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One sentence summary: The present work is the first to isolate and describe IncP-1¢ plasmids in China, greatly expands their available collection, and

proposes the striking two phylogenetic subclades within IncP-1e group.
Editor: Kornelia Smalla

ABSTRACT

The IncP-1¢ subgroup is a recently identified phylogenetic clade within IncP-1 plasmids, which plays an important role in
the spread of antibiotic resistance and degradation of xenobiotic pollutants. Here, four IncP-1¢ plasmids were exogenously
captured from a petroleum-contaminated habitat in China and compared phylogenetically and genomically with previously
reported IncP-1¢ and other IncP-1 plasmids. The IncP-1¢ plasmids can be clearly subdivided into two subclades, designated
as ¢-1 and ¢-II, based on phylogenetic analysis of backbone proteins Tral and TrfA. This was further supported by
comparison of concatenated backbone genes. Moreover, the two subclades differed in the transposon types, phenotypes
and insertion locations of the accessory elements. The accessory genes on ¢-I plasmids were inserted between parA and
traC, and harbored ISPal7 and Tn402-like transposon modules, typically carrying antibiotic resistance genes. In contrast,
the accessory elements on ¢-II plasmids were typically located between trfA and oriV, and contained 1S1071, which was
commonly inserted within the Tn501-like transposon, typically harboring a cluster of genes encoding mercury resistance
and/or catabolic pathways. Our study is one of the first to compare IncP-1 plasmid genomes from China, expands the
available collection of IncP-1¢ plasmids and enhances our understanding of their diversity, biogeography and evolutionary
history.

Keywords: IncP-1¢ plasmid; comparative genome analysis; antibiotic resistance; horizontal gene transfer; petroleum
polluted soil; wastewater

INTRODUCTION one of the most important contributors to HGT (Thomas 2000).
BHR self-transferable plasmids refer to the plasmids that can
be introduced and stably maintained in the bacterial species
from at least two different classes of Proteobacteria (Szpirer et al.
1999). They can be typically composed of two regions (Thomas
2000; Schliiter et al. 2003). The ‘plasmid backbone’ encodes genes

Horizontal gene transfer (HGT) between distantly related organ-
isms plays a crucial role in prokaryotic evolution and adapta-
tion (Davison 1999). Conjugative gene transfer mediated by plas-
mids with broad host ranges (BHR) is generally considered as
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involved in the replication, maintenance, control and transfer
of the plasmid (Thorsted et al. 1998). The second region is com-
prised of various ‘accessory’ genes that confer specific pheno-
typic characteristics to the host organism, such as resistance
to antibiotics, metabolic functions (e.g. those required for the
degradation of various man-made pollutants) and virulence de-
terminants (Rhodes et al. 2004; Schliiter et al. 2007, 2008).

With the emergence and development of next-generation
sequencing methods, more complete BHR plasmid sequences
have been added to the publically available databases (Sen et al.
2011; Brown et al. 2013; Fernandez-Lopez et al. 2014), which has
greatly increased our understanding of their phylogenetic diver-
sity. BHR plasmids have been shown to belong to the incompat-
ibility groups IncP (Thorsted et al. 1998), IncW (Fernandez-Lépez
et al. 2006), IncU (Rhodes et al. 2004), IncQ (Dehio and Meyer
1997) and the recently defined PromA group (Van der Auwera
et al. 2009). Among these, the IncP plasmids are considered as
one of the most promiscuous and best studied plasmid groups
(Heuer and Smalla 2012). Since IncP is equivalent to IncP-1 in the
Pseudomonas classification system, we will refer to these plas-
mids as IncP-1 from here on (Jacoby 1977). Early characterization
of IncP-1 plasmids demonstrated two subgroups, designated as
IncP-1¢ and IncP-18, with RK2 and R751 as the representative
archetypes, respectively (Macartney et al. 1997; Thomas 2000).
With the increasing number of completely sequenced IncP-1
plasmids, seven evolutionary clades have been described for
IncP-1 plasmids to date, based on backbone gene sequence phy-
logenies: the IncP-1-«, -8, -y, -4, -¢, -¢ and - subgroups (Thorsted
et al. 1998; Tennstedt et al. 2005; Norberg et al. 2011; Sen et al.
2011; Brown et al. 2013). This shows a much higher heterogene-
ity in the plasmid backbones within the IncP-1 plasmids than
previously expected.

IncP-1¢ plasmids have been firstly proposed by Bahl et al.
(2007), as they differed clearly in their backbone from typi-
cal IncP-1e and IncP-18 plasmids. This subgroup was repre-
sented by plasmid pKJK5 (Bahl et al. 2007) and only contained
two members when they were first recommended. To date,
at least 13 IncP-1¢ plasmids have been completely sequenced
(Kim et al. 2013; Oliveira et al. 2013), most of which are re-
garded as important vectors for antibiotic resistance (Heuer et
al. 2012). For example, plasmids pKJK5, pMLUA1, pMLUA3, pM-
LUA4, pKS77, pHH3414 and pHH128 all carry the class 1 in-
tegron and encode resistance towards tetracycline (Bahl et al.
2007; Sen et al. 2011; Oliveira et al. 2013), and the first four
plasmids also code for multiple antibiotic resistances. More-
over, plasmids pAKD16, pAKD25 and pAKD34 encoded mer-
cury resistance (Sen et al. 2011). Four IncP-1¢ plasmids car-
ried catabolic pathway genes responsible for herbicide degrada-
tion, with plasmids pAKD25, p712 and pEMT3 being associated
with 2,4-dichlorophenoxyacetic acid degradation, and pAKD34
carrying putative 2,4-dichlorophenoxypropionic acid-degrading
genes (Top, Holben and Forney 1995; Sen et al. 2011; Kim et
al. 2013). Antibiotic resistance gene clusters, heavy metal re-
sistance determinants and catabolic gene clusters on plasmids
IncP-1¢ have frequently been found to be associated with mo-
bile genetic elements, e.g. insertion sequences (IS elements)
and integrons (Heuer et al. 2012; Oliveira et al. 2013). In view of
the aspects described above, the IncP-1¢ plasmids play impor-
tant roles in dissemination of antibiotic resistance and catabolic
pathways. Nevertheless, the evolutionary information of plas-
mid backbones and accessory regions (such as transposons, in-
tegrons and IS elements) within this subgroup is still limited.
The phylogenetic information of backbone genes provides fun-
damental information on the ‘long-term’ evolutionary history of

