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The treatment of infections caused by antibiotic-resistant bacteria is one of the great challenges faced by clinicians in the 21st
century. Antibiotic resistance genes are often transferred between bacteria by mobile genetic vectors called plasmids. It is com-
monly believed that removal of antibiotic pressure will reduce the numbers of antibiotic-resistant bacteria due to the perception
that carriage of resistance imposes a fitness cost on the bacterium. This study investigated the ability of the plasmid pCT, a glob-
ally distributed plasmid that carries an extended-spectrum-{3-lactamase (ESBL) resistance gene (blacrx_n.14)> to persist and dis-
seminate in the absence of antibiotic pressure. We investigated key attributes in plasmid success, including conjugation frequen-
cies, bacterial-host growth rates, ability to cause infection, and impact on the fitness of host strains. We also determined the
contribution of the blarx_n.14 gene itself to the biology of the plasmid and host bacterium. Carriage of pCT was found to im-
pose no detectable fitness cost on various bacterial hosts. An absence of antibiotic pressure and inactivation of the antibiotic re-
sistance gene also had no effect on plasmid persistence, conjugation frequency, or bacterial-host biology. In conclusion, plas-
mids such as pCT have evolved to impose little impact on host strains. Therefore, the persistence of antibiotic resistance genes
and their vectors is to be expected in the absence of antibiotic selective pressure regardless of antibiotic stewardship. Other
means to reduce plasmid stability are needed to prevent the persistence of these vectors and the antibiotic resistance genes they

carry.

Modern medicine relies on the action of antibiotics to treat
and provide prophylactic cover against bacterial infections.
Unfortunately, our ability to treat infections has been compro-
mised by the acquisition of resistance to antibiotics by all major
pathogenic bacteria. The recent emergence and rapid dissemina-
tion of genes that confer resistance to third-generation cephalo-
sporins and last-resort carbapenems (e.g., CITX-M and NDM-1
B-lactamases, respectively) has been mediated by highly transmis-
sible elements called plasmids (17, 25, 27). The successful spread
of such plasmids is often attributed to selective pressure resulting
from extensive use of antibiotics in clinical and veterinary medi-
cine (8). Experiments in the 1970s showed that the removal of
antibiotic pressure resulted in a corresponding loss of plasmids
from bacterial cells (2). These findings suggested that cessation of
antibiotic use would result in loss of the corresponding resistance
genes/vectors from bacterial populations, and many public health
policies are predicated on a reduction of antibiotic use. However,
the extent to which antibiotic resistance genes are carried and
spread in the absence of antimicrobial selective pressure is not
clear. A systematic review of antimicrobial-cycling studies con-
cluded there was insufficient evidence to correlate a fall in resis-
tance with cessation of antibiotic use, and a recent prospective
study of the carriage of resistance genes in animals found high
levels of resistance to tetracycline and tylosin in an environment
where no antibiotics had been used for 2.5 years, covering multi-
ple generations of livestock (5, 21). Lenski et al. showed that after
a period of coevolution, expression of a tetracycline resistance
gene by plasmid pACYC184 actually conferred a fitness benefit on
the host bacterium, indicating a role for a resistance gene in plas-
mid success (18). Recent advances in DNA-sequencing capability
have revealed the ubiquitous nature of plasmids, which are resi-
dent within almost all sequenced bacteria. This complement of
plasmids includes significant numbers with no antibiotic resis-
tance genes (15). We explored the factors that underpin the spread
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and persistence of antibiotic resistance and examined the para-
digm that plasmids carrying antibiotic resistance genes will be lost
in the absence of antibiotic selective pressure. To do this, we in-
vestigated the fitness costs associated with carriage of a fully se-
quenced, globally successful, natural IncK plasmid (pCT) found
in bacteria isolated from humans and animals (6, 9, 24). Further-
more, we also investigated the role of the only antibiotic resistance
gene (blacrx_n.14) o0 the plasmid in its ability to persist and dis-
seminate.

MATERIALS AND METHODS

Bacterial strains and plasmids. Plasmid pCT (GenBank accession num-
ber F868832.1) was chosen as an archetype for our study, as it encodes a
clinically relevant extended-spectrum B-lactamase (ESBL) (6). It carries a
single antibiotic resistance gene, blacx .14 Cefotaxime (8 pg/ml) was
added to all media for selection and maintenance of pCT. Except for
Escherichia coli SW102 (grown at 32°C or 42°C), all bacterial strains were
cultured at 37°C with aeration in Luria-Bertani (LB) broth or on LB agar
containing appropriate antibiotics. For growth of a mutant lacking
blacrx g (PCT2, blacryx niq4:aph), kanamycin (50 pg/ml) was added
to the culture media. Plasmid DNA was harvested using a Qiagen large-
construct kit (Qiagen, United Kingdom). Plasmid pCT was transformed
into a recombineering E. coli strain (SW102) (20, 23) and selected on LB
agar containing cefotaxime (8 pg/ml) to create strain SW102 pCT.

