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Shifts in the host range of a promiscuous plasmid
through parallel evolution of its replication
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The ability of bacterial plasmids to adapt to novel hosts and thereby shift their host range is key to
their long-term persistence in bacterial communities. Promiscuous plasmids of the incompatibility
group P (IncP)-1 can colonize a wide range of hosts, but it is not known if and how they can contract,
shift or further expand their host range. To understand the evolutionary mechanisms of host range
shifts of IncP-1 plasmids, an IncP-1bmini-replicon was experimentally evolved in four hosts in which
it was initially unstable. After 1000 generations in serial batch cultures under antibiotic selection
for plasmid maintenance (kanamycin resistance), the stability of the mini-plasmid dramatically
improved in all coevolved hosts. However, only plasmids evolved in Shewanella oneidensis showed
improved stability in the ancestor, indicating that adaptive mutations had occurred in the plasmid
itself. Complete genome sequence analysis of nine independently evolved plasmids showed seven
unique plasmid genotypes that had various kinds of single mutations at one locus, namely, the
N-terminal region of the replication initiation protein TrfA. Such parallel evolution indicates that this
region was under strong selection. In five of the seven evolved plasmids, these trfA mutations
resulted in a significantly higher plasmid copy number. Evolved plasmids were found to be stable in
four other naive hosts, but could no longer replicate in Pseudomonas aeruginosa. This study shows
that plasmids can specialize to a novel host through trade-offs between improved stability in the
new host and the ability to replicate in a previously permissive host.
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Introduction

Plasmids are important agents of bacterial adaptation,
as they are often transferable between phylogeneti-
cally distinct hosts and code for a variety of
ecologically important phenotypic traits (Frost et al.,
2005; Thomas and Nielsen, 2005; Schlüter et al.,
2007). As a result, they are responsible for the rapid
spread of antibiotic resistance, a severe problem in

human health care that increasingly restricts our
ability to effectively treat serious, sometimes life-
threatening infections (Levy and Marshall, 2004;
Strahilevitz et al., 2009). In spite of the critical role
of plasmids in public health care, there is a dearth of
information with regard to the range of hosts in which
these plasmids can replicate and be stably maintained,
and how that host range might evolve over time.

Plasmids with a broad host range (BHR) are
important mediators of gene transfer between dis-
tantly related bacteria (Guiney, 1984; Thomas and
Helinski, 1989). In contrast to the so-called narrow-
host-range ‘specialist’ plasmids (Guiney, 1982), BHR
plasmids have evolved various strategies that enable
them to replicate autonomously in a much wider
range of phylogenetically distinct hosts (Thomas
and Helinski, 1989; Toukdarian, 2004). Well-known
examples of such ‘generalist’ plasmids are those
of the incompatibility group P-1 (IncP-1), which
can transfer to and replicate in strains of a-, b- and
g-proteobacteria (Guiney, 1984; Thomas and
Helinski, 1989; Schlüter et al., 2007).
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Several studies have analyzed the effects of
point mutations, deletions or transposon insertions
generated in vitro on the host range of plasmids.
For example, single amino-acid changes in either
the replication initiation protein RepA of the
narrow-host-range Pseudomonas plasmid pPS10
or in Escherichia coli DnaA were shown to expand
the plasmid’s replication range (Maestro et al., 2002,
2003). A key factor was the ability of the plasmid
Rep protein to productively interact with proteins of
the host. The prototype BHR IncP-1a plasmid RK2
(¼RP4) encodes both a long and short version of the
Rep protein TrfA, which differ by an additional 98
amino acids at the N-terminus of the longer
form (Shingler and Thomas, 1984). The short form
(TrfA-33, also referred to as TrfA2) has been shown
to be responsible for the core function of replication
initiation and plasmid copy number control, and is
sufficient for plasmid replication in strains of E. coli
and Pseudomonas putida (Durland et al., 1990; Lin
and Helinski, 1992; Blasina et al., 1996; Konieczny
and Helinski, 1997). In contrast, plasmid replication
in Pseudomonas aeruginosa requires the long form
of the protein (TrfA-44, hereafter called TrfA1;
Durland and Helinski, 1987; Fang and Helinski,
1991). Collectively, these findings suggest that small
changes in key genes allow plasmids to shift or
expand their host range. However, it is not known
whether these kinds of in vitro-generated genetic
variants would naturally arise and successfully
compete in bacterial populations.

The range of hosts in which a BHR plasmid can
be stably maintained in the absence of positive
selection for the plasmid was found to be narrower
than its replication range. We have coined the term
‘long-term host range’ to reflect the range of hosts
in which plasmids can be maintained for at least
100 generations in the absence of selection
(De Gelder et al., 2007). As persistence of plasmids
during periods without selection likely determines
their fate in bacterial communities, we will hereafter
refer to this long-term host range simply as the
plasmid host range. There are at least five factors
that can affect the stable maintenance of a plasmid:
(i) efficient plasmid replication, (ii) stable plasmid
inheritance during cell division through effective
partitioning, (iii) postsegregational killing effi-
ciency, (iv) plasmid ‘cost’ to host fitness and (v)
reinfection of plasmid-free cells by transmissible
plasmids (Bergstrom et al., 2000; Slater et al., 2008).
Expansion, contraction or shift in plasmid host
range may result in new avenues for plasmids and
the traits they encode. In a worst-case scenario, the
range of pathogens in which current multidrug
resistance or virulence plasmids are stably main-
tained could thus expand in the future. Therefore,
we need a better understanding of the evolutionary
mechanisms of plasmid host range shifts.