BHR plasmids. Analysis of the backbone of the IncP-1¢ plasmids
may reveal important information on how these plasmids evolve
and adapt to their hosts (Norberg et al. 2011), and it will help us
to better understand their genetic diversity. Further analysis on
accessory elements will improve our understanding of how the
BHR plasmids allow bacteria to adapt to environmental selection
pressures and thus generate functional diversity among bacte-
rial strains (Norman, Hansen and Sgrensen 2009).

In this study, four novel IncP-1¢ plasmids were isolated by
the triparental mating method from the Shen-fu irrigation zone,
the largest petroleum wastewater irrigation zone in northeast
China. The partial genome sequences of these plasmids were
determined by Illumina sequencing, and the backbone regions
were completely assembled. The Tral and TrfA proteins, func-
tional modules, and organization of the backbone regions and
accessory regions were compared between the newly isolated
plasmids and previously reported IncP-1e plasmids. The present
study aims to deepen our knowledge of the evolutionary history
of IncP-1¢ plasmids, and their roles in dissemination of antibi-
otic resistance and pollutant degradation in the environment,
especially in contaminated habitats.

MATERIALS AND METHODS

Site description and sampling

The sampling area was located in the Shen-fu wastewater irriga-
tion zone (41°44'~41°52'N; 123°35'~123°45'E), Shenyang, north-
east China. After long-term exposure to petroleum-containing
wastewater that mainly came from an oil refinery, soils in this
area are contaminated to varying degrees (Li et al. 2005; Zhou
et al. 2012). Fourteen sampling sites were selected to collect soil
samples from upstream to downstream of the irrigation chan-
nel, and were sequentially numbered S1 to S14 (Fig. S1, Support-
ing Information). Five soil cores were selected from each site and
mixed to form an independent sample, and each soil core was
collected with a 5-cm diameter PVC core to a depth of 20 cm.

Five wastewater samples and five sediment samples, num-
bered W1 to W5 and Al to AS, respectively, were collected near
the corresponding sites where soil sample S1, S4, S8, S11 and
S14 were collected. The water samples were collected 25-40 cm
below the surface, using the organic glass hydrophore as de-
scribed by Song et al. (2007), and were stored at 4°C before being
transported to laboratory. Water samples were filtered by steril-
ized medium-speed filter paper before use to remove suspended
solid particles from water. The sediment samples (0-10 cm) were
collected with a shovel as described by Cook et al. (2001).

All the soils and sediments were placed in plastic bags, and
then were transported to the laboratory on ice. The soil samples
were sieved (2 mm) and kept at 4°C for triparental exogenous
plasmid isolation and the analysis of physicochemical proper-
ties. The fresh sediment samples were slightly air-dried and sub-
sequently treated like soil. The principle chemical and physical
characteristics of the environmental samples are determined by
regular method (Table 1, only the samples from which IncP-1
plasmids were successfully isolated are shown). In brief, the to-
tal petroleum hydrocarbon (TPH) was determined by gravimet-
ric method (Li et al. 2005). Soil pH was measured on soil slurry
at 1:5 soil: water (w/v) ratio using a glass electrode. Fresh soil
(10 g) was dried for 24 h at 110°C for determining soil mois-
ture. SOC was determined with a TOC analyzer (Analytikjena
HT1300, Germany) after removing soil carbonates with 1 M HCI.
TN was determined using elemental analyzer (240011 CHN el-
emental analyzer; Perkin-Elmer, USA). Nitrate-N (NO3;~-N) and



Table 1. Basic physical and chemical properties of the collected samples.
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Sample TPH? Moisture content Organic matter Total nitrogen Available nitrogen
No. Origin Plasmids  (mgkg™!)  pH® (%) (gkg™) (gkg™) (mgkg™)

S1 Soil PSFS12 713.3 6.7 20.7 39.0 1.1 202.5

S2 Soil PpSFS26 700.0 6.4 19.0 44.7 2.3 543.2

S5 Soil PSFS52 1053.3 6.8 19.2 60.1 15 94.7

W5 Wastewater pSFW53 18.32 6.3 - 13.8 9.2 30.6

2TPH, total petroleum hydrocarbons.
PpH (soil: water = 1:5).

ammonium-N (NH;"-N) were extracted with 2 M KCl, and then
were analyzed on a continuous-flow ion auto-analyzer (Scalar
SANplus segmented flow analyzer, the Netherlands).

Exogenous plasmid isolation

Plasmids were exogenously captured from soil, sediment and
water samples by using the triparental mating method (Hill,
Weightman and Fry 1992). In this method, the bacterial com-
munity of the samples are mixed with a plasmid-free recipient
and a donor strain carrying a nonconjugative, mobilizable plas-
mid and incubated to allow mobilization to take place. Subse-
quently recipients that acquired the trait encoded on the mobi-
lizable plasmids are selected for by plating. Thus, plasmids are
captured based on their ability to mobilizable this nonconjuga-
tive plasmid and transfer themselves, and not on any pheno-
typic marker.

