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Abstract The stability in Escherichia coli of a mamma-
lian expression vector (pCIneo) and its derivative candidate
DNA vaccine (pGPV-PV) is described. These multicopy
pMB1-type plasmids were found to recombine in several
recA E. coli strains due to the presence of two 28 bp direct
repeats flanking intervening sequences of 1.6 kb (pClneo)
and 3.2 kb (pGPV-PV). In this recombination event, one of
the direct repeats and the intervening sequence were
deleted or duplicated, originating monomeric or/and het-
ero-dimeric plasmid forms, respectively. Additionally, the
plasmid rearrangement led to the acquisition of a kana-
mycin resistance phenotype. Recombination frequencies
between 7.8 x 1077 and 3.1 x 10~ were determined for
DHS5a and JM109(DE3) strains, respectively. Higher
recombination frequencies were found in cells previously
grown up to stationary growth phase being the monomeric
plasmid form the prevalent one. Real-time PCR quantifi-
cation revealed the presence of approximately 1.5 x 10*
recombined molecules per 2 x 10° cells pre-kanamycin
exposure. Under selective pressure of this antibiotic, the
number of recombined molecules increased approximately
2,000-fold in a 48-h period replacing the original plasmid
form. The high frequency, at which deletion-duplication
occurred in the absence of kanamycin selective pressure,
should be regarded as a safety concern. This work high-
lights the impact of mutational hot spots on expression and
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cloning plasmid vectors and the need to carefully design
plasmid vectors.
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Introduction

Plasmid vectors are widely used for recombinant protein
expression in prokaryotic and eukaryotic cells. Further-
more, their significance increased with the recent
developments in non-viral gene therapy and DNA vacci-
nation. The increasing number of these novel human
therapeutic applications that are moving from the labora-
tory to the clinic is creating a need for large amounts of
highly stable and purified plasmid DNA. This demand,
which is expected to increase as the first products reach the
market, requires a high-yielding host and downstream
purification process under rigorous good manufacturing
practice (GMP) guidelines [1-3]. Escherichia coli cells
have been extensively used to propagate plasmids, being
the most popular ones based on high-copy number pMB1
vectors.

Plasmid instability is a major problem in large-scale
industrial manufacturing of plasmid vectors. Some of the
solutions proposed to tackle structural instability rely on
using recombinant-deficient (rec) hosts and on plasmid
minimization (reviewed by [2, 4]). A variety of stressing
agents such as nutrient limitation, oxidative damage, UV
radiation, antibiotic and acid exposure have been accepted to
result in increased instability and mutation rates [5—11]. Yet,
not much attention has been given to the presence of certain
labile nucleotide sequences (hot spots) in plasmids, which
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are known for a long time to be a major cause of mutability
[12]. For instance, rearrangements between repetitive
sequence units are a major cause of genome instability
among eukaryotes and prokaryotes. In E. coli, several dele-
tion-formation events in plasmids engineered to contain
direct or inverted repeats have been described [13—18].
These events take place in the absence of general homolo-
gous recombination functions and have been proposed to
proceed by mechanisms involving slipped misalignment
accompanied by sister-chromosome exchange (SCE) [15,
19, 20]. The essence of these recombination models is that at
a stalled replication fork, either the nascent leading and
lagging strands are displaced and annealed with each other
[20] or, during leading strand synthesis, the strands of the
repeats misalign to form a recombinogenic intermediate
either by melting and slip-pairing or by replication slippage
[15]. Indeed, this type of mutations seems to be quite fre-
quent and stimulated by failure of the replication machinery
[21]. According to the proposed models, the recombination
products obtained from a parental substrate harbouring
repeated sequences are mainly in the monomeric (M) or
hetero-dimeric forms (named 1 + 2and 1 + 3). The M form
is structurally identical to the parental plasmid but lacks the
intervening sequence and one direct repeat. On the other
hand, the 1 + 2 and 1 + 3 forms are head-to-tail dimers
composed of one parental plasmid and one monomeric
product, with the 1 4 3 form presenting an additional direct
repeat and intervening sequence.

