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a b s t r a c t

In this work the presence of broad-host-plasmids in an estuary in Portugal has been inves-
tigated. Pseudomonas putida KT2442 was used as model recipient bacteria in biparental
matings with tetracycline and mercury to select for resistance phenotypes. As a result, 7
transconjugants were shown to carry broad-host-plasmids from the IncP-1 group, as seen
by PCR amplification of the trfA gene. Sequence analysis confirmed the isolation of 4 plas-
mids from b-1 subgroup and 3 assigned to the recently described e subgroup. To our
knowledge this is the first report concerning the detection and isolation of IncP-1b and e
plasmids in estuarine waters. Moreover it is shown that, even though the retrieved plas-
mids are phylogenetically close to previously characterized plasmids, such as pB10 and
pKJK5, respectively, they constitute new molecular variants.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Broad host range (BHR) plasmids are known for being
main facilitators of gene transfer across genera, phylum
and domains (Sorensen et al., 2005). Their abundance has
been related with spread and maintenance of adaptive
traits in microbial communities supported by selective
pressure forces at play (Smalla et al., 2006; Moura et al.,
2010; Schmidt et al., 2001). A set of primers is available
for the PCR amplification of replicon specific DNA regions
from BHR plasmids belonging to incompatibility groups
N, Q, W, and P (Gotz et al., 1996) and more recently for IncP
plasmids subgroups, IncP-1b, a, e, d, and c (Bahl et al.,
2009). IncP plasmids (IncP-1 in Pseudomonas classification
system) have attracted attention due to their diversity in
accessory genes, ranging from antibiotic and mercury resis-
tance to degradation of xenobiotic compounds, and to their
. All rights reserved.

University of Aveiro,
, Portugal. Fax: +351
wide host range, being able to transfer, usually from gram-
negative bacteria, to gram-positive bacteria, cyanobacteria
and even yeasts (Smalla and Sobecky, 2002; Trieu-Cuot
et al., 1987; Kreps et al., 1990; Heinemann and Sprague,
1989).

Initially BHR plasmids have been detected in culturable
bacteria but since only a small fraction of bacteria are ame-
nable to be cultured (Amann et al., 1995), culture indepen-
dent plasmid capture methods were developed to
circumvent this bias (Bale et al., 1988). Exogenous plasmid
isolations, have been used in a set of environments fre-
quently yielding BHR plasmids (Top et al., 1994; Droge
et al., 2000; Smalla and Sobecky, 2002; Smalla et al.,
2006; Bahl et al., 2007).

More information is needed on evolutionary relation-
ships, phenotypes and ecological roles of BHR plasmids
from different habitats to understand how they shape
microbial communities and ecosystem. Also, their molecu-
lar diversity may be underestimated since the current
available data refers to plasmids isolated from clinical envi-
ronments and few other environments (Frost et al., 2005).
Estuaries are highly productive and dynamic environments
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and can be of interest for resistance plasmid investigations
(Ducklow and Carlson, 1992) since they are considered res-
ervoirs of antibiotic resistance (Henriques et al., 2006; Lar-
oche et al., 2007). Up until now data on plasmid mediated
horizontal gene transfer is limited and nonexistent is the
association with BHR plasmids. Previous investigations
(Dahlberg et al., 1997; Dahlberg et al., 1998; Heuer et al.,
2002) showed that gene transfer is a part of natural pro-
cesses that occur between bacteria in marine environ-
ments. As a result, a collection of marine conjugative
plasmids was obtained from which nucleotide sequencing
allowed the identification of 2 IncP-1 plasmids from marine
biofilm (Dahlberg et al., 1997) representing a new subgroup
(n) (Norberg et al., 2011).