For the soil and air-dried sediment samples, plasmids were
captured essentially as described previously (Li et al. 2015). Es-
cherichia coli MG1685 (K12Rif) (Fox et al. 2008) and E. coli J]M109
(pBBR1IMCS-5) (Yanischperron, Vieira and Messing 1985) were
used as recipient and donor, respectively. Each water sample
was filtered to remove solid particles and phytoplankton, and
500 mL of the filtrate was centrifuged at 6000 x g at 4°C for 20
min. After centrifugation, the supernatant was discarded, and
3 mL of Luria Bertani (LB) liquid medium was added to the col-
lected cell pellets. For the positive control, 500 mL of filtered wa-
ter was mixed with 200 uL of a 10! dilution (in saline) of a fully
grown E. coli DH5« (pB10) culture (about 107 cfu g=* soil). To en-
sure operational consistency, 200 L of saline was added to other
samples. Individually, 500 pL of donor, recipient and water sam-
ple supernatant were dispensed into 1.5 mL Eppendorf tubes as
the control for mating.

The presence of captured plasmids was confirmed by plas-
mid extraction using the alkaline lysis method, followed by
gel electrophoresis. Restriction fragment length polymorphisms
of captured plasmids were determined by restriction digestion
with one or more restriction enzymes, and restriction fragments
were analyzed on a 0.8% agarose gel essentially as described
previously (Sambrook, Fritsch and Maniatis 1989). Comparison
of the REP-PCR patterns (van Elsas et al. 1998) of the different
transconjugants to that of recipient E. coli MG1685 was used to
confirm that they were authentic E. coli MG1685 transconjugants.

Detection of antibiotic resistance of plasmids

The ability of the captured plasmids to confer antibiotic resis-
tance on their host was tested by measuring their inhibition
zones, as previously described (Li et al. 2015). The types and
content of antibiotics per disc were the following: kanamycin
(30 ng per disc), chloramphenicol (30), sulfamethoxazole (5),

ceftazidime (30), polymyxin B (300), miramycin (100), tetracy-
cline (30), Ciprofloxacin (5), erythromycin (15), amoxicillin (30),
rifampicin (5), macrodantin (300), nalidixic acid (30), imipenem
(10), gentamicin (10) and carbenicillin (100).

Tagging plasmids with the mini-Tn5 transposon

To facilitate selection of the plasmid in further analysis, the
plasmids showing no resistance to any tested antibiotics were
tagged with a miniTn5::Km1 transposon (De Lorenzo et al. 1990)
using the biparental mating/mobilization strategy (Li et al. 2015).
Plasmids carrying specific antibiotic resistance were directly
transferred to E. coli EC100 (SmR), skipping the tagging step.

Host range test

To determine the host range of captured plasmids, the plas-
mids were transferred from E. coli EC100 (y -Proteobacteria, Sm®) to
Agrobacterium tumefaciens C58 (a-Proteobacteria, Rif®) (Wood et al.
2001) and Cupriavidus necator JMP228 (8-Proteobacteria, Riff) (Top,
Holben and Forney 1995) by biparental matings as described pre-
viously (Binh et al. 2008).

Sequencing and annotation

Plasmid DNA was extracted from E. coli EC100 using the QIAGEN
Plasmid Midi Kit (QIAGEN GmbH, Germany). The obtained plas-
mid DNA was sequenced by the Illumina Hiseq 2000 sequenc-
ing platform, using protocols described by Li et al. (2015). Pri-
mary sequence assembly and gene prediction were performed
using the SOAPdenovo and GapCloser software as previously de-
scribed (Li et al. 2015). Small gaps on the backbone region of plas-
mid pSFS26 were closed by general PCR method. The backbone
regions of the other three newly isolated plasmids were fully as-
sembled. Nevertheless, we were not able to close the entire plas-
mids due to HiSeq giving too short reads. The total genome size
of the four plasmids was estimated by using restriction diges-
tion with enzymes EcoRI, BamHI and Pstl. The size of the gap was
assessed by subtracting the confirmed bases from the estimated
total genome size. The backbone genes of four plasmids (pSFS12,
PSFS26, pSFS52 and pSFW53) were deposited in GenBank under
accession numbers KM655308 to KM655311.

Bioinformatic analysis and software

Comparative genomic analysis was conducted between the
newly isolated plasmids and 38 selected IncP-1 plasmids (Table
S1, Supporting Information), including 13 previously reported
IncP-1¢ members. Amino acid sequences translated from the
tral and trfA genes were aligned using ClustalX (Larkin et al.
2007), then the phylogenetic network was inferred using the



4 | FEMS Microbiology Ecology, 2016, Vol. 92, No. 1

SplitsTree program (Huson and Bryant 2006). The entire back-
bone regions and individual functional modules were also
compared. The phylogenetic tree was inferred using the
neighbor joining algorithm with aligned DNA sequences,
and the best fit model for nucleotide substitution was se-
lected using the ‘Find best DNA/Protein Models’ function
in MEGA 6 (Tamura et al. 2013). A bootstrap analysis was
performed to assess the reliability of the branching pat-
tern. Schematic diagrams of multiple alignments of plas-
mids were performed by manually realigning the linear
plasmid maps drawn using the software SnapGene Viewer
(http://www.snapgene.com/products/snapgene_viewer/). Iden-
tity scores of pairwise comparisons (amino acid sequences
and DNA sequences) were calculated by the BLAST algo-
rithm bl2seq (Tatusova and Madden 1999). The insertion se-
quences from the DNA sequences of scaffolds including the
accessory regions were searched using the ISfinder database
(https://www-is.biotoul.fr) (Siguier et al. 2006), supplemented
with the DNA sequences alignment by the BLAST algorithm
bl2seq (Tatusova and Madden 1999). Integrons in the genomes of
the four plasmids were searched using the INTEGRALL database
(http://integrall.bio.ua.pt) (Moura et al. 2009).

