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Plasmids play a key role in the horizontal spread of antibiotic resistance determinants among bacterial pathogens. When an anti-
biotic resistance plasmid arrives in a new bacterial host, it produces a fitness cost, causing a competitive disadvantage for the
plasmid-bearing bacterium in the absence of antibiotics. On the other hand, in the presence of antibiotics, the plasmid promotes
the survival of the clone. The adaptations experienced by plasmid and bacterium in the presence of antibiotics during the first
generations of coexistence will be crucial for the progress of the infection and the maintenance of plasmid-mediated resistance
once the treatment is over. Here we developed a model system using the human pathogen Haemophilus influenzae carrying the
small plasmid pB1000 conferring resistance to �-lactam antibiotics to investigate host and plasmid adaptations in the course of a
simulated ampicillin therapy. Our results proved that plasmid-bearing clones compensated for the fitness disadvantage during
the first 100 generations of plasmid-host adaptation. In addition, ampicillin treatment was associated with an increase in pB1000
copy number. The augmentation in both bacterial fitness and plasmid copy number gave rise to H. influenzae populations with
higher ampicillin resistance levels. In conclusion, we show here that the modulations in bacterial fitness and plasmid copy num-
ber help a plasmid-bearing bacterium to adapt during antibiotic therapy, promoting both the survival of the host and the spread
of the plasmid.

Antibiotic resistance in pathogenic bacteria is currently one of
the most pressing problems in public health. Resistant bacte-

ria produce infections that are difficult to clear, raising the mor-
tality rates and economic costs associated with them (1, 2). Plas-
mids can disseminate resistance determinants through horizontal
gene transfer, playing a key role in the acquisition of antimicrobial
resistance by pathogenic bacteria (3, 4). The carriage of plasmids,
however, entails a fitness cost to the bacterial host (5), imposing
negative selection for a plasmid-bearing clone in the absence of
antibiotics. Previous studies have analyzed how bacteria compen-
sate for the cost produced by plasmids in the long term (6, 7).
However, little information is available regarding the adaptations
experienced by bacterium and plasmid during short periods of
time (8). An antibiotic treatment selects the clones carrying a re-
sistance plasmid and gives them the opportunity to evolve during
a short period of time in a competition-free environment, due to
the death of antibiotic-susceptible clones. The adaptations in both
the antibiotic resistance level and the fitness cost produced by the
plasmid will determine the fate of the plasmid-bearing clones dur-
ing and after the antibiotic treatment.

In this work, we investigated the short-term evolution of plas-
mid-mediated antibiotic resistance using Haemophilus influenzae,
an important human pathogen producing otitis, pneumonia, and
meningitis (9). We developed a model system using H. influenzae
strain Rd KW20 (Rd) transformed with the small plasmid pB1000
(Rd/pB1000) to analyze the modifications undergone by bacte-
rium and plasmid in the presence of antibiotics. pB1000 is a small
ColE1-type plasmid carrying the blaROB-1 �-lactamase gene and
conferring resistance to aminopenicillins (10). ColE1-type plas-
mids belong to the MOBP5 family of mobilizable plasmids (11)
and have increasing relevance as antibiotic resistance carriers in
the bacterial families Enterobacteriaceae and Pasteurellaceae (10,
12–22). pB1000 has been described in a wide range of members of

the Pasteurellaceae family, including animal pathogens such as
Pasteurella multocida and Haemophilus parasuis, as well as in hu-
man clinical isolates of H. influenzae in Spain, Italy, the United
States, and Australia (10, 17–20).

Using experimental evolution, we simulated an antibiotic
treatment and investigated the adaptations undergone by plasmid
and host in the model system Rd/pB1000. Specifically, we mea-
sured (i) the evolution of bacterial fitness, (ii) the effects of the
antibiotic on plasmid copy number, and (iii) the fluctuations in
the antibiotic resistance level over time. We show here that the
modifications in the fitness of the host bacterium and in the plas-
mid copy number contribute to an augmentation of the antibiotic
resistance phenotype of Rd/pB1000.