Overall, the few investigations performed so far about
conjugative gene transfer in freshwater and marine waters
suggest higher frequencies in surface microlayers (SML)
than in underlying waters (UW) (Jones et al., 1991;
Dahlberg et al., 1997). SML concentrates organic matter
and films that favor microbial growth in extreme condi-
tions, such as under high UV radiation and higher concen-
tration of pollutants (Cunliffe et al., 2010). As a result, SML
bacterial communities might carry different horizontal
gene pool than bacterioplankton as a result of the different
selective pressures forces present, as suggested previously
by Hermansson and co-workers (1987) in one of the first
plasmid reports from marine SML. It seems plausible to
suggest that BHR plasmids can be more easily detected
and isolated at the air–water interface than in bulk water.
So, the aim of the present work is to investigate the occur-
rence of BHR plasmid in estuarine waters by sampling in
SML and UW using culture independent methods.
2. Materials and methods

2.1. Exogenous isolation of conjugative plasmids

Estuarine waters at Ria de Aveiro, Portugal, (40�380N,
800450W) were used to sample for conjugative plasmids.
Samples were taken from the shoreline of two sampling
sites, Cais do Sporting (CS) and Cais do Chegado (CC), during
Spring and Summer of 2009 during day, at low tide, with
wind below 3–4 m/s and in dry periods. Salinity and
temperature was determined in situ using a WTW Conduc-
tivity Meter model LF 196 (WTW, Weilheim, Germany) and
measured using the Practical Salinity Scale.
Table 1
Bacterial strains and plasmids used in this study.

Strains Plasmid Comments

Pseudomonas putida KT2442 – Recipient strain
Escherichia coli Top10 – Electrocompetent
Escherichia coli K12 pULB2432 IncN plasmid group
Escherichia coli DH5a R388 IncW plasmid group
Escherichia coli JE723 pJE723 IncQ plasmid group
Escherichia coli JM109 pB10 IncP-1b plasmid gro
Escherichia coli SCS1 RP4 IncP-1a plasmid gro
Escherichia coli CSH26 pKJK5 IncP-1e plasmid gro
Escherichia coli DHIOB pQKH54 IncP-1c plasmid gro
Achromobacter xylosoxidans subsp. pEST4011 IncP-1d plasmid gro
To collect the SML (60–100 lm) both acrylic and glass
plates (Agogué et al., 2004; Santos et al., 2009) were used.
UW samples were collected in 2 L dark autoclaved bottles,
from the depth of about 40 cm. To prevent from SML sam-
ple contamination, the bottle cap was opened and closed
with the bottle submerged. Samples were kept cold and
in the dark during transport and processed within 3 h after
sampling.

Bacterial strains as well as plasmids used throughout
this study are listed in Table 1. Rifampicin (100 lg/ml)
and kanamycin (50 lg/ml) resistant Pseudomonas putida
KT2442 was used as model recipient bacteria in biparental
matings. Plasmid donor bacteria were from neuston (group
of organisms inhabiting the SML) and plankton samples.
Conditions for mating were without added nutrients and
to starved recipient cells according to Dahlberg et al.
(1997) except otherwise noted. When possible, SML and
UW sample volumes were adjusted to give the same num-
ber of donor cells, avoiding a bias of initial cell densities in
the comparison of transconjugants ratios. Recipient cells
were 4 � 109 in all experiments. Determination of total
number of cells was by acridine orange direct counts
(AODC) (Francisco et al., 1973). Also, when necessary and
in order to remove large particles both samples were
pre-filtered through sterilized filter paper. After filter mat-
ings (48 h, 20 �C) cells were washed and resuspended in
5 mL NSS and serial diluted. Transconjugants were isolated
on TSA with mercury chloride (25 lg/mL) or tetracycline
(30 lg/mL) both supplemented with rifampicin and kana-
mycin and controls were according to Dahlberg et al.
(1997). The plates were incubated at 25–28 �C for 48 h.
Putative transconjugants were verified by analyzing repet-
itive extragenic palindromic-PCR (REP-PCR) fingerprints,
obtained as described before (Henriques et al., 2006).