RESULTS

Isolation and characterization of BHR plasmids from
petroleum-contaminated habitats

A diverse set of plasmids with unique restriction profiles were
captured from the Shen-fu petroleum wastewater irrigation
zone. The draft genomes of seven representative plasmids were
obtained by Illumina Hiseq 2000 high-throughput sequencing
platform. Based on the plasmid backbone information, four
of the seven sequenced plasmids were phylogenetically asso-
ciated with IncP-1 plasmids, one plasmid was characterized
as a PromA plasmid (Li et al. 2015), and two plasmids could
not yet be grouped into any known incompatibility group (un-
published data). In the present study, we describe and discuss
only the four IncP-1 plasmids. These plasmids were isolated
from soil samples S1, S2, S5 and water sample W5, and were
designated pSFS12, pSFS26, pSFS52 and pSFW53, respectively
(Table 1). A plasmid with identical restriction fragment lengths
as pSFS52 was also isolated from sediment sample A3, suggest-
ing that this plasmid has a widespread distribution within the
irrigation zone.

The four plasmids were tested for antibiotic resistance
in their captured host using the paper disc method. Only
PSFS26 conferred resistance to multiple antibiotic compounds,
including chloramphenicol, spectinomycin and tetracycline.
The other three newly isolated plasmids (pSFS12, pSFS52
and pSFW53) showed no resistance to any of the antibi-
otics tested (Table 3). To facilitate selection for the plas-
mids in further analyses, pSFS12, pSFS52 and pSFW53 were
marked with a mini-Tn5 transposon encoding kanamycin re-
sistance. All four plasmids were then separated from the mo-
bilizable plasmid pBBRIMCS-5 by transferring them to E. coli
EC100 (SmR).

To determine the host range of the four plasmids, we tested
their ability to transfer from the y-Proteobacterium E. coli and
replicate in A. tumefaciens C58 and C. necator JMP228, members
of the «- and B-Proteobacteria, respectively. These host range
tests indicated that the four plasmids were self-transferrable
and could replicate in the tested strains of «-, B- and
y-Proteobacteria.

Genetic organization of four novel plasmids revealed a
typical IncP-1 plasmid backbone

The total genome size of the four presumed IncP-1 plasmids
were about 54, 51, 56 and 53 kb for pSFS12, pSFW53, pSFS26
and pSFS52, respectively, estimated by restriction enzyme di-
gestion. The draft genome sequences of the four novel plas-
mids revealed the typical genetic organization that was unique
to IncP-1 plasmids: regions for conjugative DNA transfer (here
referred to as ‘Transfer 1’), mating-pair formation (‘Transfer 2’),
the origin of conjugative transfer (oriT), the central control re-
gion (ctl), the replication genes trfA and ssb, and the origin of
vegetative replication (oriV). The gene parA, encoding multimer
resolution, was found in between the two transfer regions. The
putative common backbone structure of these four novel IncP-
1e plasmids was illustrated in Fig. 1, which clearly showed that
the genetic organization of plasmids pSFS26 and pSFS52 was dif-
ferent from that of plasmids pSFS12 and pSFW53. The fully as-
sembled backbone regions of the four newly isolated plasmids
were approximately 40 kb (Table 2). The Transfer 1 regions of the
four plasmids all had 10 orfs. The Transfer 2 regions of plasmids
PSFS12, pSFS26 and pSFS52 all contained 18 orfs, while that of
the pSFW53 had 19 orfs. The ctl regions of pSFS12 and pSFW53
both had 13 orfs, while the corresponding regions of pSFS26 and
PSFS52 (kleB absent) included 14 and 12 orfs, respectively (Ta-
ble 2). Two genes (din], relE/stbE) coding for a toxin-antitoxin sys-
tem (Gotfredsen and Gerdes 1998) were found in between kilcA
and oriV of plasmids pSFS12 and pSFW53 (Fig. 1B). They could
also be considered as backbone genes because of their function
and their presence on some other IncP-1¢ plasmids (e.g. pAKD16,
PAKD25, pAKD34, pEMT3, p712).

Although the sequences of these four plasmids were not
completely closed, the fully assembled backbone regions en-
abled us to infer the insertion sites of the partially sequenced
accessory elements (Fig. 1 and Fig. S2, Supporting Information).
For plasmids pSFS26 and pSFS52, accessory elements were lo-
cated adjacent to parA and traC. By subtracting the backbone re-
gions from total genome size, the length of the accessory regions
of pSFS26 and pSFS52 was approximately 16 and 13 kb, respec-
tively (Table 2). In contrast, accessory regions of plasmids pSFS12
and pSFW53 were inserted between the replication and control
regions, and were estimated to be 15 and 11 kb in length, respec-
tively (Table 2).

Phylogenetic analysis of selected IncP-1 plasmids
based on Tral and TrfA

To visualize the phylogenetic position of the newly isolated plas-
mids within the IncP-1 plasmid family, we built phylogenetic
networks together with 38 previously reported IncP-1 plasmids,
including 13 IncP-1¢ members, based on the conjugative relax-
ase protein Tral (Fig. 2A) and the replication initiation protein
TrfA (Fig. 2B). The network topology of both Tral and TrfA indi-
cated that the four newly captured plasmids fell within the IncP-
1e subgroup. Furthermore, as clearly visualized in Fig. 2, the &-
clade of IncP-1 plasmids could be divided into two separate sub-
clades, designated as ¢-I and &-1I. Within the &-I subclade, plas-
mids pSFS26 and pSFS52 showed the highest similarity to pKJK5,
the first published completely sequenced IncP-1e¢ plasmid iso-
late in Denmark (Bahl et al. 2007), estimated by either TrfA (100%
amino acid identity) or Tral (99% identity). For the &-II subclade,
the TrfA protein encoded by pSFS12 showed 100% identity to that
of pAKD16, and TrfA protein of pSFW53 was 100% identical to
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Figure 1. Common genetic organization of four novel IncP-1e plasmids. (A) Plasmids pSFS26 and pSFS52; (B) plasmids pSFS12 and pSFW53. The insertion sites of
accessory elements in plasmids pSFS26 and pSFS52 are between parA and traC, while in pSFS12 and pSFW53 the insertion site was between trfA and kicA. Orfs are
shown by arrows indicating direction of transcription. Different colors indicate replication (orange) and conjugative DNA transfer (dark blue), mating-pair formation
(light blue) and central control (yellow). Hypothetical coding regions are shown in gray. The positions of the origins of vegetative (oriV) and transfer (oriT) are marked
by black circles. The genes shared by the four IncP-1 plasmids are in the inner perimeter.