Previous studies have shown that the fitness cost
of plasmids to their host can be attenuated over
evolutionary time by genetic change(s) in the host

chromosome, the plasmid or both (Bouma and
Lenski, 1988; Modi and Adams, 1991; Modi et al.,
1991; Lenski et al., 1994; Turner et al., 1998;
Dahlberg and Chao, 2003; Turner, 2004; Dionisio
et al., 2005; Heuer et al., 2007; De Gelder et al.,
2008). However, in most cases, the molecular basis
of plasmid–host adaptation remains unexplained,
and it is unknown whether the host range of the
evolved plasmids shifted simultaneously. In this
study, we examined whether and by which evolu-
tionary mechanisms an IncP-1 plasmid can expand,
contract or shift its host range. To accomplish
this, we experimentally evolved four hosts that
carried the same model IncP-1 mini-replicon in
the presence of selection for the plasmid, and
compared the stability of evolved and ancestral
plasmids in evolved, ancestral and other naive
hosts. The plasmid became more stable in all
coevolved hosts after 1000 generations. In one host,
Shewanella oneidensis MR-1, the improved stability
was always due to various kinds of single genetic
changes in the N-terminal region of the plasmid-
encoded TrfA1 protein. These mutations were under
strong selection during plasmid–host specialization,
and resulted in a shift in host range.

Materials and methods

Bacterial strains, plasmids and media
Bacterial strains and plasmids used in this study are
listed in Table 1. All strains were cultured at 30 1C in
Luria–Bertani broth (LB) or LB agar (Ausubel et al.,
1988). Kanamycin (Km) was added to the media at a
final concentration of 100mg l�1. Plasmid pMS0506
(Figure 1) was constructed as follows. The cryptic
IncP-1b plasmid, pBP136 (Kamachi et al., 2006),
was digested with endonucleases SphI and XbaI.
The resulting 11.6-kb fragment carrying the genes
for plasmid control and maintenance, but not those
for plasmid transfer, was ligated with a Km resis-
tance gene from the cloning vector pUC4K (Taylor
and Rose, 1988) and with the oriT sequence of the
IncP-1a plasmid RP4 (Pansegrau et al., 1994), both
of which were amplified by PCR with appropriate
primers. This plasmid, which has a total size of
13 117 bp (see Supplementary material for DNA
sequence), was then introduced into several strains
by transformation.

Evolution experiments
Two experimental evolution protocols were used.
The ‘non-host-switching protocol’ was carried out
as follows. The four host strains, Acinetobacter
baumannii ATCC 19606, Pseudomonas koreensis
R28, P. putida H2 and S. oneidensis MR-1, were
first grown in LB medium for 100 generations
as described previously (De Gelder et al., 2008).
Hereafter, the strains are referred to as 19606, MR-1,
H2 and R28, respectively. A single colony was
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isolated from each strain, and plasmid pMS0506
was introduced into the isolates by electroporation.
The presence of plasmid in the transformants was
confirmed by gel electrophoresis of the cell lysates,

except for strain H2, in which it was confirmed by
PCR targeting the trfA gene because of high plasmid
instability in this strain. One resulting transformant
from each strain was used to inoculate five tubes

Table 1 Bacterial strains and plasmids used in this study

Name Relevant characteristics References

Strains
Agrobacterium tumefaciens
C58

a-proteobacterium Wood et al. (2001)

Acinetobacter baumannii
ATCC 19606

g-proteobacterium, type strain, low G+C content (ca. 40%) ATCC a

P. aeruginosa KG2512 PAO1 (ATCC 15692) aph, deletion in the aminoglycoside
30-phosphotransferase type IIb (aph) gene, high sensitivity to
kanamycin or neomycin

N. Goto, Kyoto Pharm.
University, Japan

P. koreensis R28 g-proteobacterium, unstable maintenance of IncP-1 plasmids De Gelder et al. (2007)
P. putida H2 g-proteobacterium, unstable maintenance of IncP-1 plasmids Heuer et al. (2007)
P. alcaligenes
JCM 5967

g-proteobacterium, type strain JCMb

Cupriavidus necator JMP228 b-proteobacterium, cured derivative of JMP134 Top et al. (1995)
Shewanella oneidensis MR-1 g-proteobacterium, type strain, low G+C content (ca. 47%) ATCC
Sinorhizobium
meliloti RM1021

a-proteobacterium Diaz et al. (1994)

Evo-Sh4 S. oneidensis MR-1 derivative isolated from lineage 4 of the
non-host-switching protocol after 1000 generations.

This study

Evo-Sh14 S. oneidensis MR-1 derivative isolated from lineage 4 of the
host-switching protocol after 1000 generations

This study

Plasmids
pBP136 IncP-1b, no accessory genes with known phenotypes Kamachi et al. (2006)
pMS0506 Kmr, oriT, pBP136 derivative lacking transfer genes This study
pEvo-Pk1c pMS0506 derivative isolated from a P. koreensis R28 clone from lineage 1. This study
pEvo-Pp4c pMS0506 derivative isolated from a P. putida H2 clone from lineage 4. This study
pEvo-Sh1c pMS0506 derivative isolated from a S. oneidensis MR-1 clone from

lineage 1, evolved under the non-host-switching protocol; 129-bp
deletion in trfA (position 97-225)d.

This study

pEvo-Sh2 pMS0506 derivative isolated from a S. oneidensis MR-1 clone from
lineage 2, evolved under the non-host-switching protocol; identical
to pEvo-Sh1.

This study

pEvo-Sh3 pMS0506 derivative isolated from a S. oneidensis MR-1 clone from
lineage 3, evolved under the non-host-switching protocol; 231-bp
deletion in trfA (position 24-254).

This study

pEvo-Sh4 pMS0506 derivative isolated from a S. oneidensis MR-1 clone
from lineage 4, evolved under the non-host-switching protocol;
identical to pEvo-Sh1.

This study

pEvo-Sh5 pMS0506 derivative isolated from a S. oneidensis MR-1 clone from
lineage 5, evolved under the non-host-switching protocol; G-to-C
mutation at position 92 in trfA, resulting in R31P.

This study

pEvo-Sh11 pMS0506 derivative isolated from a S. oneidensis MR-1 clone from
lineage 1, evolved under the host-switching protocol; G-to-A mutation
at position 73 in trfA, resulting in A25T.

This study

pEvo-Sh13 pMS0506 derivative isolated from a S. oneidensis MR-1 clone from
lineage 3, evolved under the host-switching protocol; 15-bp deletion
in trfA (position 93-107).