Received 29 January 2015 Returned for modification 23 February 2015
Accepted 16 March 2015

Accepted manuscript posted online 30 March 2015

Citation San Millan A, Santos-Lopez A, Ortega-Huedo R, Bernabe-Balas C, Kennedy
SP, Gonzalez-Zorn B. 2015. Small-plasmid-mediated antibiotic resistance is
enhanced by increases in plasmid copy number and bacterial fitness. Antimicrob
Agents Chemother 59:3335–3341.
doi:10.1128/AAC.00235-15.

Address correspondence to Bruno Gonzalez-Zorn, bgzorn@ucm.es, or Alvaro San
Millan, alvaro.sanmillan@zoo.ox.ac.uk.

* Present address: Alvaro San Millan, Department of Zoology, University of Oxford,
Oxford, United Kingdom; Sean P. Kennedy, Biomics Pole, Center For Innovation
and Technological Research, Institut Pasteur, Paris, France.

A.S.M. and A.S.-L. contributed equally to this article.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AAC.00235-15.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.00235-15

June 2015 Volume 59 Number 6 aac.asm.org 3335Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1128/AAC.00235-15
http://dx.doi.org/10.1128/AAC.00235-15
http://dx.doi.org/10.1128/AAC.00235-15
http://dx.doi.org/10.1128/AAC.00235-15
http://aac.asm.org


MATERIALS AND METHODS
Bacterial strains, culture conditions, and antibiotic susceptibility de-
termination. H. influenzae Rd was transformed by electroporation with
pB1000 from P. multocida BB1038 (17) as previously described (18) using
a Gene Pulser apparatus (Bio-Rad, USA). Rd and Rd/pB1000 were cul-
tured on chocolate agar PolyViteX plates (bioMérieux, France) and in
Haemophilus test medium (HTM) broth (Francisco Soria Melguizo, S.A.,
Spain) with shaking at 125 rpm at 37°C under microaerophilic conditions
(5% CO2). A detailed description of the populations analyzed during the
experimental evolution assay is provided in Table 1. We determined the
stability of plasmid pB1000 in H. influenzae Rd by propagating five pop-
ulations of Rd/pB1000 in HTM for 200 generations, plating serial dilu-
tions of the final cultures, and replica plating a total of 100 colonies on
chocolate agar plates containing 100 mg/liter of ampicillin. The presence
of pB1000 was confirmed by PCR in a subset of 20 of those colonies (18).
The MICs of the antibiotics tested were determined in HTM using the
broth microdilution method according to the CLSI guidelines (23). We
used H. influenzae ATCC 49247 and ATCC 49766 as control strains to
determine the resistance levels of parental strains H. influenzae Rd KW20
and H. influenzae Rd KW20/pB1000. In the subsequent MIC determina-
tions, we used H. influenzae Rd KW20 and H. influenzae Rd KW20/
pB1000 as control strains. To obtain a good discrimination of the MIC
differences among populations, we used 2-fold-increasing concentrations
of ampicillin from 0.125 to 256 mg/liter and then we increased the con-
centration by 256 mg/liter in each following dilution up to 4,096 mg/liter.
Antibiotics were provided by Sigma (Sigma-Aldrich, United Kingdom).

Fitness determination. The fitness cost of plasmid pB1000 was deter-
mined by competition experiments between H. influenzae Rd KW20 and
H. influenzae Rd KW20/pB1000 in HTM medium in three independent
experiments. Strains were grown for 16 h at 37°C and 5% CO2 in HTM,
and then 106 CFU of H. influenzae Rd were mixed with 106 CFU of H.
influenzae Rd/pB1000 in 2 ml of HTM. The mix was grown at 37°C, 5%
CO2, and 125 rpm for 24 h, and 106 CFU were transferred to 2 ml of fresh
HTM every 24 h (1/1,000 dilution) for 6 days. Samples were taken at time
zero and every 24 h over 6 days. For each sample, aliquots were plated on
nonselective chocolate agar, and the proportion of resistant colonies was
deduced by replica plating of 50 to 100 colonies on chocolate agar plates
containing 100 mg/liter of ampicillin. The competition index (CI) was
calculated every day as the ratio between the CFU of the resistant and
susceptible strains at t1 divided by the same ratio at t0 (24). The selection
coefficient, s, was calculated as the slope of the linear regression model s �
ln(CI)/t, where time (t) was measured in bacterial generations, calculated
as the log2 of the dilution factor (25). The relative fitness (w) was calcu-
lated with the formula w � 1 � s. Competition experiments were done in
triplicate, and the selection coefficient per generation was calculated as the
average s from the three independent experiments. The selection coeffi-
cient estimates the difference between the relative fitnesses of the two
competitors over the entire competition experiment. For the determina-
tion of the fitness of evolving populations, Rd/pB1000 lines were com-