Plasmid pGPV-PV is a candidate DNA vaccine against
rabies [22, 23] constructed by inserting the rabies virus (PV
strain) glycoprotein gene (GPV) in the commercial pClneo
plasmid backbone (pMB1-derived). In this work, we have
investigated the stability of both plasmids in E. coli cells
through the distribution and frequency of the recombinant
plasmid forms arising under different growth conditions.

Materials and Methods
Media and Enzymes

Cells were grown in Luria-Bertani (LB) medium (Sigma).
When needed, ampicillin (Roche) and kanamycin (Cal-
biochem) were added at final concentrations of 100 and
30 pg/mL, respectively. Restriction enzymes and phage T4
DNA ligase were from Promega (Madison, USA).

Bacterial Strains and Plasmid DNA

The E. coli strains DH5o (F~ ¢80dlacZAM15 A(lacZY A-
argF) U169 recAl endAl hsdR17(ric, mi") phoA supE44 ).~
thi-1 gyrA96 relA1), HB101 (F~ mcrB mrr hsdS20 (15, mg)
recAl13 supE44 arald galK2 lacY1 proA2 rpsL20(Smr)

xyl5 27 leu mtll) and TOP10OF (F'{lacI? Tnl0 (TetR)}
mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZ AM15 AlacX74
recAl araD139 A(ara-leu)7697 galU galK rpsL endAl
nupG) were purchased from Invitrogen. E. coli IM109(DE3)
(endAl, recAl, gyrA96, thi, hsdR17 (rg, mg), relAl,
supB44, 2~ A(lac-proAB), [F, traD36, proAB, lacl9Z
AM15], A(DE3) was purchased from Promega.

The plasmids used in this work were pClneo, a 5,472 bp
mammalian expression vector (Promega), and pGPV-PV
(Institute Pasteur), a 7,067 bp candidate DNA vaccine
against rabies. The latter was obtained by inserting the
rabies virus (PV strain) glycoprotein gene (GPV) in the
pClneo vector under the control of the cytomegalovirus
promoter/enhancer [22, 23].

pClneo3 construction started with the creation of Sacll
and Apal restriction sites, respectively, at positions 1,990
and 2,455 bp of pClneo, using the QuickChange Site-
Directed Mutagenesis Kit (Stratagene). The sequence
between the two sites, which contains the SV40 eukaryotic
promoter (2,000-2,418) and one of the 28 bp direct
repeats, was excised from the plasmid by digestion with
Sacll/Apal and purified from a low melting agarose gel
with the Wizard Plus Minipreps DNA Purification System
(Promega). A prokaryotic promoter similar to the one that
controls the expression of the amp® gene was then inserted
upstream the neo® gene in the pClneo fragment obtained
above as follows: the corresponding sense and antisense
oligonucleotides were designed to contain three extra
nucleotides at each extremity to allow subsequent digestion
and the restriction sites of the enzymes Sacll and Apal (at
the 5" and 3’ ends, respectively, as underlined in the sense
sequence 5 GCACCGCGGTTCAAATATGTATCCGCTC
ATGAGACAATAACCCTGATAAATGCTTCAATAATA
TTGAAAAAGGGCCCTAC 3’). The sense and antisense
fragments were annealed using a thermocycler TGradient
(Biometra, Gottingen, Germany) with a temperature ramp
ranging from 70 to 25 °C. After double digestion with SacIl/
Apal the fragment was gel purified and ligated with pClneo
at room temperature with T4 DNA ligase for 18 h
(pCIneo2). Next, a 28 bp sequence identical to the one
previously deleted was inserted upstream the new prokary-
otic promoter in plasmid pClneo2. First, an EcoRV site was
created at position 1,975 bp and the vector was digested
with EcoRV and Sacll. The digested vector was purified
(3 pg) and dephosphorylated with 0.02 U CIAP (Promega)
with two cycles of 15 min at 37 °C and 15 min at 56 °C.
The resulting fragment was then purified after excision from
a low melting agarose gel. The 28 bp sequence was
synthesized with three extra nucleotides at the extremities to
allow subsequent digestion plus the restriction sites
of the enzymes EcoRV and Sacll (at the 5 and 3’
ends, respectively, as underlined in the sense sequence
5" TCAGATATCCTTCTGACACAACAGTCTCGAACTT
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AAGCCGCGGTAC 3'). Hybridization of the correspond-
ing sense and antisense oligonucleotides was carried as
described above. After double digestion with Sacll/EcoRYV,
the restriction enzymes were inactivated by heating
(15 min at 65 °C) since the fragment was too small to be
handled by a standard purification procedure. pClneo3 was
obtained by ligation of the resulting fragment with the
linearized pCIneo2 at 15 °C for 16 h. All primers were
obtained from Thermo Electron, Germany. Plasmids were
sequenced by MWG-Biotech, Germany.