This study

pEvo-Sh14 pMS0506 derivative isolated from a S. oneidensis MR-1 clone from
lineage 4, evolved under the host-switching protocol; 688-bp
duplication in trfA (position 228-915).

This study

pEvo-Sh15 pMS0506 derivative isolated from a S. oneidensis MR-1 clone from
lineage 5, evolved under the host-switching protocol; 13-bp duplication
in trfA (position 210-232).

This study

pUC4K Apr, Kmr, cloning vector Taylor and Rose (1988)
pSTV28 Cmr, cloning vector Takara Bio Inc., Shiga,

Japan
pHY923 pSTV28 carrying a 1.6 kb kleE gene region of pBP136, and a 2.4 kb atpB

gene region of the S. oneidensis MR-1 chromosome.
This study

aAmerican Type Culture Collection.
bJapan Collection of Microorganisms.
cAll evolved plasmids were obtained from clones isolated after 1,000 generations (100 days).
dIn this study nucleotide position 1 was defined as the first nucleotide of the trfA1 start codon. The trfA gene has two overlapping in-frame open
reading frames, trfA1 (position 1-1224) and trfA2 (position 370-1224).
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containing 5ml LB with Km to select for the plasmid
(LB (Km)). The cells were cultured for 24 h (defined
as generation 0), and after every subsequent period
of 24h, approximately 4.88 ml of each culture was
transferred into 5ml fresh LB (Km) for a total of 100
days (1000 generations). This ratio of volumes was
chosen because it results in a 1026-fold dilution,
allowing 10 cell doublings in a 24h time period
(210¼ 1024).

To promote plasmid evolution, rather than
host evolution or plasmid–host coevolution, strain
MR-1 (pMS0506) was also cultured under a ‘host-
switching protocol’, wherein the plasmids were
transformed back into the ancestral strain every
100 generations. Each time, plasmid DNA was
extracted from 1.8ml of the replicate-evolving
populations and dissolved in 10 ml sterile water.
All plasmid DNA was used to transform ancestral
MR-1 cells by electroporation, and all transformants
(typically 450–1800) were cultured in LB (Km). The
MR-1 host-switching protocol was carried out with
four independent replicate lineages (Sh11, Sh13,
Sh14 and Sh15, corresponding to isolated plasmids
pEvo-Sh11, pEvo-Sh13, pEvo-Sh14 and pEvo-Sh15);
all other protocols had five replicate lineages.

Stability experiments
Plasmid stability experiments were carried out as
described previously (De Gelder et al., 2008), but
using the same serial dilution regime as in the
evolution experiment. The 1000-generation-old
populations of the four strains were used to test
the stability of evolved plasmids in their coevolved

hosts. To investigate the stability of evolved
plasmids in ancestral hosts, a single colony of a
coevolved host was selected randomly to extract the
residing plasmid; the plasmid was then introduced
into the ancestral host by electroporation, and five
transformants were tested. The same approach was
used to test the stability of pMS0506 in two evolved
plasmid-free clones of S. oneidensis, Evo-Sh4 and
Evo-Sh14, and of pMS0506 and two evolved
plasmids in four naive hosts. Evolved plasmid-free
clones were obtained by screening the correspond-
ing 1000-generation-old cultures for Km-sensitive
clones. Logistic regression with a model selection
approach (Agresti, 2002) was used to determine
significant differences between stability patterns.

Growth rate analysis
The maximum growth rate of ancestral host MR-1
containing an evolved plasmid, and of MR-1 with
ancestral plasmid pMS0506, was compared as
follows. The cultures, grown overnight in LB (Km)
to stationary phase, were diluted 100-fold in 100 ml
of fresh medium in a 96-well microtiter plate, which
was incubated at 30 1C with agitation for 24 h in a
BIO-TEK Power Wave HT shaker incubator (BioTek
instruments Inc., Winooski, VT, USA) (eight repli-
cates per clone). The optical density at 600nm
(OD600) in each well was recorded every 10min, and
the maximum growth rate (rMAX) was determined
using local polynomial regression to the growth
curves in R (referred to as ‘loess’), and then
calculating the maximum slope of the fitted smooth
line (Cleveland et al., 1992; R-Development-Core-
Team, 2009). In this study, we defined the relative
fitness simply as the ratio of maximum growth rates
of host MR-1 with evolved versus ancestral plasmid:
rMAX [MR-1(pEvo)]/rMAX[MR-1(pMS0506)], with pEvo
being one of the seven unique evolved plasmid
genotypes.

DNA methodology
Standard methods were used for extraction of
plasmid DNA, DNA digestion with restriction endo-
nucleases, ligation, gel electrophoresis and trans-
formation of E. coli cells (Ausubel et al., 1988). To
amplify partial trfA sequences, colony PCR was
performed on 10–15 colonies that were randomly
selected from each of the nine lineages at generation
1000. Each colony was suspended in 100 ml sterile
distilled and deionized water and 1ml of this
suspension was used in PCR reactions (25 ml total
volume), which were carried out with 2X PCR
Master Mix (Fermentas, International Inc., Burling-
ton, Ontario, Canada). The primers used were trfA1f,
50-ATGACGAACAACGAGTTCAACGAGC-30; trfA1r,
50-CAGCACCTGGGCGAATACCA-30; trfAsw4f, 50-GT
GTCGCTGATCCGGCGCTT-30; trfAsw4r, 50-AGAGC
TGCATGTCCTTGATCT-30. The latter two were used
to confirm the large duplication found in pEvo-Sh14

Figure 1 Map of plasmid pMS0506 (13 117bp). This plasmid
was derived from the IncP-1b plasmid pBP136 (Kamachi et al.,
2006) by removing the transfer and multimer-resolution genes and
inserting an oriT site and a Km resistance gene. See Materials and
methods for further details. The trfA1, trfA2 and ssb genes are
involved in replication; incC2 and korB are required for
partitioning; other maintenance functions are encoded by kleA,
kleC, klcA, klcB, korC, kfrB and kfrC, whereas korA, kfrA and trbA
are responsible for transcriptional regulation. ORF1 and ORF2
code for unknown functions.
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by amplifying a 308-bp region that spanned the
junction between the duplicated sequences. The PCR-
amplified DNA fragments were purified using a Gene
JET PCR Purification Kit (Fermentas) according to the
manufacturers’ protocols.