2.2. Identification of broad-host-range specific sequences

PCR detection of replicon specific sequences of IncN, Q
and W plasmids was according to Gotz et al. (1996), except
that 0.5 U Taq polymerase (Fermentas) per reaction was
used. Primers systems are presented in Table 2. PCR prod-
ucts were dot blotted onto a Hybond-N membrane (Amer-
sham Biosciences) using standard protocols (Sambrook
et al., 1989). Hybridization of PCR products was carried
out using PCR derived digoxigenin-labeled probes using
as template positive controls for each incompatibility
group (Table 1) and was performed according to the
Source

Kornelia Smalla-Julius Kuhn Institut, Germany
Invitrogen
Elisabeth Grohmann-Technische Universität Berlin, Germany
Elisabeth Grohmann-Technische Universität Berlin, Germany
Elisabeth Grohmann-Technische Universität Berlin, Germany

up Elisabeth Grohmann-Technische Universität Berlin, Germany
up Elisabeth Grohmann-Technische Universität Berlin, Germany
up Soren J. Sorensen-University of Copenhagen, Denmark
up Soren J. Sorensen-University of Copenhagen, Denmark
up Eve Vedler,-Tartu University, Estonia



Table 2
Primer systems used for the amplification of BHR plasmids.

Primer sequence Annealing temp (�C) Inc group Region Product size (bp) Reference

F w: 50-TTCACSTTCTACGAGMTKTGCCAGGAC 67 IncP1-a trfA 281 Bahl et al. (2009)
IncP1-b
IncP1-eRv: 50-GWCAGCTTGCGGTACTTCTCCCA-30

Fw: 50-TTCACTTTTTACGAGCTTTGCAGCGAC-30 67 IncP1-c trfA-c 281 Bahl et al. (2009)
Rv: 50-GTCAGCTCGCGGTACTTCTCCCA-30

Fw: 50-TTCACGTTCTACGAGCTTTGCACAGAC-30 67 IncP1-d trfA-d 281 Bahl et al. (2009)
Rv: 50-GACAGCTCGCGGTACTTTTCCCA-30

Fw: 50-TCTGCATCATTGTAGCACC-30 51 IncW oriT 317 Gotz et al. (1996)
Rv: 50-CCGTAGTGTTACTGTAGTGG-30

Fw: 50-AGTTCACCACCTACTCGCTCCG-30 55 IncN rep 164 Gotz et al. (1996)
Rv: 50-CAAGTTCTTCTGTTGGGATTCCG-30

Fw: 50-CTCCCGTACTAACTGTCACG-30 57 IncQ oriV 436 Gotz et al. (1996)
Rv: 50-ATCGACCGAGACAGGCCCTGC-30

Fw: 50-TTCGCGCTCGTTGTTCTTCGAGC-30 57 IncQ oriT 191 Gotz et al. (1996)
Rv: 50-GCCGTTAGGCCAGTTTCTCG-30
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manufacturer’s instructions (Roche Diagnostic, Mannheim,
Germany). Detection of replicon specific sequences (Table
2) of IncP-1 plasmids from subgroups a, b, e, c and d was
done by PCR (Bahl et al., 2009) using 1 U of Taq polymerase
(Promega) per reaction. Positive results were verified by
nucleotide sequencing of the amplification products.

Positive (Table 1) and negative (P. putida KT2442)
controls were included to confirm the specificity of the
detections. Detection of the PCR amplification products
was performed by electrophoresis on a 1.5% agarose gel
in TAE buffer and visualized by ethidium bromide staining.
2.3. Plasmid transfer, isolation and restriction analysis

Plasmids from transconjugants were transferred to
Escherichia coli Top10 competent cells (Invitrogen, Carls-
bad, CA, USA) by electroporation. Transformants were
selected by plating with the appropriate selective marker
and confirmed by amplification of trfA gene fragment.

Plasmid DNA was isolated with the Qiagen Plasmid
Mini Kit (Qiagen, Hilden, Germany) according to the man-
ufacturer’s instructions with modifications. Eight millili-
tres of starter cultures were used instead of 3 and 0.6 mL
of buffers P1, P2 and P3 were added instead of 0.3 mL.