The strains used in this study were E. coli SW102 [\cI857indI (cro-
bioA)<>tetRA] AgalK, E. coli]-53 (NCTC 50167; K-12 pro meth rpoB), E.
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coli 3950 (an original host strain of pCT from which pCT had been pre-
viously removed), and Salmonella enterica serovar Typhimurium SL1344
(NCTC 13347; hisG46 rpsL).

Inactivation of blacyx .14 00 pCT. To inactivate blacry y14 PCT
was transformed into E. coli SW102. Primers to amplify the kanamycin
resistance gene aph from pKD4 (7) had 20 bp of homology to the template
DNA and 40 bp of sequence homology to blarx_y.14 (5'-TTTATGCGC
AGACGAGTGCGGTGCAGCAAAAGCTGGCGGCGTGTAGGCTGGA
GCTGCTTC-3" and 5'"CGGCCAGATCACCGCAATATCATTGGTGGT
GCCGTAGTCGGGGAATTAGCCATGGTCCAT-3"). Inactivation of
blacrx.a.14 Was done via a modification of the method of Datsenko and
Wanner (7), which adapts the method for inactivation of chromosomal
genes to target plasmid locations (unpublished data). The resulting mu-
tant pCT, in which blacx .14 had been inactivated, was named pCT2.
Strains containing pCT2 were examined for the production of 3-lactama-
ses using nitrocefin. PCR was also used to amplify the region across the
deletion/insertion site using primers CTX-M-Group 9 F (5'-ATGGTGA
CAAAGAGAGTGCAAC-3') and CTX-M-Group 9 R (5'-TTACAGCCC
TTCGGCGATG-3'), and amplimers were sequenced to confirm the
recombination. The susceptibilities of strains containing pCT and
PCT2 (blacrx am.14::aph) to antibiotics were determined on three sep-
arate occasions by the standardized agar doubling-dilution method
following the recommendations of the British Society for Antimicro-
bial Chemotherapy (3).

Impact of carriage of pCT or pCT2 on host bacteria. The impact of
carriage of pCT or pCT2 on the growth of the host bacterium was deter-
mined by monitoring the optical density of bacterial cultures at a wave-
length of 600 nm in LB broth in a Fluostar Optima (BMG Labtech, United
Kingdom) as previously described (26). In addition, serial dilution and
viable counting were used to verify absorbance changes, and cells carrying
each plasmid were examined microscopically to check that no gross mor-
phological changes had occurred. The abilities of host bacterial strains
carrying pCT or pCT?2 to cause infection were measured by determining
the rate of killing in the Caenorhabditis elegans model. Bristol N2 C. el-
egans was cultured using standard methods at 20°C (13). Bacterial killing
assays were conducted as previously described (1, 4), with 60 larval stage 4
(L-4) animals used on three separate occasions for each bacterial strain. A
Kaplan-Meier estimate was used to determine the probability of C. elegans
survival over time. Survival curves were then generated and compared
using the log rank test and chi-square analysis to establish whether any
difference between two curves was statistically significant.

Effect of antibiotic resistance on plasmid persistence and transfer.
Plasmid persistence was measured by determining the viable counts every
2 h for 12 h. At the 12-, 24-, and 48-h time points, 100 pl of culture was
used to inoculate 100 ml of fresh prewarmed (37°C) LB broth, and further
viable counts were taken at 24 and 48 h. The plates containing between 20
and 200 colonies were replica plated using sterile velveteen squares onto
agar plates containing either 8 g/ml of cefotaxime (to identify colonies
containing pCT) or 50 g/ml kanamycin (to identify colonies containing
PCT2 [blacrx p.14::aph]). Colonies were also replica plated onto antibi-
otic-free agar. Colonies growing on the antibiotic-free plate but not on the
antibiotic-containing plates indicated the proportion of bacteria that had
lost the plasmid and the percent loss of plasmids from isogenic cultures
over time.

To determine whether inactivation of the (3-lactamase gene on pCT
impacted the ability of the plasmid to persist in vitro, pairwise competition
assays were also used. Cultures at a 1:1 ratio were incubated for 24 h at
37°C, and viable counts were determined at the start of the experiment
and at 2-h intervals for 12 h and then at 24 and 48 h. In addition, the mixed
culture was used to inoculate fresh broth, and viable counts at hours 12
and 24 were determined over time. Agar plates with 20 to 200 colonies
were replica plated as described above. The competition index to measure
fitness costs imposed by carriage of each plasmid per generation was de-
finedas 1 + ([log,,A] — [log,, Bl/number of generations), where A is the
fraction of the total population carrying one plasmid at the end of the
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assay and B is the fraction of the total population carrying the same plas-
mid at the beginning of the assay (22). This experiment was carried out on
three separate occasions.