The nucleotide sequence of the ancestral and nine
evolved plasmids (by primer walking), as well as of
trfA amplicons, was determined with an ABI PRISM
model 3730 DNA analyzer (Applied Biosystems,
Foster City, CA, USA). Sequence analysis was
performed with software programs GENETYX (SDC
Inc., Tokyo, Japan), CLC Sequence Viewer (CLC bio
A/S, Cambridge, MA, USA), FinchTV (Geospiza Inc.,
Seattle, WA, USA) and BLAST (National Center for
Biotechnology Information, Bethesda, MD, USA).

Plasmid copy number analysis
SYBR-green-based quantitative PCR (qPCR) was
used to determine the copy numbers of pMS0506
and its evolved variants in ancestral host MR-1. The
copy number of a 158-bp sequence within the kleE
gene of pMS0506 was defined as the plasmid copy
number (kleE fragment), and that of a 167-bp
sequence within the chromosomal gene atpB was
used as an internal control (atpB fragment, located
13-kb upstream from dnaA in the MR-1 chromosome
(Genbank accession no. NC_004347)). Plasmid
pHY923, which carried the kleE and atpB genes at
a 1:1 ratio, was used as a copy number reference
(Table 1).

The qPCR reactions were performed at a 20ml
reaction scale using Fast SYBR Green Master Mix
and the 7900HT Fast Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). The
primers used were kleEF, 50-CGTCTCGATATAC
AAGCCCA-30; kleER, 50-TTGCACCCATAACACTC
CA-30; atpBF, 50-GTTGGTTCCATACATCAGCG-30;
atpBR, 50-AACTGACGCTACAGCCCTTT-30. Data
were analyzed using the SDS 2.3 software (Applied
Biosystems) provided with the instrument.

Total DNA of MR-1 clones digested by restriction
enzymes was used as qPCR template to eliminate
PCR bias caused by the topology of DNA (Providenti
et al., 2006; Chen et al., 2007). Total DNA was
isolated from cultures in the exponential growth
phase (OD600¼ 0.6) using the GenElute Bacterial
genomic DNA Kit (Sigma-Aldrich, St Louis, MO,
USA). Purified DNAwas digested by EcoRI and PstI,
and precipitated with ethanol before PCR. Serial
dilutions of digested pHY923 were also subjected to
qPCR to generate a standard curve for both the kleE
and atpB fragments. The copy number of the two
gene fragments in total DNAwas then calculated on
the basis of the Ct value and the standard curve (R2

40.997); for each qPCR plate, a standard curve was
generated for each gene fragment. Absence of
nonspecific amplification was confirmed by analyz-
ing the dissociation curves. The plasmid copy
number was calculated as the ratio of the copy
numbers of kleB and atpB.

Prediction of protein structure
The secondary structure of TrfA1 was predicted
using NNPREDICT (http://www.cmpharm.ucsf.edu/
~nomi/nnpredict.html) (Kneller et al., 1990) and
PredictProtein (http://www.predictprotein.org/) (Rost
et al., 2004). A tertiary structure class of ‘none’ was
used for the prediction. The presence of intrinsically
unstructured regions of full-length TrfA1 was
predicted using IUPred (http://iupred.enzim.hu/)
(Dosztanyi et al., 2005).

Results

Improved stability of evolved plasmids in their
coevolved hosts
One of the ways by which a plasmid can adapt to a
novel host and thereby shift, contract or expand its
host range is by increasing its stability. To investigate
whether and how the stability of an IncP-1 plasmid
can improve after long-term maintenance in different
hosts under antibiotic selection, we experimentally
evolved four strains (A. baumannii ATCC 19606,
P. koreensis R28, P. putida H2 and S. oneidensis
MR-1) after introducing the IncP-1b mini-replicon
pMS0506 (Figure 1). Hosts were chosen because (i)
plasmid pMS0506 was unstable in all these strains
(Figure 1, filled squares), in contrast to its high
stability in E. coli EC100 (data not shown); (ii) strains
19606 and MR-1 have a much lower GC content than
the plasmid and are important species from a clinical
and bioremediation perspective; and (iii) plasmid
adaptation to strains H2 and R28 has been studied by
us previously (Heuer et al., 2007; De Gelder et al.,
2008). The use of a mini-replicon instead of a wild-
type plasmid allowed cost-efficient resequencing
of multiple plasmids from independently evolved
lineages and allowed us to focus on plasmid
replication and stable inheritance without the con-
founding effects of plasmid transfer. After 1000
generations, the stability of plasmids in their
coevolved hosts was determined.

For all strains and protocols, the evolved plasmids
were much more stable in their coevolved hosts than
the ancestral plasmid in the respective ancestral
hosts, and the plasmid stability patterns were quite
similar between lineages of a given strain, even
under the two different protocols (Figure 2). Plasmid
evolution in strain 19606 was not further investi-
gated because the plasmid was no longer present in
the evolved lineage that showed stable maintenance
of Km resistance (Figure 2a), and because the other
four lineages contained only small plasmids (5–
8 kb), suggesting large deletions. Overall, the im-
proved plasmid stability in all four evolved hosts
suggests that the plasmid, the host or both had
undergone evolutionary changes.

Plasmid or host adaptation caused improved
plasmid stability
To determine whether the improved stability of the
evolved plasmids in their coevolved hosts was, at
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least in part, due to plasmid evolution, the stability of
the evolved plasmids was determined in the corres-
ponding ancestral host (except for strain 19606). The
evolved plasmids from strains H2 and R28 were
nearly as unstable as the ancestral plasmid
(Figure 3a–b), suggesting that their improved stability
in the coevolved hosts (Figure 2b–c) was not due to
genetic changes in the plasmid alone, but must be due
to either host evolution or plasmid–host coevolu-
tion. In contrast, plasmids from strain MR-1 evolved
by either of the two protocols were much more stable
in the ancestral host than in the ancestral plasmid
(Figure 3c–d), strongly indicating plasmid evolution.
To confirm the latter finding, the stability of one
randomly chosen evolved plasmid from each of
the nine MR-1 lineages was tested. The stability
patterns for all nine plasmids were very similar and
there were no significant differences between clones
or between protocols (Figure 3c–d). To examine
whether host MR-1 had adapted to the plasmid at
all, the stability of the ancestral plasmid was tested
in plasmid-free segregants of two evolved clones. The
ancestral plasmid was as unstable in these evolved
hosts as in the ancestral host (see pMS0506b in
Figure 3c–d). Together, these findings strongly suggest
that the improved stability of the plasmids evolved in
MR-1 was solely due to mutations in the plasmid.