peted against the parental Rd strain and Rd parental strain and evolved
lines were competed against Rd/pB1000 using the same conditions de-
scribed above. The fitness for each evolving line was calculated relative to
the parental Rd strain.

Determination of plasmid copy numbers. The copy numbers of plas-
mids were determined essentially as described by San Millan et al. (26).
Quantitative PCR (qPCR) was performed using a My iQ single-color real-
time PCR detection system (Bio-Rad, USA). The original pB1000 copy
number in Rd was determined by qPCR (in triplicate) from three inde-
pendent DNA extractions. To analyze the average plasmid copy numbers
per cell in the different populations, DNA extractions were done for each
evolving population and qPCR was performed for each extraction in trip-
licate. DNA extractions were performed from 2 ml of HTM broth cultures
at an optical density at 600 nm (OD600) of approximately 0.9 and using a
QIAamp DNA minikit (Qiagen, USA). DNA was quantified using an Ep-
pendorf BioPhotometer (Eppendorf, Germany). Restriction enzyme-di-
gested total DNA is a better template source than nondigested total DNA
for plasmid quantification by qPCR (27). Linearizing the plasmids in-
creases accessibility to plasmid DNA template, preventing copy number
from being underestimated (27). Therefore, 1 �g of DNA from each sam-
ple was digested using 20 units of PstI (TaKaRa, Japan) for 2 h at 37°C. PstI
was inactivated at 60°C for 15 min. No PstI targets are present in the
amplification products. We developed a specific qPCR for the plasmid-
carried blaROB-1 gene (primers CCAATTTCTGTTCATTCGGTAAC [for-
ward] and CATAAGCAAAGCGTTCATCTG [reverse]; amplicon size,
195; efficiency, 98.2%; r2 � 0.999) and the monocopy chromosomal gene
rpoB (primers TTGGTTTGTCATAGATATTC [forward] and AATGATG
AGCGATTTATTC [reverse]; amplicon size, 199; efficiency, 98.7%; r2 �
0.999) to compare the ratio of plasmid and chromosomal DNAs. The
efficiency of the reactions was calculated from the standard curve gener-
ated by performing qPCR with five 8-fold dilutions of template DNAs in
triplicate (working range of DNA concentration, �0.2 ng/�l to 50 fg/�l).
We performed the qPCRs using the Bio-Rad iQ SYBR green Supermix
(Bio-Rad, USA) at a final DNA concentration of 10 pg/�l. The amplifica-
tion conditions were as follows: initial denaturation for 10 min at 94°C,
followed by 30 cycles of denaturation for 1 min at 94°C, annealing for 1
min at 58.7°C (blaROB-1) or 52°C (rpoB), and extension for 1 min at 72°C.
Interrun calibration samples were used to normalize the results from dif-
ferent plates of each qPCR. To calculate the copy number of plasmid per
chromosome we used the formula cn � [(1 � Ec)

CTc/(1 � Ep)CTp] �
(Sc/Sp), where cn is the plasmid copy number per chromosome, Sc and Sp

are the sizes of the chromosomal and plasmid amplicons (in base pairs),
respectively, Ec and Ep are the efficiencies of the chromosomal and plas-
mid qPCRs (relative to 1), respectively, and CTc and CTp are the threshold
cycles of the chromosomal and plasmid reactions, respectively.