Plasmid DNA Analysis

Individual colonies that arose at 24 and 48 h under selec-
tive kanamycin pressure were grown (12—15 h at 37 °C and
250 rpm) in 15 mL polypropylene tubes containing 5 mL
of LB medium supplemented with ampicillin. pPDNA was
then extracted using the High Pure Plasmid Isolation Kit
(Roche) and identified by subsequent digestion with
BamHI and/or EcoRI and agarose gel electrophoresis
analysis. Plasmid fragments obtained upon digestion were
visualized in 1% agarose gels under UV light after ethi-
dium bromide (1 pg/mL) staining.

Cell Viability and Recombination Frequency

Cell viability was defined as the ability of a cell to multiply
and was analysed by plate counting in LB solid medium.
Briefly, agar plugs containing no visible colonies were
excised from kanamycin Petri dishes at 0, 24 and 48 h. The
agar plugs were then resuspended in sterile 0.9% NaCl,
vortexed and the cell suspension was appropriately diluted
and plated in LB solid medium. Recombination frequency
was determined as the ratio of the average number of kan®
colonies appearing in the first 24 h to the total number of
viable cells plated.

Quantitative Real-Time PCR

Quantitative real-time PCR was used to detect and quantify
the recombination event in E. coli DH5« cells harbouring
pClneo. This was performed with the amplification of a
369 bp fragment using primers PHIF (5 GCTTT
ATTGCGGTAGTTTATCACAG 3') and KanR (5 CAA
TAGCAGCCAGTCCCTTC 3') flanking the direct repeats.
All PCR reactions were performed in a 20 pL final volume
containing 1.6 pL. of MgCl, solution (2.0 mM final con-
centration), 0.4 pL of each primer (0.2 pM final
concentrations), 11.6 p. PCR grade water, 2.0 pL of
10 x SYBR Green I mixture and 4.0 pL. of sample.
Reactions were carried out in a Roche Light Cycler™
detection system with the following program: 10 min at
95 °C followed by 45 cycles of 10 s at 95 °C, 5 s at 55 °C

and 5 s at 72 °C. Reactions were finally kept at 70 °C for
30 s and heat-denatured over a temperature gradient of
0.1 °C/s from 70 to 95 °C. The temperature transition rate
was 20 °C/s in all segments. Threshold cycle (Cy) values
were calculated by the LightCycler software Version 3.4
(Roche Diagnostics) using the Fit Points method. Positive
standards were prepared by spiking non-transformed
2.0 x 10° DH5o cells with increasing amounts of pure
monomeric pDNA ranging from 2.0 x 10' to 2.0 x 10
molecules. The same cell number was used in each PCR
reaction in order to keep potential cell inhibitors constant.
Appropriate cell and pDNA dilutions were performed with
milliQ water and 2 pL. of each were mixed with the
remaining PCR reagents as described above. Negative
controls without pDNA were also prepared. Mean Crt
values and standard deviations were calculated from at
least three independent assays. PCR efficiency (E) was
calculated by E = 1077 — 1, where m is the slope of the
linear regression equation.

Results and Discussion
Identification of the Mutational Hot Spot

Plasmid pGPV-PV (Fig. 1a) is a candidate DNA vaccine
against rabies [22, 23] which was constructed using pClneo
(Fig. 1b) plasmid (pMB1-derived) as a backbone. Both
plasmids contain an ampicillin resistance (amp®) gene for
selection in bacteria. The plasmids also contain a neomycin
phosphotransferase (neo™) gene under the regulation of an
SV40 enhancer and early promoter region [24], which is
used as a selectable marker in mammalian cells. Seren-
dipitously, we found that several recA E. coli strains
(DH5a, TOP10F’, HB101 and JM109(DE3)) harbouring
these plasmids were able to grow in the presence of the
aminoglycoside antibiotic kanamycin after approximately
20-40 h. No growth was observed in control experiments
carried out with the same strains devoid of either pGPV-PV
or pClneo plasmids.