Table 2. Structural organization of the four IncP-1¢ plasmids isolated in this study.

Total plasmid Backbone region No. of orfs No. of orfs No. of Presumed accessory Presumed accessory
Plasmids genome size? size transfer 1 transfer 2 orfs ctlP region size® gene location?
pSFS12 About 54 kb 39 444 bp 10 18 13 About 15 kb trfA
PSFS26 About 56 kb 40 306 bp 10 18 14 About 16 kb parA
pSFS52 About 53 kb 40 011 bp 10 18 12 About 13 kb parA
PpSFW53 About 51 kb 39973 bp 10 19 13 About 11 kb trfA

2The total genome size of the four plasmids was preliminarily evaluated by using restriction digestion with enzymes EcoRI, BamHI and PstI.
bctl: central control and maintenance region.

¢The size of the accessory region was predicted by subtracting the backbone region from total genome size.

4The gap locations are presumed to be insertion sites of accessory elements; parA: between parA and traC; trfA: between trfA and oriV.

that of pAKD25, both from Norwegian soils. The Tral proteins of
PpSFS12 and pSFW53 both show 100% identity to that of pAKD16.

Comparison of the backbone regions between four
novel IncP-1¢ plasmids and their closest relatives

We further compared the entire backbone regions between the
four novel IncP-1¢ plasmids and their closest relatives, pKJKS5,
PAKD16 and pAKD25 (Fig. 3). Although the sequences of our
four plasmids were not completely closed, the backbone regions
were fully assembled (Fig. S2, Supporting Information). Using the
Tamura-Nei + G sequence evolution model, a cluster analysis
of the nucleotide sequences of 40 backbone genes common to
all seven plasmids in Fig. 3 supported the phylogenetic analysis
based on protein sequences for Tral and TrfA.

Given that the evolutionary history may differ between dif-
ferent regions of the plasmids, we carried out a comparative
analysis based on the DNA sequences of each functional mod-
ule. The Transfer 1 (tra gene cluster) and Transfer 2 (trb gene clus-

ter) regions are both backbone segments responsible for con-
jugative transfer, and therefore these two regions were com-
bined as a large functional module for phylogenetic analysis.
As shown in Fig. 4, the phylogenetic tree (Tamura-Nei method)
also clearly demonstrates two subclades, with plasmids pKJKS5,
PSFS26 and pSFS52 clustering together, and pAKD16, pAKD25,
pSFW53 and pSFS12 grouping into the other clade. Pairwise com-
parison of DNA sequences of the gene clusters tra (traC-traM)
and trb (trbA-upf 31.0) showed that this region is highly con-
served, with atleast 92% sequence identity score among all plas-
mids (Fig. 4). Within the ¢-I subclade, the tra genes and trb gene
clusters of pKJK5S are very closely related to the corresponding
regions of plasmids pSFS26 (99%) and pSFS52 (99%). The four &-
II plasmids (pAKD16, pAKD25, pSFW53 and pSFS12) also showed
high identities (Fig. 4). The tra and trb regions of plasmid pSFS12
even showed 100% identity to that of pSFW53 (Fig. 4).

The central control (ctl) backbone genes were also compared
between the four new IncP-1¢ plasmids and their closest rela-
tives (the kleB gene was excluded because it was unrecognizable
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on the plasmid pSFS52) (Fig. 5 and Fig. S3, Supporting Informa-
tion). The ctl regions of the seven plasmids showed high sim-
ilarity in composition, containing four putative transcriptional
units, klc, kle, korA-incC-korB and kfr. Cluster analysis based on
homologous genes of ctl region (Fig. 5) was consistent with the
classification based on the entire backbone region. Further in-
depth analysis showed phylogenetic divergences in specific loci
of the central control regions, indicating complex evolutionary
histories. For instance, kleF and kleF* present in pSFS26 showed
evidence of duplication, while kleB on plasmid pSFS26 and pKJK5
was not found on pSFS52, though they were all classified into
the &-1 subclade (Fig. 5). However, these small differences in
backbone genes require further evidence due to unavoidable
sequencing errors. The fragment flanking the trfA-oriV-kIcA re-
gion still showed different organization. In specific, two puta-
tive backbone genes (dinJ, relE/stbE) coding for a toxin-antitoxin
system were found in between klcA and oriV of ¢-II plasmids,
whereas they were absent in the corresponding site of e-I
plasmids.

Comparison of accessory elements between ¢-I and ¢-II
subclades

The observed genome divergence among the two IncP-1e sub-
clades was further supported by differences in insertion sites,
phenotypes and IS/integron elements of the accessory genes. By
comparing the four new plasmids from this study and the 13
previously sequenced IncP-1¢ plasmids, we found that the parA
locus (between parA and traC) could be considered as a hotspot
for insertion of accessory elements in the ¢-I subclade (Fig. 1A
and Table 3). The insertion may have disrupted the N-terminus
of the parA genes in ¢-I plasmids (630 bp remaining for pSFS26
and pSFS52, and 606 bp remaining for other plasmids) com-
pared to parA from &-1I ones (all 651 bp). The ¢-II plasmids also
have preferred spots for insertion of accessory elements. The
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pKJKS pSFS52  pSFS26 pAKD25 pAKDI16 pSFWS3 pSFS12
pKJKS -
pSFS52 99% -
pSFS26 99% 99% -
pAKD25 93% 93% 93% -
pAKD16 93% 93% 93% 99% -
pSFW53 93% 92% 93% 99% 99% -

pSFS12 93% 92% 93%

99% 99% 100% -

Figure 4. Identity scores from pairwise comparison of the genes of the Transfer 1 (traC-traM) and Transfer 2 (trbA-upf 31.0) regions.

accessory genes and transposons were located between trfA and
oriV (Table 3). Plasmid pAKD16 contained two accessory regions
at both parA and trfA sites (Table 3).