Next-generation sequencing. We performed deep sequencing on
DNA samples from populations using a SOLiD v4 sequencer (Life Tech-
nologies, USA). Fragment libraries were generated following the standard
protocol. Briefly, 3 �g total bacterial DNA for each isolate was sonicated to
yield fragments of approximately 200 bp. Fragments were end repaired
and barcoded using the provided Library Builder kit (product number
4463762; Life Technologies, USA) and the associated Library Builder ro-
bot (product number 4463592; Life Technologies, USA). Paired-end (PE)
reads of 75 bp plus 35 bp were generated for each library; �10 million
reads were able to be mapped to the parental genome reference in all cases,
correlating with at least 300� average coverage. The LifeScope genomic
analysis software v2.5.1 (Life Technologies, USA) was used for mutation
detection and single-nucleotide polymorphism (SNP) calling.

Statistical analysis. Analyses were performed using R (version 2.14.1).
The influence of the plasmid copy number and bacterial fitness on the
antibiotic resistance levels of the different lines was analyzed by fitting a
linear mixed-effects model using the lmer function of the lme4 package of
the R statistical software package (R 2.14.1; http://www.r-project.org/).
Fitness and plasmids were treated as continuous explanatory variables and
MIC as a response. The time points (days 10 and 20) and the different lines

TABLE 1 Populations analyzed in this study

Populationa Population evolved from Daysb

Presence of
ampicillin

Rd-10 Rd 10 No
Rd/pB1000-10 Rd/pB1000 10 No
Rd/pB1000A-10 Rd/pB1000 10 Yes
Rd-20 Rd-10 10 (20) No
Rd/pB1000-20 Rd/pB1000-10 10 (20) No
Rd/pB1000A-20 Rd/pB1000A-10 10 (20) No
Rd-20/pB1000 Rd-20 (transformed with pB1000) NAc NA
a There were five replicates per population.
b Numbers in parentheses represent the accumulated days of evolution from the
original parental strain Rd or Rd/pB1000.
c NA, not applicable.
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(5 per treatment) were included as random factors to correct for the non-
independence of data from the same line or time point. Significance was
assessed with the chi-square test and model fit checked by visual inspec-
tion of the residuals. Model parameters were estimated with restricted
maximum-likelihood methods (28).

RESULTS AND DISCUSSION
Experimental design. H. influenzae Rd was transformed with the
plasmid pB1000 (17). Plasmid pB1000 presented high stability in
H. influenzae Rd; after 200 generations of antibiotic-free culture,
all the clones tested maintained the plasmid. To analyze the po-
tential plasmid-bacterium adaptation during an antibiotic treat-
ment we established the following experimental design (see Fig. S1
in the supplemental material). Five replicate populations of Rd/
pB1000 (here called populations Rd/pB1000A) were evolved in-
dependently in an experiment with two different stages (Table 1;
see Fig. S1 in the supplemental material). Stage one emulated a
10-day antibiotic therapy: populations Rd/pB1000A were propa-
gated for 10 days with a daily transfer using a dilution factor of
1,000 (approximately 10 generations per day) with 64 mg/liter of
ampicillin. This corresponds to 1/8 of the Rd/pB1000 MIC, and it
is similar to the peak concentration achieved in patients under
standard ampicillin dosing regimens (29, 30). In stage two, we
investigated readaptation to a nonselective scenario, propagating
the populations for 10 further days in the absence of antibiotic
pressure.

We conducted two different control experiments: (i) to analyze
the influence of ampicillin in Rd/pB1000 evolution, we propa-
gated five replicate populations of this strain in the absence of
ampicillin for 20 days (populations Rd/pB1000) (Table 1; see Fig.
S1 in the supplemental material), and (ii) to determine the influ-
ence of pB1000 in the evolution of H. influenzae Rd, we propa-
gated five populations of plasmid-free Rd strain in the absence of
antibiotic pressure for 20 days (populations Rd) (Table 1; see Fig.

S1 in the supplemental material). We measured three parameters
at the beginning of the experiment and at days 10 and 20 for every
population: (i) bacterial fitness, (ii) ampicillin resistance level, and
(iii) plasmid copy number (average number of plasmids per bac-
terial chromosome in the population).