A subsequent restriction analysis of plasmids extracted
from cells which had been subjected to kanamycin stress
revealed the presence of some unexpected low and high
molecular-weight restriction fragments (Fig. 2) derived
from recombined plasmid molecules. These patterns were
confirmed in recombinant colonies of the four E. coli
strains, harbouring either pGPV-PV or pClneo, whenever
growth was conducted in the presence of kanamycin (data
not shown). A 4-kb BamHI (hereafter called bam2) plas-
mid restriction fragment was common to all the
recombination patterns (Fig. 2). We subsequently found
that E. coli cells transformed with the bam2 self-ligated
form were able to grow in the presence of kanamycin (and
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Fig. 2 BamHI restriction analysis of pDNA extracted from colonies
of E. coli DH5u cells harbouring pCIneo and grown under kanamycin
stress (30 pg/mL). Individual kan® colonies were picked from LB
plates and grown (12-15 h, 37 °C) in 5 mL LB supplemented with
ampicillin. Plasmids were extracted with the HighPure Plasmid
Isolation Kit (Roche). Lanes 1, 3, 5 and 7 contain non-digested
plasmid DNA, whereas lanes 2, 4, 6 and 8 contain BamHI digested
plasmid. The agarose gel shows the monomeric (lanes 1 and 2), 1 + 3
(lanes 3-6) and 1 + 2 (lanes 7 and 8) forms derived from pClneo.
Letters A, B, C and D correspond, respectively, to the supercoiled
isoforms of the parental, monomeric, 1 + 3 and 1 + 2 forms
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also in ampicillin). This indicates that the bam2 fragment
holds the origin of replication and the ability to express the
aminoglycoside phosphotransferase that gives the resistant
phenotype to kanamycin. Sequence analysis of the bam2
fragment revealed that its 3,855 bp (Fig. 1d) matched the
pGPV-PV and pClneo sequences lacking either a 3.2 kb
fragment ranging from 806 to 4,017 bp (pGPV-PV) or a
1.6 kb fragment ranging from 806 to 2,423 bp (pClneo).
An in silico analysis with the GCG software package v.9.1
(Genetics Computer Group, Madison, Wis.) further showed
that both plasmids contain two 28 bp direct repeats
(5-CTTCTGACACAACAGTCTCGAACTTAAG-3') in
positions 806—833 and 4,018-4,045 (pGPV-PV) and in
positions 806-833 and 2,423-2,450 (pClneo). This means
that the bam2 fragment lacks the entire sequence located
between the direct repeats, including one of the repeats.
Furthermore, restriction analysis of the high molecular-
weight fragments obtained revealed a head-to-tail type
dimeric structure composed of the bam2 fragment and
parental plasmid.
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Altogether, this data points to deletion-duplication
events triggered by the presence of directly repeated
sequences. This mutational hot spot led to the formation of
the typical monomeric and hetero-dimeric products by
slipped misalignment accompanied by sister chromosome
exchange, in a similar way as described previously [15, 19,
20]. In our case, the obtained deletion-duplication products
and the molecular weight of the fragments generated by
BamHI digestion are shown in Fig. 3. Notice that the bam?2
fragment actually corresponds to the monomeric deletion
product and that the high molecular-weight products pre-
viously shown (Fig. 2) correspond to the heterodimeric
1+ 2 and 1 + 3 forms. Additionally, the replacement of
the SV40 eukaryotic promoter with a prokaryotic one (see
Fig. 1c) led to the non-detection of kanamycin resistant
cells, which indicates that kanamycin stress is involved in
the selection of cells which harbour the recombinant
plasmid forms.