The genetic diversity of the IncP-1 plasmids was
compared using NotI (MBI Fermentas, Vilnius, Lithuania)
digests separated by agarose gel electrophoresis (1%).
Restriction profiles were compared with NotI digests from
IncP-1b (pB10) and IncP-1e (pKJK5) plasmids.
2.4. Determination of antibiotic and mercury salts resistance
patterns

The antibiotic resistance patterns of the transformants
were determined by the agar disk diffusion method on
Mueller–Hinton agar (Merck, Darmstadt, Germany).
Antibiotics were chosen according with the antibiotic
resistance phenotypes associated with IncP-1b and e plas-
mids studied so far. Tests were carried out using disks
containing the following antibacterial agents: amoxicillin
(25 lg), amoxicillin and clavulanic acid (30 lg), tetracy-
cline (10 lg), chloramphenicol (10 lg), trimethoprim-
sulfamethoxazole (25 lg), cephalotin (30 lg) and aztreo-
nam (30 lg) (Oxoid, Basingstoke, UK). Plates were incu-
bated at 37 �C for 24 h and the transformants were
classified as sensitive, intermediate or resistant according
with the guidelines provided by the Clinical Laboratory
Standards Institute (CLSI, 2010).

Transformants harboring plasmids encoding resistance
to tetracycline (pMLUA1, pMLUA2, pMLUA3 and pMLUA4)
were tested for mercury resistance. Strains were picked
with sterile toothpicks and streaked on TSA plates supple-
mented with 25 lg/mL of HgCl2 and incubated at 37 �C for
24 h.
2.5. Sequencing and phylogenetic analysis of the amplified trfA
gene fragment

The PCR products obtained using tfrA primers were
purified (JETQUICK PCR purification spin kit- Genomed,
Löhne, Germany) and sequenced (StabVida-Oeiras, Portu-
gal). Nucleotide sequence analysis was carried out using
BLAST (Altschul et al., 1997) multiple alignments were
constructed with the CLUSTALX (Thompson et al., 1997)
and parsimony trees based on the distance parameter were
constructed using the PAUP4.0b Program (Swofford, 2002).
Bootstrap values from 1000 replicates were also obtained.
The sequences of the trfA gene fragments from plasmids
pMLUA1-7 have been submitted to DDBJ/EMBL/GenBank
nucleotide sequence database with the accession numbers
JF907414, JF907415, JF907416, JF907417, JF907418,
JF907419 and JF907420, respectively.
3. Results and discussion

Capture of tetracycline resistance was successful for
SML samples from CS and CC sampling sites (two trans-
conjugants isolated in each sample) with transfer efficien-
cies of 1.3 � 10�7 and 1.8 � 10�8 transconjugants per
donor cell, respectively. Capture of mercury resistance
was detected for one sampling site (CC) with a transfer fre-
quency of 1.8 � 10�6 (32 transconjugants for SML and 43
for UW samples). Throughout the experiments no sponta-
neous mutations were detected for the recipient strain



Table 3
Features of isolated IncP-1 plasmids from Ria de Aveiro lagoon.

Plasmid Selective marker Sampling site Aquatic environment IncP-1 subgroup Resistance patterns

pMLUA1 TET CS SML e TET
pMLUA2 TET CS SML b TET; STX
pMLUA3 TET CC SML e TET
pMLUA4 TET CC SML e TET
pMLUA5 Hg CC SML b Hg
pMLUA6 Hg CC UW b Hg
pMLUA7 Hg CC UW b Hg

TET: tetracycline; STX: trimethroprim-sulfamethoxazole; Hg: mercury; CS: cais do Sporting; CC: cais do Chegado SML: surface sea microlayer; UW;
underlying waters.