Mutations in the evolved plasmids that conferred
improved stability
To identify the genetic changes that had occurred in
the nine stable plasmids from independently
evolved lineages of strain MR-1, their complete
genome sequences were determined and compared
with that of pMS0506. Interestingly, each plasmid
contained only a single genetic change that always
occurred in the 50-end region of trfA, which codes
for the N-terminus of the long replication initiation
protein TrfA1 (Fang and Helinski, 1991; Thorsted
et al., 1998). The reading frame for the shorter
protein form, TrfA2, was never affected. Deletions
were observed in five of the nine plasmids. Three
plasmids showed an identical 129-bp deletion, one
plasmid showed a 231-bp deletion and one a small
15-bp deletion (Table 1, Figure 4). In each case, these
were in-frame deletions, and translation should
result in TrfA1 proteins with deletions of 43, 77
and 5 amino acids (aa) in the N-terminal region
(D43, D77, D5 in Figure 4). The two larger deletions
occurred between two short DNA sequence repeats
(50-GCCGCCG and 50-GCAGGAAT, respectively).
Single point mutations were found in two other
plasmids: a G-to-C and G-to-A mutation at nucleo-
tides 92 and 73 of the trfA gene, respectively,
resulting in amino acid changes R31P and A25T in

Figure 2 Stability of evolved plasmids in their coevolved hosts in comparison with the ancestral plasmid pMS0506 in the ancestral host
(ancestor). Panels a–d represent results from populations of four different strains containing pMS0506, evolved for 1000 generations using
the non-host-switching protocol, whereas panel e represents populations of strain MR-1 that were evolved using the host-switching protocol.
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the TrfA1 protein. Finally, in two of the nine evolved
plasmids, both from the host-switching protocol,
sequence duplications in the trfA gene had occurred
(Table 1, Figure 4). These duplications resulted in a
shift of the reading frame that introduced stop
codons at positions 1060 and 376, which is expected
to result in truncation of TrfA1. As the complete
TrfA2 reading frame remained intact, the ancestral
TrfA2 protein must now be the only Rep protein

encoded by these plasmids. Thus, all mutations that
occurred in the nine evolved plasmids only affected
the sequence of TrfA1 and not of TrfA2, suggesting
that these different genetic changes in the TrfA1
N-terminus dramatically improved the stability of
the plasmid.

To determine whether these sequenced plasmid
genotypes were dominant in the populations,
we determined the sequence of the 50 end of

Figure 4 Effect of mutations found in the evolved plasmids on the TrfA1 protein. The pentagons represent the two trfA genes that are
translated from different start codons, and the solid and dashed arrows represent the corresponding TrfA1 gene products. Solid arrows
indicate putative TrfA1 proteins translated from the evolved trfA genes with deletions and point mutations. These proteins are expected
to differ from the ancestral protein only in terms of the missing or changed amino acids that correspond to the deleted gene regions
(indentations, D43, D77, D5) and point mutations (asterisks, R31P and A25T). Dashed arrows show the putative altered TrfA1 products
that result from frameshifts caused by duplications in the trfA gene. Brackets below the genes show the duplicated DNA sequences.
For more details about the mutations, see the Results and Table 1. The fractions shown to the right of the TrfA proteins represent the
ratios (x/y) of the number of clones with the same DNA sequence (x) and the total number of clones tested (y).

Figure 3 Stability of evolved and ancestral plasmids in their respective ancestral hosts (panels a–d). For strain MR-1, plasmids from all
lineages were tested, whereas for strains H2 and R28, only one evolved plasmid from the lineage with the highest stability was tested.
Later sequencing efforts showed that pEvo-Sh1, Evo-Sh2 and pEvo-Sh4 are identical. The stability of the ancestral plasmid in plasmid-
free segregants from lineage 4 of both protocols was also tested (filled squares with dashed lines in panels c and d). Data represent
averages from at least three replicate stability assays. Standard deviations are not shown for clarity.
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trfA for 10–12 randomly chosen clones per lineage.
In eight of the nine lineages, every clone exhibited
the mutation observed in the corresponding plasmid
that was completely sequenced (Figure 4). The one
exception was lineage 5 from the nonhost-switching
protocol. Here, only 3 of 11 clones had the observed
R31P point mutation found in plasmid pEvo-Sh5,
whereas the remaining eight showed the same
129-bp deletion seen in three other plasmids. Over-
all, these results indicate that with the exception
of pEvo-Sh5, the completely sequenced plasmids
represented the numerically dominant plasmids in
the evolved populations. Thus, the corresponding
trfA mutations were sufficiently beneficial to be-
come dominant in the population within 1000
generations or less.

Host fitness effects and copy number of evolved and
ancestral plasmids
As MR-1 clones with evolved pMS0506 variants
outcompeted cells containing the ancestral plasmid,
the evolved plasmids must confer a fitness advan-
tage to their hosts. To investigate this, we compared
one of the components of fitness, the maximum
growth rate (Stevenson and Schmidt, 2004). This
was carried out for ancestral host MR-1, harboring
either one of the evolved plasmid variants or
pMS0506 in LB (Km) medium. The relative fitness,
represented by the growth rate ratio, was always
higher than 1 (Table 2), indicating that even in the
ancestral host evolved plasmids conferred a signifi-
cant fitness advantage in the presence of Km. As all
mutations were found in trfA1, the improved
persistence and fitness effects of evolved plasmids
in host MR-1 could be due to an increase in average
plasmid copy number per cell. Indeed, all five
pMS0506 variants with in-frame mutations showed

a higher copy number than ancestral pMS0506
(Table 2). Surprisingly, the copy numbers of the
two plasmids with frame-shift mutations (duplica-
tions) were not different from that of the ancestral
plasmid, suggesting a different molecular mecha-
nism of stability improvement.