Besides the insertion sites, the two IncP-1e subclades dif-
fered greatly in their phenotypes. We found that eight of ten &-I
plasmids harbored antibiotic resistance genes (Table 3), while
none of them carried Hg® or catabolic genes, which were fre-
quently detected on plasmids of the ¢-II subclade. In contrast,
five of seven e-II plasmids carried mercury resistance (Hg®)
genes and/or genes for degradation of herbicides (such as 2,4-
dichlorophenoxyacetic acid and 2,4- dichlorophenoxypropionic
acid) (Table 3). Our newly isolated ¢-II plasmid pSFW53 car-
ried a gene possibly encoding a putative glycosyl hydrolase,
a gene coding for acriflavin resistance protein B and a gene
encoding a putative Cupin2 conserved barrel protein with un-
known function. The gene encoding a Cupin2 was also de-
tected on plasmid pSFS12, together with a gene encoding an
RND family efflux transporter (MFP subunit). Because the com-
plete sequences were not closed, we could not determine the
exact position of these accessory genes. In combination with
our phenotypic assays, it was however clear that, unlike the e-
I plasmids, the ¢-II subclade did not carry antibiotic resistance
genes.

Further analysis of the IS/integron elements showed that the
e-1 plasmids pSFS26 and pSFS52 carried typical ISPal7 insertion
sequences and a Tn402-like transposon containing a class 1 in-
tegron (Fig. 6), which are typical of plasmids in the ¢-I subclade
(Table 3). The ISPal7 insertion sequence contained four orfs and
was flanked by 25 bp inverted repeats (IRs, IR-L and IR-R) and
S bp direct repeats (DRs, the sequences were ‘GCTCA’) (Fig. 6C).
Tn402-like transposon was flanked by two 25 bp inverted repeats
(IRi and IRt) and two 5 bp DRs (the sequences were ‘TCAAA))
(Fig. 6C). For plasmid pSFS26, the Tn402-like transposon in-

cluded a composite transposon 1S26-tetR-tetA-IS26 and a class 1
integron (Aintl1-catB-aadA-qacEA1-sull-orf5) (Fig. 6A). The com-
posite transposon contained genes conferring resistance to
tetracycline (tetR-tetA). The integrase gene (AintI1) was disrupted
by the composite transposon flanked by IS26 copies. The variable
integron regions of pSFS26 consisted of the gene cassettes catB-
aadA, encoding chloramphenicol acetyltransferase (catB) and
aminoglycoside adenylyltransferase (aadA). This was consistent
with the observed resistance to chloramphenicol and spectino-
mycin encoded by this plasmid. The Tn402-like transposon of
PpSFS26 harbored the 3’ conserved segment (3'-CS: qacEA1-sull-
orf5) which is common in typical class 1 integrons, with qacEA1
conferring resistance to quaternary ammonium compounds,
sull encoding a dihydropteroate synthetase resistant to sulfon-
amides, and orf5 encoding a putative acetyltransferase (Fig. 6A).
In contrast, the class 1 integron of plasmid pSFS52 contained
only a truncated Aintll gene and the 3’ conserved segment (3'-
CS), devoid of any gene cassettes (Fig. 6B), which was similar to
the integron structure of IncP-1e-I plasmid pHH3408 (Heuer et
al. 2012). While the two plasmids pSFS26 and pSFS52 harbored
similar IS/integron elements, carrying the typical ISPal7 inser-
tion sequence and a Tn402-like transposon containing class 1
integron (Fig. 6), no antibiotic resistance genes were detected on
PpSFS52, which instead harbors a series of genes encoding hypo-
thetical proteins.

Only one insertion sequence, 1S1071, was found for plasmids
PSFS12 and pSFW53 (Table 3). IS1071 is often found as part of
Tn501-like transposons, which usually contain other insertion
sequences. For example, Tn501-like transposons were detected
on pAKD plasmids that contained the IS1071, ISPps1 and ISCsp2,
harboring the mercury resistance (mer) operon and/or the tfd
gene cluster region (responsible for the degradation of 2, 4-D)
(Sen et al. 2011; Kim et al. 2013).
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DISCUSSION

Despite the general agreement on the importance of BHR plas-
mids in the adaptive evolution of bacteria (Jechalke et al. 2013b;
Shintani, Sanchez and Kimbara 2015), their evolutionary history
and genetic diversity are still not very well understood, lim-
ited by an insufficient pool of BHR plasmid sequences. Thus,
isolation and characterization of new BHR plasmids from envi-
ronmental samples, especially from understudied locations like
China, is still fundamental to understanding the nature and evo-
lutionary history of these important mobile genetic elements
and their role in HGT. The present work is among the first to
identify BHR plasmids in China (Li et al. 2015). The isolation of
very similar BHR plasmids from geographically distinct sites fur-
ther demonstrates the wide distribution of these mobile genetic
elements, and provides an opportunity for comparing genomics
of plasmids collected worldwide.

Polluted habitats have been recognized as hotspots for self-
transmissible plasmids due to environmental selection pres-
sures imposed by the pollutants. A large number of plasmids
were previously captured from contaminated soils (Gstalder
et al. 2003), polluted sludges (Top et al. 1994), wastewaters
(Schliiter et al. 2007), etc. In particular, wastewater treatment
plants have been described as reservoirs for plasmids and
other mobile genetic elements (Schliiter et al. 2003). With long-
term exposure to petroleum pollutants, the Shen-fu petroleum-
wastewater irrigation zone is a potential ‘dream site’ for BHR
plasmid isolation, and we hypothesized that this habitat should
be rich in such plasmids. The present study indeed captured

a diverse set of BHR plasmids from this irrigation zone, and
thereby increased the currently available BHR plasmid genome
sequence pool. In our present work, the plasmids were isolated
by the donor/recipient system E. coli JM109 (pBBRIMCS-5)/E. coli
MG1685 (Yanischperron, Vieira and Messing 1985; Fox et al. 2008),
both of which belong to the y- Proteobacteria. While it has been
previously suggested that using donor and recipient strains be-
longing to different Proteobacteria may increase the frequency of
obtaining plasmids with a BHR (Top et al. 1994), we obtained BHR
plasmids using E. coli strains only.