Evolution of bacterial fitness. We measured the fitness cost
produced by pB1000 in Rd using competition experiments be-
tween Rd and Rd/pB1000 without antibiotics. The fitness of Rd/
pB1000 was calculated using the selection coefficient relative to
the parental H. influenzae Rd (s) (see Materials and Methods).
Plasmid pB1000 produced a decrease in fitness of 5.67% (s �
	0.056; standard deviation [SD] � 0.0038) under our experi-
mental conditions. Next, we estimated the fitness of each popula-
tion at days 10 and 20. One important question was to be answered
with these experiments: will Rd/pB1000 fitness increase fast
enough during the simulated antibiotic therapy to overcome the
cost entailed by the plasmid? In Fig. 1 we present the relative fit-
ness values in the different populations throughout the experi-
ment. We observed an increase in relative fitness over time in the
three treatments (Rd, Rd/pB1000, and Rd/pB1000A). Interest-
ingly, the initial difference in fitness due to pB1000 disappeared
after the first 10 days of the experiment, as indicated by the ab-
sence of differences in fitness among the Rd, Rd/pB1000, and Rd/
pB1000A populations (by analysis of variance [ANOVA], P �
0.377, F � 0.837, and df � 1, 13). At day 20 there were still no
differences in relative fitness between the plasmid-free popula-
tions and Rd/pB1000A populations (by the two-sample t test, P �
0.114, t � 1.81, and df � 6.9). The plasmid-bearing populations
evolved without ampicillin for 20 days showed lower fitness than
the plasmid-free populations evolved under the same conditions
(two-sample t test, P � 0.013, t � 3.21, and df � 8).

H. influenzae Rd was able to overcome the fitness cost imposed
by pB1000 in only 10 days, and, in the populations treated with

FIG 1 Fitness of the evolving populations. Relative fitnesses of the different populations compared to that of the plasmid-free ancestor H. influenzae Rd KW20
(mean 
 standard error of the mean [SEM]) are shown. The red dashed line represents the fitness of the parental H. influenzae Rd KW20 carrying plasmid pB1000
(Rd/pB1000). The green bars represent the relative fitnesses of the five Rd/pB1000 populations propagated in the absence of antibiotics. The red bars represent
the relative fitnesses of the five Rd/pB1000A populations propagated for 10 days with ampicillin and for 10 further days without ampicillin. The dark gray bars
represent the relative fitnesses of the five Rd populations propagated in the absence of antibiotics and plasmid.
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ampicillin, after 20 days there were still no differences in fitness
compared to those of the plasmid-free control populations. These
results show that Rd/pB1000 compensates for the plasmid cost
during the simulated antibiotic treatment, increasing the subse-
quent stability of the plasmid in the bacterial population after the
therapy.

Increase in ampicillin resistance levels over time. The MICs
of ampicillin were determined for the Rd and Rd/pB1000 parental
strains and for the different populations at days 10 and 20 (Fig. 2;
see Fig. S1 in the supplemental material). The Rd strain showed an
MIC of 0.25 mg/liter. In this strain, the MIC remained constant in
the populations throughout the experiment. The MIC of ampicil-
lin in the parental Rd/pB1000 was 512 mg/liter (SD � 0 mg/liter).
Rd/pB1000A populations propagated with ampicillin showed an
MIC of 2,150 mg/liter (SD � 465 mg/liter) after 10 days, which
was significantly higher than that of the parental strain (two-tailed
paired t test, P � 0.001, t � 	7.88, and df � 4). The resistance
level in Rd/pB1000A populations was also higher than that in the
control populations of Rd/pB1000 cultured for 10 days in the
absence of antibiotic (1,075 mg/liter [SD � 458 mg/liter]; two-
sample t test, P � 0.007, t � 	3.64, and df � 7.9). We therefore
conclude that the presence of ampicillin induced an increase in the
antibiotic resistance level of Rd/pB1000. The control populations
of Rd/pB1000 at day 10 showed no significant increase in the MIC
of ampicillin compared to that for the parental strain (two-tailed
paired t test, P � 0.089, t � 	2.24, and df � 4), although the mean

MIC in these populations was unexpectedly higher than that in the
parental Rd/pB1000 strain (Fig. 2).