Another component of plasmid “fitness” examined was the ability of
plasmids to transfer to new recipient bacteria. To determine whether in-
activation of the B-lactamase gene on pCT affected transfer, the pCT and
pCT2 conjugation frequencies were measured from the donor strain E.
coli DH5a to the recipient strains E. coli ]53-2, E. coli 3950, and Salmonella
Typhimurium SL1344. Conjugation was measured on a filter and LB
broth after 3 h of mating, as previously described (12). Conjugation fre-
quencies were measured a minimum of three times and calculated using
the following formula (19): conjugation frequency = median number of
transconjugants/(median number of recipients X initial viable-count ra-
tio of donor to recipient cells). Unpaired Student’s ¢ tests were used to
determine whether the values differed significantly (a P value of less than
0.05).

RESULTS

Inactivation of the antibiotic resistance gene blacrx p. 4 ON
PCT. To define any role that an antibiotic resistance gene may
have in plasmid and bacterial-host fitness, the gene must be inac-
tivated. Conventional gene inactivation methods were ineffective
because of a low efficiency of cointroduction of target plasmids
and integration cassettes and the requirement for cohabitation of
multiple plasmids encoding the necessary recombination machin-
ery. The maintenance and selection of multiple replicons is also
challenging due to a limited number of selective markers available.
Therefore, we developed a novel protocol for insertional inactiva-
tion of specific genes located on plasmids (unpublished data).
Plasmid analysis and DNA sequencing confirmed the inactivation
of the blacrx_n.14 gene of pCT and the removal of 606 bp of DNA,
including the region encoding the CTX-M-14 active site, and re-
placement with the aph gene conferring kanamycin resistance.
This gave plasmid pCT2 (blacrxwm.14::aph). To prevent any fur-
ther recombination events, pCT2 was extracted from SW102 and
transformed into E. coli DH5a.. The MIC of cefotaxime for E. coli
DH5a/pCT2 (blacrx p_14::aph) was 0.03 pg/ml compared with 16
pg/ml for E. coli DH50/pCT, and no {3-lactamase activity was
detectable with nitrocefin for strains carrying pCT2 (blacrx_a.14t:
aph).

The addition of pCT and pCT2 has no impact on bacterial-
host growth or virulence. pCT and pCT2 were transferred by
conjugation into three hosts: E. coli ]53-2, E. coli 3950, and S.
enterica serovar Typhimurium SL1344. There were no significant
differences in the growth rates of each bacterial host with or with-
out wild-type pCT or pCT2 (blacrxp14::aph) (Table 1). These
data show the aph gene had no effect on the host growth rate.
There was also no difference in the ability of the host strain with or
without pCT or pCT2 to cause infection over 10 days in the C.
elegans virulence model (Fig. 1), with no statistically significant
difference in the rates of killing between S. Typhimurium SL1344
carrying pCT or pCT2 (P = 0.2059). SL1344 was able to kill 50%
of the population within 4 days regardless of plasmid carriage (all
uninfected worms survived for the whole duration of the experi-
ment). The abilities of S. Typhimurium SL1344 carrying either
plasmid to adhere to and invade human intestinal cells also were
not different (data not shown).

Carriage of pCT imposes no detectable fitness cost on the
host. When directly competed against a plasmid-free counterpart,
neither plasmid impaired or enhanced host fitness, suggesting lit-
tle or no fitness burden on the host cell (competition index of E.
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TABLE 1 Conjugation frequencies and generation times

Antibiotic Pressure Not Required for Plasmid Stability

Frequency of Generation
Condition Recipient Plasmid transfer SD P value® time (min) SD P value®
Filter J53-2° pCT 1.70 X 107 1.41 X 1072
pCT2 3.40 X 10° 228 X 1072 0.226
3950° pCT 6.12 X 10° 1.27 X 107°
pCT2 8.71 X 10° 6.86 X 10°° 0.555
SL1344" pCT 5.95 X 10° 539 X 107
pCT2 2.27 X 10° 9.34 X 10°° 0.033
Broth J53-2 None 63.5 4.7
pCT 7.28 X 10° 6.14 X 107° 67.1 3.8
pCT2 2.59 X 10* 329X 1074 0.309 63.3 5.8 0.95
3950 None 64.7 2.1
pCT 1.394 X 10° 1.52 X 107* 68.7 5.5
pCT2 3.14 X 10* 5.08 X 107 0.177 69.2 5.1 0.39
SL1344 None 94.1 6.0
pCT 5.25 X 10° 5.92 X 10°° 95.2 11.7
pCT2 2.50 X 10° 1.98 X 107 0.179 100.7 9.8 0.28

“ The P values compare the significances of values between data from strains carrying pCT and pCT2.
b Recipient strains included E. coli J-53, a common laboratory plasmid host, E. coli 3950 the original parent of pCT and Salmonella Typhimurium SL1344, a wild type of another

species.

coli DH5a pCT = 0.99829, P = 0.359, when competed against E.
coli DH5a without a plasmid). Furthermore, when host bacteria
containing pCT or pCT2 were competed in a 1:1 ratio in vitro,
neither plasmid had a significant fitness advantage or disadvan-
tage in the presence of the other (Fig. 2) (competition index of E.
coli DH5a pCT2 = 1.001, P = 0.477, when competed against E.
coli DH5a pCT).