Host shifts of evolved pMS0506 variants
To determine whether the adaptation of pMS0506
to host MR-1 came with a trade-off and resulted in
a host shift, we tested the ability of two evolved
plasmids to replicate and be stably maintained
in five diverse strains belonging to the a-, b- and
g-proteobacteria (Figure 5, Table 1). The two
plasmids tested were deletion mutant pEvo-Sh4
and plasmid pEvo-Sh11 with a point mutation
(Table 1). There was a drastic effect of mutations
on replication in P. aeruginosa KG2512, a
Km-sensitive PAO1 (ATCC15692) derivative. Trans-
formants harboring either of the two evolved
plasmids could never be obtained, whereas the
strain could be transformed with the ancestral
plasmid. In contrast, evolved plasmids replicated
in the other four strains and there was no effect on
plasmid stability (Figure 5). The P. aeruginosa assay
was further extended with all other deletion
mutants, as well as with the second point mutation
variant and one duplication mutant. Again, none of
these evolved plasmids could replicate in this host.
These findings suggest that the genetic changes in
TrfA1 that allowed improved stability of the plasmid
in MR-1 did not affect stable plasmid replication
in several phylogenetically distinct hosts, but
prevented replication in P. aeruginosa. Thus, by
adapting to one host, these plasmids lost their
ability to replicate in a previously permissive host,
a clear example of trade-off and shift in host range.

Discussion

Adaptation of promiscuous plasmids to new hosts
by improving their stability may be essential for
their long-term persistence in bacterial communities
of clinical and natural habitats. As this process may
be detrimental to humans in the case of multidrug
resistance or virulence plasmids, it is imperative
that we improve our understanding of the mechan-
isms by which plasmids adapt to novel hosts, and
thereby shift, contract or expand their host range. In
this study, we showed that in one particular host,
the 50-end region of the trfA1 gene of an IncP-1
plasmid, encoding the N-terminus of the plasmid
replication protein TrfA1, was under strong selec-
tion during plasmid–host adaptation. Mutations in
this region were the only evolutionary changes
observed in the entire B13-kb genomes of indepen-
dently evolved plasmids after 1000 generations, and
were responsible for the improved plasmid stability.
We showed that most of the mutations affected

Table 2 Plasmid copy number and relative fitness

Plasmid Plasmid copy
number a

Relative fitness of
host MR-1 b

pMS0506 3.35±0.65 1.0000
pEvo-Sh1, -Sh2, -Sh4 4.69±0.90* 1.0828***
pEvo-Sh3 4.82±0.26* 1.0929***
pEvo-Sh5 5.66±0.27*** 1.0530***
pEvo-Sh11 6.46±0.20*** 1.0905***
pEvo-Sh13 4.99±1.67** 1.0968***
pEvo-Sh14 3.38±0.05 1.0593***
pEvo-Sh15 3.26±0.19 1.0643***

aPlasmid copy number indicates the ratio of kleE to atpB in total DNA.
Mean and standard deviation are shown. Five replicate samples
were analyzed for pMS0506, pEvo-Sh1,-Sh2,-Sh4 and pEvo-Sh13,
and three for pEvo-Sh3, pEvo-Sh5, pEvo-Sh11, pEvo-Sh14 and
pEvo-Sh15.
bRelative fitness is represented by the ratio of the maximum growth
rates in LB (Km): rMAX [MR-1(pEvo-y)]/rMAX[MR-1 (pMS0506)].
Absolute values for the evolved plasmids were compared to those for
pMS0506 using Dunnett’s test Dunnett (1964); *, **, ***: significantly
different from the value obtained for pMS0506 (Po0.10, Po0.05, and
Po0.01, respectively).
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plasmid copy number and resulted in a clear shift in
host range. Thus, under certain conditions, BHR
plasmids can specialize to a long-term host and
thereby experience trade-offs between stable main-
tenance in that host and the ability to replicate in
others.

Our study showed that improved persistence of a
particular plasmid can be achieved through differ-
ent evolutionary pathways. First, host evolution or
plasmid–host coevolution explained the improved
stability of pMS0506 in two of the fours strains
examined. In contrast, the improved stability of
the same plasmid in host MR-1 was explained by
genetic changes in the plasmid alone, and more
specifically in the same locus. Whereas the nine
evolved plasmids showed similar stability patterns
(phenotypes), seven of them had unique single
mutations in the 50 region of trfA1. This indicates
parallel evolution at the gene level (also referred to
as parallel genotypic adaptation; Wood et al., 2005),
but through different evolutionary mechanisms.
Parallel evolution at the gene, but not at the base
pair, level was also recently shown for indepen-
dently evolved E. coli lineages (Woods et al., 2006),
whereas in studies of bacteriophage evolution, more
parallelism at the base pair level has been found
(Wichman et al., 1999). Ongoing studies on the
underlying molecular mechanisms of improved
stability of our evolved plasmids and on the
evolutionary dynamics of the MR-1 populations
will help explain how and why different mutations

that led to similar phenotypes arose and fixed in
different populations.