After the antibiotic treatment, Rd/pB1000A populations were
further propagated for 10 days in the absence of ampicillin. The
MIC after the total 20 days (average � 1,843 mg/liter, SD � 618
mg/liter) remained higher than that for the parental strain (two-
tailed paired t test, P � 0.012, t � 	4.35, and df � 4) and similar
to that at day 10 (two-tailed paired t test, P � 0.801, t � 0.26, and
df � 6.5). Interestingly, Rd/pB1000 populations evolved in the
absence of ampicillin during 20 days also showed a significant
increase in their antibiotic resistance level compared to parental
Rd/pB1000 (average � 1,252 mg/liter, SD � 363 mg/liter; two-
tailed paired t test, P � 0.01, t � 	4.56, and df � 4). These data
suggest that plasmid-bearing populations were able to increase
antibiotic resistance by two different mechanisms. One mecha-
nism was associated with the presence of ampicillin and appeared
at day 10 in Rd/pB1000A, while the other mechanism became
evident in the absence of antibiotics and was significant after 20
days (Fig. 2).

Ampicillin leads to an increase in plasmid pB1000 copy num-
ber. We first analyzed the mechanisms behind the increase in the
antibiotic resistance of Rd/pB1000 linked to the presence of am-
picillin. We completely sequenced the plasmid pB1000, carrying
the blaROB-1 �-lactamase, from the five populations of Rd/
pB1000A at day 10 (propagated with ampicillin, Rd/pB1000A-10)
and also from two of the control populations evolved in the ab-
sence of the antibiotic (Rd/pB1000-10). We observed no mutation
in any of the seven plasmids compared to the parental pB1000.
Previous reports have shown that �-lactamase-mediated ampicil-
lin resistance in H. influenzae can increase by concomitant muta-
tions in ftsI gene, coding for the penicillin binding protein 3, the
target of ampicillin (9, 19). We sequenced the ftsI gene from 15
clones (3 clones from each Rd/pB1000A-10 population) (19), and
we found no mutations. Therefore, mutations in blaROB-1 or ftsI
were not responsible for the increase in ampicillin resistance in the
populations evolved under antibiotic pressure.

An alternative explanation for the augmentation in the ampi-
cillin resistance level is an increase in the copy number of plasmid
pB1000, which would increase the number of copies of the
blaROB-1 gene per cell and therefore the expression of the �-lacta-
mase (31). The augmentation of the antibiotic resistance level due
to an elevated plasmid copy number has been reported before in
small staphylococcal plasmids (32). Plasmid pB1000 showed an
average copy number of 44.5 (SD � 9.9) in the parental H. influ-
enzae Rd/pB1000. In Fig. 3 we present the plasmid copy numbers
in the different populations of Rd/pB1000 and Rd/pB1000A. In-
terestingly, there is a significant increase in pB1000 copy number
at day 10 in the populations propagated with ampicillin (average �
104.8, SD � 33.8) compared both to the parental strain (two-
sample t test, P � 0.014, t � 	3.73, and df � 5) and to the pop-
ulations evolved in the absence of antibiotics (average � 31.06,
SD � 15.7) (two-sample t test, P � 0.005, t � 	4.42, and df �
5.6). We found a positive correlation between the pB1000 copy
number and the MIC of ampicillin in the Rd/pB1000 and Rd/
pB1000A populations at day 10 (Pearson’s test, r � 0.675, P �
0.032, t � 2.59, and df � 8). This result supports the notion that
the increase in plasmid copy number could contribute to the rise
in the ampicillin resistance level. To analyze the genetic basis for
the increase of pB1000 copy number, we performed deep sequenc-
ing of DNA samples from four of the experimental populations at

FIG 2 Evolution of antibiotic resistance level. The MICs (mg/liter) of ampi-
cillin in the different populations at days 0, 10, and 20 are shown. The white
circle represents the MIC of the parental H. influenzae Rd KW20 carrying
plasmid pB1000. The green circles represent the MICs of the five populations
of Rd/pB1000 (propagated in the absence of ampicillin), and the red circles
indicate the MICs of the five populations of Rd/pB1000A (evolved for 10 days
with ampicillin and 10 further days without ampicillin). Asterisks denote sig-
nificant differences (P � 0.05).
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days 10 and 20 (see File S1 in the supplemental material). None of
the mutations detected was conclusively associated with the in-
crease in plasmid copy numbers. In File S1 in the supplemental
material, we present the analysis and interpretation of the results.