Several reports related with plasmid instability mediated
by direct repeat recombination make use of an internal
duplication in a gene of interest which can only be phe-
notypically detected after the recombination event [13, 15—
19, 25, 26]. This is not our case. Rather, we have strong
experimental evidences showing that the present recombi-
nation event brings the neomycin phosphotransferase gene
closer to a promoter-like sequence located in the origin of

Fig. 3 Products of DNA
rearrangement mediated by
direct repeats in plasmids
pGPV-PV and pClneo. The

28 bp direct repeats are shown
as black arrows, BamHI single
cutting site is shown as open
triangle and the neo® gene is
shown as a stippled box. The
size of fragments obtained upon
BamHI digestion is also shown.
P, parental pClneo or pGPV-
PV; M, monomeric product;

1 + 2 and 1 + 3, heterodimeric \
products with deleted and )
duplicated regions ,

/
o
'

@
D

replication, which allows the transcription of the neo" gene
(unpublished results).

Effect of Cell Growth Phase on the Kinetics of Mutant
Emergence

The effect of cell growth phase in the kinetics of resistant
emergence under kanamycin stress was analysed in E. coli
DH5a and E. coli IM109(DE3) harbouring pClneo. Cells
were previously grown in LB liquid media containing
ampicillin, harvested at mid-exponential, late-exponential,
early-stationary and late-stationary growth phases and then
seeded on LB plates containing kanamycin. The cumula-
tive number of kan® colonies increased for 72 h in both
strains, and was about 2.3-fold higher for cells collected at
early- or late-stationary growth phase in comparison with
mid-exponential phase cells (for both strains). As for the
number of resistant colonies obtained after plating cells
collected at late-stationary phase, it was higher for E. coli
JIM109(DE3) in comparison with E. coli DH5a. The above
variations could be explained if the potential acquirers of
resistance to kanamycin had differential viability after
being plated in medium with kanamycin. However, both
strains, when grown till different stages, have shown a
similar pattern of decrease in cell viability of about 2
orders of magnitude times after 48 h (data not shown).

BamHI fragments (kb)

pGPV-PV: 4

pClneo: 4

pGPV-PV: 7.1 +4

pClneo: 5.5 +4

pGPV-PV: 10 +4

—
pClneo: 7.1 +4
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More reliable conclusions can be drawn by using recom-
bination frequency (number of kan® colonies/number of
cells plated) instead of number of recombinants. In our
system, however, recombination frequency could only be
determined in cells arising during the first 24 h because,
unlike cells arising later at 48 h (and beyond), they contain
mostly recombined plasmid (see Fig. 4). The mean
recombination frequency observed in E. coli DH5o was
estimated to be around 1 x 107° while it was about 21-
fold higher for IM109(DE3) (Table 1). Despite the differ-
ences between the two strains these values are well within
the range of recombination frequencies described for sim-
ilar systems [13, 15-18, 27, 28]. The main difference

100% -

Recombination products

24h 48 h 24h 48 h 24h 48 h 24h 48 h

DH50. JM109(DE3) HB101 TOP10F*

Fig. 4 Distribution of recombinant products obtained from colonies
grown in LB solid media supplemented with kanamycin (30 pg/mL)
as a function of E. coli strain (DH50, JM109(DE3), HB101 and
TOPIOF’) and incubation time (24 and 48 h). Individual kan®
colonies emerging after 24 or 48 h were picked from LB plates and
grown (12-15 h, 37 °C) in 5 mL LB supplemented with ampicillin
(100 pg/mL). Plasmids were extracted with the HighPure Plasmid
Isolation Kit (Roche) and analysed by agarose gel electrophoresis.
Open bars: non-recombined plasmid; stippled bars: 1 + 2 form;
hatched bars: 1 + 3 form; filled bars: monomeric product. Each bar

represents 30 colonies

Table 1 Effect of cell growth phase on the kinetics of mutant
emergence in E. coli DH5o and JM109(DE3) cells harbouring plas-
mid pClneo

Strain Growth phase Frequency of kan® cells appearance

DH5a Mid exponential (1.04 £ 0.92) x 107¢
Late exponential (1.03 & 0.72) x 107°
(0.78 £ 0.70) x 107

Late stationary ~ (1.32 & 0.99) x 1076
JM109(DE3) Mid exponential (1.06 + 0.46) x 10~°