We performed phylogenetic analyses based on the amino
acid sequences of Tral and TrfA for 38 selected IncP-1 plas-
mids (including the four newly isolated IncP-1 plasmids). The
TrfA (Vedler, Vahter and Heinaru 2004; Sen et al. 2012) and Tral
(Garcillan-Barcia, Francia and De La Cruz 2009) are frequently
selected as the representative backbone gene product for phy-
logenetic analysis of the IncP-1 plasmids. Our results are quite
consistent with previous classification of IncP-1 plasmids, which
divided 25 IncP-1 plasmids into seven subgroups (Norberg
et al. 2011), designated IncP-1« to IncP-1n. Moreover, two sepa-
rate subclades within the IncP-1e subgroup were clearly demon-
strated by split network analysis. Preliminary signs of the pres-
ence of two clusters within the IncP-1¢ subgroup were pointed
out by previous studies (Sen et al. 2012; Dealtry et al. 2014). Here,
by comparing more IncP-1¢ members, we designated these two
striking subclades as ¢-I1 and ¢-II. We still compared the trfA
genes between ¢-I and ¢-II plasmids by constructing a phyloge-
netic tree (data not shown). As expected, the two subclades were



Table 3. Transposon/IS types and phenotypes of accessory elements within IncP-1¢ plasmids®.

References

Transposon types

Catabolic pathway®

Mercury resistance

Antibiotic resistance®

Origin

Plasmids

This study
This study

1SPa17,1S26, Tn402-like
1SPa17, Tn402-like

CmR, sptR, TcR

Arable soil (irrigated using wastewater), China

PSFS26

d
TcR, TmR, sptR

TcR

Arable soil (irrigated using wastewater), China

Manured soil in Denmark
Manured soil, Germany

PSFS52
PKJKS

Bahl et al. (2007); Oliveira et al. (2013)

Oliveira et a

ISPa17, 151326, Tn402-like
ISPa17, 1S1326, Tn402-like
ISPa17, 151326, Tn402-like
ISPal7, 151326, Tn402-like
ISPa17, 151326, Tn402-like

pHH128

Oliveira et a

Manured soil, Germany

PpHH3408

e-1

TcR
TcR

Oliveira et a

Manured soil, Germany
Manured soil, Germany

pHH3414
pKS77

Oliveira et a

Oliveira et a

ISPal7, 151326, 1S26, Tn402-like

TcR, SmzR, SptR, SmR

Estuarine water, Portugal

PMLUA1

Oliveira et a

ISPa17,1SUnCul7, 1S26, Tn402-like

ISPa17, 1S26, Tn402-like

151071
1S1071

TcR, EryR, SmzR, SptR, SmR

TCR, EryR, SmzR

Estuarine water, Portugal
Estuarine water, Portugal

PMLUA3

Oliveira et a

PMLUA4
PSFS12

This study
This study

Arable soil (irrigated using wastewater), China

Wastewater, China

PSFW53
PAKD25

Sen et al. (2011)
Sen et al. (2011)

151071, ISPps1, ISCsp2, Tn501-like
1S1071, ISPps1, ISCsp2, Tn501-like

151071
151071

2,4-D
2, 4-DP

2,4-D
2,4-D

Arable soil (treated with HgCl,), Norway
Arable soil (treated with HgCl,), Norway

Arable soil, USA

PAKD34
PEMT3
P712

e-11

Top, Holben and Forney (1995)

Kim et al. (2013)
Sen et al. (2011)

Arable soil, USA

151071, ISPps1, ISCsp2, Tn501-like, Tn6048-like

Arable soil (treated with HgCl,), Norway

PAKD16¢

2The insertion sites of accessory elements on ¢-I plasmids are between parA and traC. The insertion sites of accessory elements on &-II plasmids are between trfA and oriV.

®Cm, chloramphenicol; Spt, spectinomycin; Tc, tetracycline; Gm, gentamicin; Sm, streptomycin; Tm, trimethoprim; Ery, erythromycin; Smz, sulfamethoxazole.

CPutative and functional pathways; 2, 4- D: 2, 4- dichlorophenoxyacetic acid; 2, 4- DP: 2, 4- dichlorophenoxypropionic acid.

4A kanamycin resistance gene was found on pSFS12, pSFS52 and pSFW53 but it was part of the minitransposon that was artificially inserted during marking of the plasmids. Therefore, it is not listed among the antibiotic resistances

in column 3.

€Plasmid pAKD16 is the only plasmid from clade II that has two accessory regions, but the natural mercury resistance operon was located in the trfA region as all the other plasmids. The transposon in the parA locus seemed

identical to Tn6048 in the genome of the host that was used to capture this plasmid, and thus likely represents a transposition event that occurred in the laboratory.
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clearly separated, implying that these two subclades could be
distinguished from each other by hybridization using a possible
probe of each trfA gene. From another point of view, since DNA
amplification with trfA primers followed by sequencing is often
used in environmental studies to assess the presence and di-
versity of IncP-1 plasmids, we tested the trfA primers developed
by Bahl et al. (2009) in silico against the IncP-1e plasmids. They
should amplify all ¢-I and &-1I plasmids described here, because
there are no mismatches at the 3’end (data not shown). Simi-
larly, primers developed for amplification of korB genes (Jechalke
et al. 2013a) should amplify both of these two IncP-1¢ plasmid
subclades. We will put our efforts into quantifying the abun-
dance of IncP-1¢ plasmids in the contaminated soil or wastewa-
ter in the future.