Once the presence of ampicillin is removed, the pB1000 copy
number decreases at day 20 in Rd/pB1000A (average � 23.80,
SD � 14.8) to levels similar to those for the parental strain (two-
sample t test, P � 0.057, t � 2.37, and df � 5.8) (Fig. 3). In
addition, in the control populations of Rd/pB1000 evolving in the
absence of antibiotic, the plasmid copy number appears to decay
progressively, showing a significant reduction at day 20 compared
to that in the parental strain (average � 18.43, SD � 2.3) (two-
sample t test, P � 0.041, t � 4.4807, and df � 2.1). Therefore,
plasmid copy number was not responsible for the increase in the
antibiotic resistance levels in the plasmid-bearing populations at
day 20.

Our experiments showed how the presence of a �-lactam an-
tibiotic produced an increase in the copy number of the small
plasmid pB1000 correlating with the rise of the antibiotic resis-
tance levels of the strain. On the other hand, in the absence of
ampicillin, the plasmid copy number showed a progressive de-
crease, which, in principle (33, 34), could contribute to ameliorate
the fitness cost associated with pB1000 when no ampicillin resis-

tance is required. These results indicate that variation in plasmid
copy number could help bacteria to adapt to different environ-
ments.

Enhancement of bacterial fitness increases the ampicillin re-
sistance level in plasmid-bearing clones. A second mechanism,
independent from the presence of ampicillin, is involved in the
increase in ampicillin resistance. This mechanism is observed only
in strains carrying the antibiotic resistance plasmid pB1000. Pre-
vious studies have shown that the improvement in fitness in bac-
teria carrying antibiotic resistance mechanisms can entail a rise in
the antibiotic resistance level of a strain (35, 36). To test for the
possibility that the general increase in fitness was responsible for
the augmentation of the ampicillin resistance level in the popula-
tions carrying pB1000, we used the evolved lines of the plasmid-
free Rd strain. The five lines of Rd-20 propagated without the
plasmid showed a significant increase in relative fitness over the
experiment (average � 11.23%, SD � 2.3%) (Fig. 1). If the general
increase in fitness is responsible for part of the rise in the antibiotic
resistance level of plasmid-bearing populations, it is reasonable to
think that transforming the evolved high-fitness Rd-20 lines with
pB1000 would produce strains with higher levels of resistance
than the parental Rd/pB1000. Hence, we transformed one clone
per Rd-20 population with the original plasmid pB1000 (Rd-20/
pB1000). First, we determined the copy number of pB1000 in the
transformants (average � 16.47, SD � 6.52), and it was lower than
that in the parental Rd/pB1000 (two-sample t test, P � 0.021, t �
4.36, and df � 5.7) but similar to the copy number in the evolved
Rd/pB1000-20 (two-sample t test, P � 0.554, t � 	0.63, and df �
5.6). Second, we investigated the relative fitness of the Rd-20/
pB1000 strains, and it was approximately 11% higher than that of
the original Rd/pB1000 strain (Fig. 4). Finally, the MIC of ampi-
cillin of the five Rd-20/pB1000 constructions (average � 900 mg/

FIG 3 Modification of the copy numbers of plasmid pB1000 over time. A
graphic representation of the distribution of plasmid copy numbers at days 0,
10, and 20 is shown. The line inside the box marks the median. The upper and
lower hinges correspond to the 25th and 75th percentiles. The upper and lower
whiskers extend to the highest and lowest values. The outliers are plotted
separately as circles on the chart. The white box represents the pB1000 copy
number in the parental Rd/pB1000. The red boxes indicate the pB1000 copy
numbers in the five populations of Rd/pB1000A (evolved for 10 days with
ampicillin and 10 further days without ampicillin), and the green boxes indi-
cate the pB1000 copy numbers in the five populations of Rd/pB1000 (propa-
gated in the absence of ampicillin). Asterisks denote significant differences
(P � 0.05).