Late exponential (1.93 & 0.57) x 107>
(2.75 £ 1.00) x 107°

(3.10 £ 0.82) x 107

Early stationary

Early stationary

Late stationary

The frequency of appearance of kan® cells was measured 24 h after
plating 5 x 10’ (DH5x) or 1 x 107 (JM109(DE3)) cells under
kanamycin (30 pg/mL) stress

between the genotypes of the two strains is that
JM109(DE3) contains a copy of the T7 RNA polymerase
gene, which is under tight control of the inducible lacUV5
promoter and is used for high-level expression of recom-
binant proteins. We suggest that in JM109(DE3) some
leakage of that promoter can occur leading to replication
stalling due to hindering of DNA polymerase by an excess
of T7 RNA polymerase molecules bound to plasmid T7
promoter, which in plasmid pClneo is 234 bp downstream
the first 28 bp direct repeat and 1,138 bp from the origin of
replication. This transcription-associated recombination
[29] could explain the higher recombination frequency
observed in strain JM109(DE3). To strengthen this
hypothesis, JIM109(DE3) cells were grown in the presence
or absence of IPTG (an inducer of the expression of T7
RNA polymerase gene). Preliminary real-time PCR results
have shown that plasmid copy number upon growth in the
presence of IPTG decreased substantially (from around 108
copies per cell to around 4 copies per cell), while the
number of recombinant molecules was kept approximately
constant. This means that the percentage of recombinant
molecules in the presence of IPTG was more than 27-fold
higher.

Plasmid Recombination Forms

Single colony plasmid DNA analysis of the four E. coli
strains revealed that deletion-duplication products from
pClneo arose mainly in the first 24 h of growth, with high
preponderance of monomer (M) and low percentage of the
heterodimeric 1 + 2 and 1 + 3 forms (Fig. 4). This dis-
tribution of plasmid forms is in agreement with the results
published by several authors [15, 17, 19]. Curiously,
JM109(DE3) revealed a higher content of heterodimeric
1 + 2 at 24 h (also seen at 48 h) in comparison with the
remaining strains (Fig. 4). Again, this points towards the
possibility that JM109(DE3) strain has some unique
genotype feature which affects the recombination mecha-
nism. Although fewer experiments were performed, a
similar distribution of plasmid forms was observed when
pGPV-PV was harboured in each of the four strains (data
not shown).

Another interesting result was the fact that colonies
arising later (48 h), which were typically smaller, con-
tained mainly non-recombined parental plasmid (Fig. 4).
This means that in cells containing plasmid pClneo (or
pGPV-PV), some incipient and slow growth occurs even in
the absence of recombination, which is responsible for the
appearance of the late arising kan® colonies. This slow
growth was also confirmed in LB liquid medium supple-
mented with kanamycin. In these experiments, cell cultures
starting with an ODggg nn, of 0.1 grew very slowly, reaching
an ODgqg of 0.6 only after 48—60 h. These results show the
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importance of monitoring the plasmid DNA forms distri-
bution at different stages of colony materialization, in order
to distinguish colonies which contain recombined plasmid
from the ones harbouring non-recombined plasmid that are
“naturally resistant” and grow slowly in kanamycin.