One of the intriguing findings of this study is
the drastic improvement in plasmid stability in
host MR-1 due to single changes in the region
that encodes the N-terminal region of TrfA1. As
described in the Introduction, there are at least five
mechanisms by which a plasmid can increase
its stability in the absence of positive selection.
However, as the more stable plasmids evolved in
host MR-1 only showed mutations in the replication
initiation protein, we posit that only two of these
mechanisms should be considered here: improved
replication efficiency and decreased fitness cost.
First, the mutations may positively affect plasmid
replication by increasing or more tightly controlling
the plasmid copy number, which may compensate
for ineffective plasmid partitioning. The increased
copy number of the five pMS0506 variants with
in-frame mutations supports this hypothesis
(Table 2). Whereas a higher plasmid copy number
may negatively affect host fitness in the absence of
selection, the evolution experiments reported here
were performed with continuous selection for Km
resistance. Under these conditions, these evolved
plasmids significantly increased the growth rate of
their host compared with pMS0506 (Table 2),
probably because the higher copy number decreased
the frequency of plasmid loss. Second, a decrease in
plasmid cost may explain the two plasmids with the
frameshift mutations that truncated the TrfA1

Figure 5 Stability in four naive hosts (panels a–d) of plasmids evolved in S. oneidensis MR-1. Stability of pEvo-Sh4 (129-bp deletion in
trfA) and pEvo-Sh11 (A25T point mutation) was compared with that of the ancestral plasmid pMS0506. The fraction of plasmid-
containing cells at each time point is an average of four replicate stability assays. Standard deviations are not shown for clarity.
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protein. The TrfA protein is known to directly
interact with DnaB and DNA polymerase III, which
are also required for chromosome replication (Pacek
et al., 2001; Jiang et al., 2003; Kongsuwan et al.,
2006). Thus, elimination of TrfA1 may have in-
creased the pool of essential host proteins, thus
decreasing the plasmid’s negative effect on host
fitness, also referred to as ‘interference cost’ (Modi
et al., 1991). We did not determine the cost of
plasmid through growth, competition or modeling
of stability curves (De Gelder et al., 2007), because
the high instability of pMS0506 would confound
the measurements, and the high stability of evolved
plasmids would not allow estimating the cost
parameter. Future studies will focus on accurately
estimating the cost in the absence of antibiotics.

An important observation in this study was the
shift in plasmid host range away from P. aeruginosa.
We tested plasmid replication in this particular
species, because it has been shown that the TrfA1
N-terminus encoded by the plasmid RK2 is essential
for recruiting the P. aeruginosa DnaB helicase to the
plasmid replication origin (Caspi et al., 2001; Zhong
et al., 2003). More specifically, deletion of amino
acids in the second of four putative helical regions
(Figure 6, RK2) has resulted in loss of this function
(Zhong et al., 2003). To begin to understand the
effect of the mutations in our evolved IncP-1b
plasmids on the structure of TrfA1, we first analyzed
the propensity of the ancestral TrfA1 N-terminus
encoded by pMS0506 to form secondary and tertiary
structures. The 148-amino-acid N-terminal region
was predicted not to form a stable tertiary structure,
but to form several a-helices (Figure 6), just as in the
RK2 study (Zhong et al., 2003). The presence of a
helical structure in such an intrinsically unstruc-
tured protein region is a key signature of molecular
recognition elements, that is, short sequences
that fold on binding to a protein or DNA partner
(Fuxreiter et al., 2004; Oldfield et al., 2005). Interes-
tingly, just as in the RK2 study, the mutations in
our evolved IncP-1b plasmid were also located in
and around the second helix of TrfA1, A25–A34.
Moreover, when the helix sequence was shown on a
helical wheel, the two point mutations, R31P and
A25T, ended up on the same face of the helix
(data not shown). Thus, while specializing to
S. oneidensis MR-1, the plasmid likely shifted its
host range away from P. aeruginosa because of
a decreased DnaB loading capacity of the TrfA1
N-terminus in that host. Such a shift in host range
due to single mutations is comparable to the
observations made in studies with bacteriophage.
Phage adaptation to a novel host due to a single
mutation often caused a reduction in fitness in other
hosts, a clear case of antagonistic pleiotropy (Crill
et al., 2000; Duffy et al., 2006).

We compared the trfA mutations obtained in our
study with the extant diversity of TrfA proteins
encoded by more than 20 completely sequenced
naturally occurring IncP-1 plasmids. Although

the structure of the TrfA1 N-terminal region with
its typical a-helices is conserved in most of the
sequenced IncP-1 plasmids (Figure 6), there are
notable exceptions. For example, the N-terminus is
completely lacking in TrfA proteins encoded by
three plasmids: IncP-1d plasmids pEST4011
(Figure 6) and pAKD4, and the IncP-1b plasmid
pADP-1 (Martinez et al., 2001; Vedler et al., 2004;
Sen et al., 2010). Moreover, the TrfA1 N-terminus
encoded by the IncP-1g plasmid pQKH54 (Haines
et al., 2006) is shorter and more divergent than that
of typical IncP-1a and -b plasmids (Figure 6).
Whether these shorter and anomalous trfA1 gene
sequences explain why both IncP-1g and IncP-1d
plasmids have a more limited host range than
the typical IncP-1a and -b plasmids needs to be
further investigated. These observations strongly
suggest that the evolutionary changes found in TrfA
encoded by our evolved plasmids are not a result of
artificial cultivation conditions, or specific to our

Figure 6 Variation in the length and predicted secondary
structure of the N-terminal region of replication initiation protein
TrfA for (a) natural IncP-1 plasmids and (b) ancestral plasmid
pMS0506 and five of its seven characterized variants evolved in
S. oneidenesis MR-1. The secondary structure was predicted
by PredictProtein (Rost et al., 2004); a-helices are represented by
boxes. Sequences were aligned on the dotted line at the right side
of the figure, which is defined as the start point of the conserved
C-terminus region (L110 in RK2). The positions of the start codon
of the shorter version of TrfA (TrfA-33, TrfA2) are indicated with
arrowheads, as well as position x of the methionine codon (Mx).
IncP-1g and -1d subgroup plasmids do not encode TrfA2. TrfA
sequences of natural plasmids were obtained from the following
accession numbers: AAA16606, RK2; AAA17040, R751;
CAJ43307, pQKH54; CAK02642, pKJK5; AAS49458, pEST4011;
BAF33454, pBP136. In panel (b), identical sequence regions are
connected by gray shades and the positions of point mutations
(R31P, A25T) are indicated by asterisks. Duplication mutants
pEvo-Sh14 and pEvo-Sh15 are not shown here because of the
difficulty of visualizing the alignments. For more details on
plasmid variants, see Figure 4 and Table 1.
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model mini-replicon or host, but reflect the natural
evolution of IncP-1 plasmids.

