation of IS2 insertions in
pVAX1GFP. Four sequential growths of 48 h each were performed with
two different E. coli host strains: DH5α and MG1655 ΔendA ΔrecA.
The number of insertions was measured by real-time PCR and expressed
per 2×108 total plasmid molecules. Error bars represent the standard
error of the mean and were calculated from at least three independent
experiments. *p<0.05

Fig. 5 Effect of medium composition and culture under high-cell densi-
ties on the number of IS2 insertions in pVAX1GFP. Fed-batch fermenta-
tions were performed with E. coli DH5α containing pVAX1GFP in two
different media: chemically defined medium (CDM) and complex medi-
um (CM). The number of insertions was measured by real-time PCR and
expressed per 2×108 total plasmid molecules at 4 and 36 h of culture.
Error bars represent the standard error of the mean and were calculated
from at least three independent experiments. *p<0.05, **p<0.01
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the integration host factor (IHF) (Gamas et al. 1987), which in
turn, has been shown to have a higher affinity for intrinsically
bent/kinked DNA (Vivas et al. 2012). These findings are in
line with our observations of abrupt shifts in GC skew, and
both support a scenario similar to the one of IS2, in which
intrinsically bent/kinked conformations are necessary both at
the level of minicircle junction and cognate target DNA for
binding site recognition (Lewis et al. 2012). These data then
suggest a structural basis for the nonrandom regional speci-
ficity of the IS2 insertional pattern (Lewis et al. 1994a).

Bearing in mind the selfish nature of MGEs, it comes as no
surprise that their mobility also appears to be associated with
stress responses. In these situations, enhanced levels of trans-
position may prove advantageous in overcoming stress and
allowing new traits to evolve. In this study, we demonstrate
that variables of the production process such as culture time,
process scale, and medium composition directly affect the
transposition of IS2. The importance of these findings is of
particular relevance in order to minimize unwanted insertion
events in a high-quality pDNA production process for clinical
or commercial applications. By performing sequential batch
cultures of 48 h each (Fig. 4), we have allowed the cells to
regularly reach an extended stationary phase, which is typi-
cally characterized by an extreme growth arrest, depletion of
the carbon source, amino acid and oxygen limitations, pH
shifts, secondary metabolite production, and profound gene
expression changes (Kolter et al. 1993). Under such condi-
tions, many Proteobacteria strongly upregulate the rpoS-
encoded general stress response sigma factor σS, which is
known to control the transcription of up to 10 % of the
genome (Weber et al. 2005) and to play a key role in the
adaptation to new environments. A further observation is that
previous reports have implicated σS in the regulation of tran-
scription from the Tn4652 transposase promoter of
Pseudomonas putida (Ilves et al. 2001) and in stress-induced
transposition-mediated deletions in E. coli (Gomez-Gomez
et al. 1997). Also, nutrient starvation has been reported to
enhance translational errors, and consequently, to facilitate the
programmed translational frameshifting needed for transposi-
tion (Kharat et al. 2006). It is likely that in our case, both
factors (σS dependency and attenuation of ribosome fidelity)
may account for the enhanced levels of IS2 transposition
observed under prolonged and consecutive batch cultures.

In this study, we also observed higher levels of IS2 trans-
position during high-cell density fed-batch fermentations in
comparison with shake flask cultures; these were particularly
pronounced when a chemically defined medium was used
instead of complex medium (Fig. 5). In contrast with several
evolution experiments performed in bacteria (typically in
batch mode and smaller scale), the genomic stability with
respect to the dynamics of MGEs in bioreactors has been
poorly studied (Gaffe et al. 2011). E. coli grown at slow
specific growth rates (μ=0.1 h−1) in chemostats have shown

high levels of σS accumulation (Gaffe et al. 2011). The latter
could at least partially explain the high transposition values
observed in our fed-batch experiments, in which a very similar
specific growth rate was used (μ=0.12 h−1). On the other
hand, the richer complex medium contains biosynthetic pre-
cursors that can be channeled directly into anabolic pathways,
thus saving metabolic energy to the cell. The higher levels of
transposition observed in chemically defined media could be
explained on the basis of a nutritional down shift, followed by
the initiation of the stringent response by rapid (p)ppGpp
synthesis and consequent σS accumulation. Prather and col-
laborators showed a similar accumulation of IS1 transposition
during a fed-batch fermentation using chemically defined
medium (Prather et al. 2006).

Ultimately, this study extends the current knowledge on the
mechanisms driving transposition of MGEs and opens up
exciting perspectives for further research. A deeper under-
standing of the detailed mechanism of IS transposition may
allow us to conceive of redirecting insertion specificity in a
predictable way (Guynet et al. 2009), or instead, pave the way
for the design of safer and more evolutionary robust genetic
circuits. Our results with bench-scale bioreactors also raise
important issues and concerns on the safety of DNA-based
therapeutics upon amplification at a larger scale.
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