PCT is persistent in the absence of antibiotic pressure, and
the blacrx.m.14 gene has no impact on persistence or plasmid
transfer rates. To determine the effect of the antibiotic resistance
gene on plasmid transfer, the conjugation frequencies of pCT and
pCT2 from the donor E. coli strain DH5a to three recipient host
strains were measured on a solid surface with the use of a filter and
in liquid media. Both plasmids were able to conjugate from E. coli
DH5a to all the tested recipients, and there was no difference
between the transfer rates of pCT and pCT2 to any host. Conju-
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FIG 1 Survival of C. elegans after infection with S. Typhimurium SL1344 without
a plasmid. S. Typhimurium SL1344, solid lines; S. Typhimurium SL1344 pCT,
lines with circles; S. Typhimurium SL1344 pCT2 (blacrx_a14::aph), lines with
squares.
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gation into E. coli J-53 occurred at a higher frequency than into
other strains (Table 1).

pCT and pCT?2 also persisted in vitro for ~70 generations in all
daughter cells of the four bacterial host strains in the absence of
antibiotic pressure. These data indicate that the lack of blacrx_a14
(pCT2) had no effect on plasmid maintenance in the absence of
selective antibiotic pressure under these experimental conditions.

DISCUSSION

Here, we have shown that a natural, globally distributed ESBL-
carrying plasmid (pCT) is able to successfully persist and spread in
the absence of antibiotic selective pressure and that the plasmid
confers little or no fitness burden on the bacterial host strains
tested. We have also shown that disruption of the only antibiotic
resistance gene on plasmid pCT had no significant effect on any of
the basic bacterial-host and plasmid biological factors tested and
did not impair plasmid fitness when directly competed with the
wild-type plasmid in vitro. These data indicate that the antibiotic
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FIG 2 Pairwise in vitro competition showing the proportion of each plasmid
present as a percentage at each time point. The white proportion of each bar
represents E. coli DH5a pCT; the solid portions represent E. coli DH5a pCT2.
The error bars indicate 1 standard deviation for each sample.
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resistance gene may not be the sole driver responsible for the evo-
lutionary success or worldwide spread of this epidemic plasmid.
The use of antimicrobials both clinically and in veterinary medi-
cine has been considered to have led to the increased prevalence of
antibiotic-resistant bacteria and resistance genes worldwide (8,
10, 25). While the antibiotic resistance gene on pCT ensures plas-
mid persistence in the presence of many commonly used B-lac-
tams, the extent to which antibiotic selective pressure has led to
the persistence of plasmids such as pCT once the resistance gene
has been stably incorporated within the plasmid genome is not
known. Previous literature has assumed that the presence of anti-
biotic resistance genes has driven the evolution and spread of nat-
urally occurring plasmids such as pCT; however, our study chal-
lenges this dogma and suggests that natural plasmids are well
adapted to spread and persist in the absence of antimicrobial se-
lection, which is likely to be an intermittent pressure.

These results predict that both plasmids and the antibiotic re-
sistance genes they carry will persist once established in bacterial
populations. Persistence occurs regardless of antibiotic adminis-
tration or stewardship, although antibiotic pressure provokes an
amplification of resistance plasmids from a wider reservoir. It may
be that the persistence of these antibiotic resistance vectors in the
absence of selective pressure is the reason why the various strate-
gies to remove resistant strains, such as by antibiotic “cycling,”
have been largely ineffective (16). We found no cost associated
with carriage of blacrx .14 In this study; either the gene has no
intrinsic fitness cost or pCT carries a factor(s) that ameliorates the
impact on the cell, as has previously been described for blacyy_, in
Salmonella (14). Highly persistent and transmissible plasmids
have an advantage in the face of host strain evolution, where plas-
mids with a limited transfer ability may be lost if their host is
displaced (11). Our data are based on laboratory models, with all
the associated caveats and limitations; however, our data suggest
that future treatment regimes and antibiotic stewardship policies
should consider the persistent nature of both antibiotic resistance
genes and the vectors that carry them. A better understanding of
the key components of successful vectors is vital to devising strat-
egies to prevent and minimize plasmid spread.
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