Fig. 1. Illustration of agarose gels of NotI-digested plasmids from e (A) and b (B) IncP-1 subgroups. Lanes identified as pKJK5 and pB10 concern digests of
phylogenetically close plasmids from e and b IncP-1 plasmids, respectively; lanes 1–3 concern plasmid DNA digests of pMLUA1, pMLUA3 and pMLUA4, and
lanes 4–7 concern digests of pMLUA2 and pMLUA5-7, respectively; lane a shows molecular size marker (Gene ruler DNA Ladder Mix, Fermentas).
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growing in the presence of tetracycline or mercury. The
use of nutrient limiting conditions during matings, that
mimic the natural aquatic environment, grants ecological
relevance to the gene transfer frequencies and plasmids
isolated (Dahlberg et al., 1997). Similar resistance plasmid
isolation was attempted by Dahlberg and co-workers
(1997), however, lower gene transfer frequencies, at least
100� lower, in biofilms and bulk water and much lower
frequencies, about 1000� times, for air–water interface
samples were obtained when comparing with conjugation
frequencies in the estuary Ria de Aveiro. Tetracycline and
mercury resistance transfer are likely to occur under the
natural conditions of the estuary and plasmids isolated
can be considered relevant for gene dissemination. CS
and CC sites in Ria de Aveiro are mostly contaminated by
port activities and industrial effluents release, respectively.
In fact, the capture of mercury resistance was only possible
in the CC site that has been highly contaminated by efflu-
ent discharges of a mercury cell chlor-alkali plant in the
past decades (Pereira et al., 2009). Salinity and tempera-
ture for CC sampling site was 24.8 and 17 �C, respectively,
whereas for CS salinity was 19.6 and temperature was
20.7 �C.

All of the obtained transconjugants were further probed
for IncP, IncN, IncW and IncQ plasmids by PCR and hybrid-
ization. As a result 7 transconjugants were positive using



Fig. 2. Phylogeny of the amplified tfrA gene fragments of captured plasmids from Ria de Aveiro (pMLUA1-7) in relation with plasmids representing the
known trfA gene diversity. Analysis was made based on multiple alignments (CLUSTALX) of the nucleotide sequences. PAUP4.0b Program was used to
construct the parsimony tree. Bootstrap values based on 1000 replicates are shown as percentages. The distances between the fragments are indicated by
the substitutions/site bar.
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the trfA primer pairs (Table 2) and hence should carry IncP-
1b, IncP-1a or IncP-1e plasmids, since this primer pair
amplifies replicon specific sequences from these three
plasmids subgroups. The remaining transconjugants were
negative for the presence of any of the sequences tested
and hence could not be identified as BHR replicons. After,
DNA isolation confirmed the presence of high molecular
weight plasmid DNA (data not shown). The IncP-1 plasmid
diversity was assessed by sequence analysis of the 281 bp
trfA gene fragment. A multiple alignment was performed
together with other sequences from previously described
IncP-1 plasmids. All of the amplified gene fragments were
almost identical (98% and 99%) to homologous regions of
plasmids from IncP-1b and IncP-1e groups. Five of the plas-
mids, named pMLUA1-5, were captured from SML samples
(two from CS and the other from CC sampling site) and
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were classified as b (pMLUA2 and pMLUA5) and e
(pMLUA1, pMLUA3 and pMLUA4) IncP-1 plasmids. The
other plasmids, pMLUA6 and pMLUA7, were from UW
samples collected at CC site and identified as IncP-1b plas-
mids. Also, and as seen in Table 3, tetracycline resistance
was the selective marker for 4 plasmids and mercury for
the other 3.

Plasmid DNA restriction analysis showed similar band-
ing patterns between plasmids from the same subgroups
(Fig. 1A and B), a result of the highly conserved plasmid
backbones. However, differences were seen. Plasmids
pMLUA1 and pMLUA3-4, assigned to the IncP-1e subgroup,
showed differences between each other in higher molecu-
lar weight bands and also when compared with pKJK5
revealing genetic diversity of tetracycline resistant IncP-
1e plasmids in the estuary. When analyzing the restriction
patterns of the plasmids assigned to IncP-1b subgroup,
banding patterns were less diverse. Plasmids pMLUA5-7
apparently show identical profiles, while pMLUA2 presents
a unique restriction pattern (Fig. 1, lanes 4–7), even when
compared with the model plasmid pB10.