Quantification of the Recombination Event

After a literature search, we failed to find any quantifi-
cation of the number of recombined plasmid molecules
existing pre-stress exposure in similar systems. To
ascertain this point, the number of pre-existing recom-
bined plasmids in cells grown in ampicillin- or
kanamycin-containing media was determined by real-time
quantitative PCR. For this purpose, a pair of primers
flanking the direct repeats was used, and the PCR pro-
cedure was set up in order to amplify a single 369 bp
amplicon from the plasmid recombinants. No amplifica-
tion was detected when the parental plasmid was used as
the template, since the corresponding 1,986 bp long
amplicon is not obtained under the conditions used. This
methodology allowed us to identify and quantify the
overall number of recombined plasmids. Because it is
important to accurately determine the number of plasmid
molecules per cell, the quantitative PCR was performed
directly in cells. In this way we avoid plasmid purification
steps, which might not give reproducible and 100%
plasmid yields when using cells harvested at different
growth phases and thus with a different plasmid to
impurities ratio. The calibration curve obtained with
standards prepared by spiking the purified monomeric
form with 2.0 x 10° DH5o cells was linear in the range
of 2.0 x 10° to 2.0 x 10® molecules and PCR efficiency
in this range was 79.7%. When DH5« cells were grown in
liquid medium with ampicillin, the number of recombined
plasmid molecules remained approximately constant at
1.5 x 10* per 2 x 10° cells for a period of 48 h (Fig. 5).
This means that 1 out of 13 cells would have a molecule
of recombined plasmid (in ca. 200-300 molecules of
parental plasmid). This would be a contamination of
about 0.02% in a purified plasmid batch. Considering that
one recombined plasmid is sufficient to confer the kan®
phenotype, the recombination frequency would be
7.5 x 1072, which is almost 5 orders of magnitude higher
than the frequency determined experimentally. This dis-
crepancy can be explained if we consider that: (i) there is
a decrease in cell viability after kanamycin exposure, (ii)
more than one recombined plasmid per cell is required to
give the resistance phenotype and (iii) there is competi-
tion between recombined and parental plasmids. In the
presence of kanamycin, protein synthesis is inhibited,
reducing the cell metabolism to a minimum or even
halting it altogether, with the consequent cell death. Only
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Fig. 5 Time-course evolution of recombined pClneo in DH5u cells
grown in LB liquid medium supplemented with 100 pg/mL ampicillin
(open triangles) or 30 pg/mL kanamycin (open squares). The number
of recombined molecules was determined by quantitative real-time
PCR. Error bars represent standard deviations of at least three
independent measures

cells that have a high enough copy number of recombined
plasmids are able to express aminoglycoside phospho-
transferase, survive and multiply to form a detectable
colony. Nevertheless, the stable number of recombined
plasmids in cells grown without the selective pressure is
in agreement with previous studies relating to the estab-
lishment of a recombinant plasmid and its ability to
overcome the inhibitory effect of the parental plasmid
[30]. Because recombinant plasmids give a competitive
advantage to cells, when growth was conducted under
selective pressure, the number of recombined molecules
reached a maximum of 3.0 x 107 per 2 x 10° cells in the
same period of time (Fig. 5).

Conclusions

Upon the development of an effective plasmid-based bio-
pharmaceutical, the nature of the extra-functional genes
represents a safety concern regarding plasmid stability. In
this work, we have found an approximate constant number
of 1.5 x 10* recombined molecules dispersed in a popu-
lation of 2 x 10° cells due to the presence of two 28 bp
direct repeats in the plasmid vectors under study. Such a
perceptible number (0.02%) of pre-existing recombined
pDNA molecules poses an obvious safety concern. More-
over, when conducting a large-scale fermentation process,
the occurrence of nutrient or oxygen limitations due to high
cell densities might, exacerbate mutational events in those
plasmids which harbour instability regions. Furthermore,
this type of recombination appears to be enhanced in
JMI109(DE3), a bacterial strain engineered for protein
production. This raises new concerns about plasmid insta-
bility when plasmid vectors are designed as T7 promoter-
based expression plasmids.
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A BLAST against the NCBI nucleotide databases using
the 28 bp sequence of pClneo revealed full identity with
regions present in several well-known expression and
cloning vectors. This 28 bp sequence was found to be
present as a single copy in vectors like pCI and pSI, often
used as backbones for vaccine development. But, in some
expression and cloning plasmids (e.g. pTarget, pALTER,
pBIND and pACT), this sequence was found to be repeated
and, therefore, might pose a concern in terms of instability.
The vector pUNIV (pClneo derivative) has recently been
used for protein expression in mammalian cells and
Xenopus sp. [31], pRIG1 (pTarget derivative) used for
creation of genome-wide protein expression libraries [32],
while pALTER and pClneo have been recently used as
backbones for the development of DNA vaccines against
bursal disease virus [33] and leishmaniasis [34],
respectively.

It is therefore vital to carefully analyse the plasmid
sequence in order to unveil the presence of small popula-
tions of unwanted plasmid molecules. In the absence of this
control, there is a risk that the use of therapeutic DNA for
non-viral gene therapy or DNA vaccination could lead to
the injection of numerous undetectable mutated plasmids
with unknown biological properties.
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