Comparative genomic analysis based on the concatenation
of all shared backbone genes further strengthened the sugges-
tion for separating IncP-1e¢ plasmids into two subclades. This
strategy may not be suitable for evolutionarily distinct plasmids
since concatenation may ignore the multiple histories of the un-
derlying data and thus represent an incorrect single history for
all backbone genes (Sen et al. 2012). However, in our study con-
catenation of backbone genes was an effective method for infer-
ring the evolutionary history of our IncP-1¢ plasmids, since they
have highly similar backbones (Norberg et al. 2011).

It was observed that 16 of 17 IncP-1le members, including
the four new plasmids captured in this study, harbored acces-
sory elements in only one of two typical insertion sites. Interest-
ingly, we found clear differences in the phenotypes, IS/integron
elements, and insertion location of the accessory elements be-
tween the ¢-I and &-II subclades. The ¢-I plasmids encoded only
antibiotic resistance genes, and carried a typical ISPal7 and a
typical Tn402-like transposon containing a class 1 integron. In
contrast, several ¢-II plasmids tended to carry mercury resis-
tance genes and herbicide degradation genes, which are usually
inserted in a Tn501-like transposon. Moreover, the IS1071 inser-
tion sequence, which is commonly located within the Tn501-
like transposon, was unique to the ¢-II plasmids. In fact, 1S1071
has often been associated with catabolic genes (Tan 1999). In
addition, the accessory elements of ¢-I plasmids were inserted
between parA and traC, a typical insertion site for IncP-1 plas-
mids (Sota et al. 2007). In contrast, accessory regions of ¢-II plas-
mids are inserted between trfA and oriV, a second typical inser-
tion hotspot (Thorsted et al. 1998). Three plausible mechanisms
have been proposed for site preference of parA and/or trfA loci.
First, the 20-bp IRs with a consensus sequence of CATCGCCAN-
NTCYGRCGATG in both trfA and parA locus was suggested to
be responsible for the region-specific acquisition of transposons
(Thorsted et al. 1998; Heuer et al. 2004). However, the reported IRs
were not found on our newly isolated plasmid. Second, transpo-
sition occurs randomly, but plasmids with insertions in the two
specific regions are most stable or transferable, or least costly
to their host, and thereby persist longer over evolutionary time
than the cognate plasmids with insertions in other sites (Simon-
sen 1991; De Gelder et al. 2007). Third, a combination of region-
specific insertion and selection explains the common plasmid
structure (Sota et al. 2007).

The difference in accessory gene content between the ¢-I and
-1 plasmids is intriguing and may be explained by the differ-
ences in selective pressures the plasmid hosts experienced in
their environments. Almost all of the ¢-I plasmids carry antibi-
otic resistance genes and five of the ten encode multiple drugre-
sistance, including our newly isolated plasmid pSFS26 (Table 3).
These ¢-I plasmids were isolated from manured soil (pKJKS,
pHH128, pHH3408, pHH3414 and pKS77), polluted soils irrigated
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Figure 6. Analysis of transposon types and integrons (between parA and traC) of plasmids pSFS26 and pSFS52. (A) Plasmid pSFS26 harbors the ISPal7 insertion sequence
and a typical Tn402-like transposon. The Tn402-like transposon contains a composite transposon (IS26-tetR-tetA- 1526) and a class 1 integron. (B) Structure of transposon
structure in plasmid pSFS52, composed of the ISPal7 and Tn402-like transposon. (C) The nucleotide sequences at the ends of ISPal7 and the Tn402-like transposon
are shown. IRs are marked in black and DRs are marked in red. IR-L and IR-R represent the left inverted repeat and right inverted repeat of ISPa17, respectively. IRi and
IRt represent the inverted repeats found at the integron end and the transposition module end of class 1 integrons/transposons, respectively.

by wastewater (pSFS26 and pSFS52), aquatic environments (pM-
LUA1, pMLUA3 and pMLUA4), which were all susceptible to
pollution with antibiotic residues (Binh et al. 2008; Rizzo et al.
2013). In contrast, most of the ¢-II plasmids were isolated from
arable soils treated with mercuric chloride or herbicides, and as
a result mainly conferred mercury resistance genes and genes
for degradation of herbicides. Good examples are the mercury
resistance plasmids pAKD16 and pAKD25, closest relatives to
two of our new IncP-1¢ plasmids, which were both isolated from
arable soils treated with mercury in the laboratory (Sen et al.
2011). Our two &-II plasmids were from soil and wastewater in
the Shen-fu petroleum wastewater irrigation zone, which likely
contained a variety of organic and inorganic pollutants (Zhou
et al. 2012).

These observations suggest to us that the different plasmid
subclades are evolving in different types of bacteria, which are
under different selective pressures. For example, the hosts of
¢-1 plasmids might be enteric bacteria that thrive in environ-
ments such as manure, and those of the ¢-II clade plasmids
more typical soil bacteria, phylogenetically distinct from enter-
ics. Thus, we hypothesize that these two subclades of plasmids

have adapted to different ranges of hosts, which is reflected in
the divergence of their backbone genes (Yano et al. 2013). Al-
though using exogenous methods for isolating plasmids does
not provide us information on the actual hosts of these plas-
mids, this hypothesis could be tested directly by more extensive
comparisons of the host ranges of plasmids from the two sub-
clades, as done by Yano et al. (2013) for other IncP-1 plasmids.
Alternatively, hosts carrying ¢-I and &-II plasmids could be iso-
lated directly from environments with antibiotic residues versus
chemical pollutants, using a hybridization approach. In conclu-
sion, the striking correlation of antibiotic resistance genes with
¢-1 plasmids suggests coevolution with specific hosts that bene-
fit from these resistance traits.

The present work enhances our understanding of the phylo-
genetic diversity, biogeography and evolutionary history of the
IncP-1 plasmids, and increases the available collection of IncP-1¢
plasmid sequences. In this era of high-throughput sequencing,
more BHR plasmid sequences will help us understand the reser-
voirs, evolutionary trajectories and host-beneficial traits of these
important vectors of HGT, and will shed light on the alarmingly
rapid worldwide spread of antibiotic resistance.
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