Regarding susceptibility testing mercury susceptibility
was seen for the transformants carrying tetracycline resis-
tant plasmids (plasmids pMLUA1-4) while transformants
carrying plasmids isolated by use of mercury resistance
were sensible to this antibiotic. Apart from this, only
pMLUA2 showed an additional resistance to the combina-
tion trimethoprim-sulfamethoxazole (Table 3).

We analyzed the phylogeny of the amplified 281 bp
gene fragment of trfA. For that, the nucleotide sequences
from pMLUA plasmids were compared with 41 sequences
retrieved from GenBank corresponding to plasmids
belonging to a, b, e, c, d and f IncP-1 subgroups and reflect-
ing the known diversities of the trfA gene available up until
now. Among them, 29 have their complete DNA backbone
sequenced and the rest only have partial sequences avail-
able. Parsimony tree constructed (Fig. 2) showed 7 differ-
ent clades, representing the already described IncP-1
subgroups (Bahl et al., 2009 and Norberg et al., 2011). Plas-
mids pMLUA2 and pMLUA5-7 were grouped within the b-1
clade, being closer to pJP4 or pB10 like sequences than
from the plasmids pB3, pSMA196 and pBP136, affiliated
also in this branch. Among them, pMLUA2 and pMLUA6,
and pMLUA5 and pMLUA7 shared 100% identity in the trfA
gene fragment sequence. Regarding pMLUA2 and pMLUA6
(Table 3), they were captured in different sampling sites of
Ria de Aveiro and were from SML and UW environments,
respectively, suggesting that they are widespread along
the estuarine bacterial communities. As for plasmids
pMLUA5 and pMLUA7, the same resistance pattern and
the fact that they present identical restriction profiles
suggest that they might represent the same plasmid.

Regarding pMLUA1, pMLUA3 and pMLUA4, they
grouped within the e branch and are phylogenetically
closer to pKJK5 than to pEMT3 (Fig. 2), the only represen-
tatives of this branch, up until now. They all present some
genetic variability as seen by restriction analysis (Fig. 1)
even though no differences were found among the suscep-
tibility tests carried out. As hypothesized for IncP-1 plas-
mids in general (Norberg et al., 2011), the genetic
variability seen for these estuarine plasmids can be due
to specific plasmid/host coevolutions and/or to multiple
selective pressure forces present along the estuary.

It is known that IncP-1 plasmids diversity has been
biased by plasmid capture methods, source environment,
use of selective markers and PCR probing (Smalla and
Sobecky, 2002). This can easily be perceived by recent plas-
mid massive sequencing that is providing the description
of new IncP-1 replicons, making up new clades, such as
IncP-1f from marine biofilm or the IncP-1c-(expanded)
(Norberg et al., 2011; Stenger and Lee, 2011). The work
presented here shows that new molecular variants of
IncP-1b and IncP-1e plasmids are present in estuarine
waters and, together with the recent finding that a new
IncP-1 subgroup (f) is present in marine biofilms (Norberg
et al., 2011), shows that natural aquatic environments may
represent a rich source of these BHR plasmids. Regarding
the e subgroup only pKJK5 from manure (Bahl et al.,
2007), pEMT3 from a soil mesocosm experiment (Top
et al., 1995), and plasmids from piggery manure (Binh
et al., 2008) make up the known replicons within this
group. The isolation of three apparently different IncP-1e
plasmids occurring in an estuary will further support the
characterization of this topical subgroup justifying further
efforts for their full characterization. In fact, the sequence
determination of the IncP-1 plasmids isolated in this inves-
tigation is currently underway.
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