Our results show that in a 13-kb plasmid, a single
point mutation, deletion or duplication in the
plasmid replication initiation gene is sufficient to
change the host range. This is in agreement with
previous observations from in vitro mutagenesis
studies (Maestro et al., 2003; Zhong et al., 2003).
Moreover, we also showed that different mutations
in the same gene can arise in independently
evolving populations, and that these are sufficiently
beneficial to be fixed within 1000 generations.
A more general understanding of the evolutionary
patterns of plasmid–host adaptation will require
experimental evolution and retrospective studies
with several natural plasmids and hosts under
different environmental conditions, followed by
molecular analyses. This will also help us to
understand whether plasticity in the 50 trfA region
is a general mechanism of host range evolution for
promiscuous IncP-1 plasmids.
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Schlüter A, Szczepanowski R, Pühler A, Top EM. (2007).
Genomics of IncP-1 antibiotic resistance plasmids
isolated from wastewater treatment plants provides
evidence for a widely accessible drug resistance gene
pool. FEMS Microbiol Rev 31: 449–477.

Sen D, Yano H, Suzuki H, Król JE, Rogers L, Brown CJ et al.
(2010). Comparative genomics of pAKD4, the proto-
type IncP-1d plasmid with a complete backbone.
Plasmid 63: 98–107.

Shingler V, Thomas CM. (1984). Analysis of the trfA
region of broad-host-range plasmid RK2 by transposon
mutagenesis and identification of polypeptide pro-
ducts. J Mol Biol 175: 229–249.

Slater FR, Bailey MJ, Tett AJ, Turner SL. (2008). Progress
towards understanding the fate of plasmids in
bacterial communities. FEMS Microbiol Ecol 66:
3–13.

Stevenson BS, Schmidt TM. (2004). Life history implica-
tions of rRNA gene copy number in Escherichia coli.
Appl Environ Microbiol 70: 6670–6677.

Strahilevitz J, Jacoby GA, Hooper DC, Robicsek A. (2009).
Plasmid-mediated quinolone resistance: a multi-
faceted threat. Clin Microbiol Rev 22: 664–689.

Taylor LA, Rose RE. (1988). A correction in the nucleotide
sequence of the Tn903 kanamycin resistance determi-
nant in pUC4K. Nucleic Acids Res 16: 358.

Thomas CM, Helinski DR. (1989). Vegetative replication
and stable inheritancy of IncP plasmids. In: CM
Thomas (ed.). Promiscuous Plasmids of Gram-negative
Bacteria. Academic Press: London.

Thomas CM, Nielsen KM. (2005). Mechanisms of, and
barriers to, horizontal gene transfer between bacteria.
Nat Rev Microbiol 3: 711–721.

Thorsted PB, Macartney DP, Akhtar P, Haines AS, Ali N,
Davidson P et al. (1998). Complete sequence of
the IncPb plasmid R751: implications for evolution
and organisation of the IncP backbone. J Mol Biol 282:
969–990.

Top EM, Holben WE, Forney LJ. (1995). Characterization
of diverse 2,4-dichlorophenoxyacetic acid-degradative
plasmids isolated from soil by complementation.
Appl Environ Microbiol 61: 1691–1698.

Toukdarian A. (2004). Plasmid strategies for broad-
host-range replication in gram-negative bacteria. In:
BE Funnel & GJ Phillips (eds). Plasmid Biology.
ASM press: Washington, D.C., USA, pp 259–270.

Turner PE, Cooper VS, Lenski RE. (1998). Tradeoff
between horizontal and vertical modes of transmis-
sion in bacterial plasmids. Evolution 52: 315–329.

Turner PE. (2004). Phenotypic plasticity in bacterial
plasmids. Genetics 167: 9–20.

Vedler E, Vahter M, Heinaru A. (2004). The completely
sequenced plasmid pEST4011 contains a novel IncP1
backbone and a catabolic transposon harboring tfd
genes for 2,4-dichlorophenoxyacetic acid degradation.
J Bacteriol 186: 7161–7174.

Wichman HA, Badgett MR, Scott LA, Boulianne CM,
Bull JJ. (1999). Different trajectories of parallel evolu-
tion during viral adaptation. Science 285: 422–424.

Wood DW, Setubal JC, Kaul R, Monks DE, Kitajima JP,
Okura VK et al. (2001). The genome of the natural

Parallel plasmid host range evolution
M Sota et al

1579

The ISME Journal

http://www.R-project.org.
http://www.R-project.org.


genetic engineer Agrobacterium tumefaciens C58.
Science 294: 2317–2323.

Wood TE, Burke JM, Rieseberg LH. (2005). Parallel
genotypic adaptation: when evolution repeats itself.
Genetica 123: 157–170.

Woods R, Schneider D, Winkworth CL, Riley MA, Lenski
RE. (2006). Tests of parallel molecular evolution in a

long-term experiment with Escherichia coli. Proc Natl
Acad Sci USA 103: 9107–9112.

Zhong Z, Helinski D, Toukdarian A. (2003). A specific
region in the N terminus of a replication initiation
protein of plasmid RK2 is required for recruitment
of Pseudomonas aeruginosa DnaB helicase to the
plasmid origin. J Biol Chem 278: 45305–45310.

Supplementary Information accompanies the paper on The ISME Journal website (http://www.nature.com/ismej)

Parallel plasmid host range evolution
M Sota et al

1580

The ISME Journal


	Shifts in the host range of a promiscuous plasmid through parallel evolution of its replication initiation protein
	Introduction
	Materials and methods
	Bacterial strains, plasmids and media
	Evolution experiments
	Stability experiments
	Growth rate analysis
	DNA methodology
	Plasmid copy number analysis
	Prediction of protein structure

	Results
	Improved stability of evolved plasmids in their coevolved hosts
	Plasmid or host adaptation caused improved plasmid stability
	Mutations in the evolved plasmids that conferred improved stability
	Host fitness effects and copy number of evolved and ancestral plasmids
	Host shifts of evolved pMS0506 variants

	Discussion
	Acknowledgements
	Note
	References