FIG 4 Enhancement in bacterial fitness increases antibiotic resistance levels in
plasmid-bearing clones. Rd populations propagated for 20 days were trans-
formed with the original plasmid pB1000 (Rd-20/pB1000). (A) Relative fit-
nesses (average 
 SEM) of the original Rd/pB1000 (light gray bars) and Rd-
20/pB1000 clones (one clone per population) (dark gray bars) compared to
that of the plasmid-free ancestor H. influenzae Rd KW20. (B) MICs (average 

SEM) of ampicillin for the same clones.
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liter SD � 50.93 mg/liter) was higher than that of the original
strain Rd/pB1000 (average � 512 mg/liter SD � 0 mg/liter) (two-
sample t test, P � 0.001, t � 38.66, and df � 4) (Fig. 4). Given that
the pB1000 copy number is lower in Rd-20/pB1000 than in Rd/
pB1000, the fact that the MIC of ampicillin increased significantly
provides strong evidence that the general increase in fitness is
responsible for an augmentation in the antibiotic resistance level
in the lines carrying the plasmid pB1000.

In order to test whether the increase in relative fitness could
affect the level of resistance to antibiotics other than ampicillin, we
determined the MICs of two antibiotics clinically relevant in H.
influenzae infections, chloramphenicol and tetracycline (9), for all
the populations at the end of the experiment. The MIC for the
parental Rd and Rd/pB1000 strains was 0.5 mg/liter for both an-
tibiotics. There were no changes in the MIC of chloramphenicol
or tetracycline in the evolved populations. This result agrees with
the initial observation of the fitness-mediated increase in ampicil-
lin being linked to the presence of the ampicillin resistance plas-
mid pB1000. Therefore, it seems that in this system, the presence
of the antibiotic resistance mechanism is required for the increase
in fitness to have an effect on the resistance level.

Plasmid copy number and bacterial fitness contribute inde-
pendently to the increase in ampicillin resistance of Rd/pB1000.
The data presented here suggested that both the increase in plas-
mid copy number and the increase of bacterial fitness are involved
in the augmentation of the antibiotic resistance level of Rd/
pB1000 (Fig. 5). To analyze whether both mechanisms contrib-
uted to the resistance phenotype in the evolving plasmid-bearing
lines, we fitted a linear mixed-effects model where the relative
fitness and pB1000 copy number of the Rd/pB1000A and Rd/
pB1000 populations (at days 10 and 20) were treated as continu-
ous explanatory variables and the resistance level (MIC of ampi-
cillin) as a response (Fig. 5). We included two random factors to
correct for the nonindependence of data from the same line (at
different time points) or from the same time point (days 10 and
20) in different lines. Both the plasmid copy number (chi-square
test, P � 0.004, �2 � 8.39, and df � 1) and the bacterial fitness
(chi-square test, P � 0.007, �2 � 7.38, and df � 1) had a significant
effect on the antibiotic resistance level of the populations. There
was no interaction between the two variables (chi-squared test,
P � 0.571, �2 � 0.32, and df � 1), supporting the hypothesis that
plasmid copy number and fitness contribute independently to the
increase of the ampicillin resistance level in H. influenzae Rd car-
rying plasmid pB1000.

Conclusion. This study provides new evidence of the potential
effect of antibiotic therapies in the short-term adaptation of resis-
tance plasmids and their bacterial hosts. The cost produced by
plasmids is transient and can be rapidly ameliorated, suggesting
that plasmids produce a substantial cost only when newly ac-
quired by a bacterial host. This rapid plasmid-host adaptation
could help explain how plasmids persist in bacterial populations
over long periods, even in the absence of selection for plasmid-
encoded traits or horizontal transfer (8). We also showed how
plasmid copy number varies over time, facilitating bacterial
adaptation to changing environments. Finally, we observed
that the increase in both the plasmid copy number and bacte-
rial fitness contribute to enhance the antibiotic resistance level
in H. influenzae.
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