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The nucleotide sequences of three IncU plasmids from Aeromonas spp. isolated from ornamental fish are described. They had a
typical IncU backbone for plasmid replication and maintenance functions, but conjugative transfer modules were disrupted.
The gene qnrS2 was inserted into mpR as a mobile insertion cassette. Novel Tn3 family transposons carrying putative toxin-anti-
toxin and plasmid stability genes were identified. The study demonstrates high plasticity of IncU plasmids from aquatic
environments.

Aeromonas is a ubiquitous microorganism distributed in water
ecosystems and includes species causing various kinds of in-

fections in fish and humans. Antibiotic resistance in Aeromonas in
aquatic environments is associated especially with plasmids of
the IncU family. Most IncU plasmids described in this genus to
date share a highly conserved backbone represented by genes
for plasmid replication, stability, and conjugative transfer and
one variable region for resistance genes to antibiotics, such as
tetracyclines, sulfonamides, trimethoprim, streptomycin, and
chloramphenicol (1–6). Quinolones are broad-spectrum anti-
microbial agents widely used in human and veterinary medi-
cine, and they are among the most widely used antibiotics in
aquacultures (7). Aeromonas isolates harboring quinolone resis-
tance (PMQR) genes on IncU plasmids have been recently re-
ported in river water, lake water, and fish (2, 3, 6, 8), highlighting
the role of this plasmid family in dissemination of clinically rele-
vant resistance mechanisms in a wide range of aquatic environ-
ments.

In our previous study, IncU plasmids carrying qnrS2 and
aac(6=)-Ib-cr genes in Aeromonas spp. from ornamental fish orig-
inating from various geographic locations were identified (8). The
aim of this study was to elucidate the structure and features of
three representative IncU plasmids carrying PMQR genes by se-
quencing and bioinformatic analysis. At present, complete nucle-
otide sequences of nine IncU plasmids are available in the Gen-
Bank database. Four of them, plasmids pRA3 (GenBank accession
no. DQ401103), pFBAOT6 (GenBank accession no. CR376602),
pAC3 (GenBank accession no. KM204147), and pP2G1 (GenBank
accession no. HE616910), originate from Aeromonas spp., and
only the last two plasmids carry PMQR genes (updated on 22 July
2015).

The three sequenced IncU plasmids pAH6, pAH227, and
pASCH21 were nonconjugative and varied in size (20 to 40 kb).
Plasmid pAH6 (�20 kb) originated from Aeromonas hydrophila
from a koi carp bred in the Czech Republic. It has been identified
as a highly diffused plasmid in isolates of A. hydrophila and Aero-
monas sobria from Czech koi carps and tropical fish imported
from Asia (8). The other two plasmids, pAH227 (�40 kb) and
pASCH21 (�35 kb), carrying qnrS2, originated from A. hydro-
phila from a koi carp from the Czech Republic and A. sobria from

a tropical fish from Thailand, respectively. Plasmids were trans-
ferred to chemically competent Escherichia coli DH5� cells by
transformation followed by selection of the transformants on
Luria-Bertani agar with ciprofloxacin (0.05 mg/liter) as described
previously (8). Plasmid DNAs were extracted from transformants
using the PureLink HiPure plasmid filter midiprep kit (Invitro-
gen, Life Technologies, Germany) and sequenced using the 454
Genome Sequencer Junior system (Roche, Prague, Czech Repub-
lic) on a standard DNA fragment library following the manufac-
turer’s protocol. One, one, and three contigs for plasmids
pAH6, pAH227, and pASCH21, respectively, ranging from 250 to
41,761 bp in size with at least a 444-fold coverage, were obtained
using GS De Novo Assembler v2.6 software. Gaps between contigs
were filled by PCR, and the obtained amplicons were sequenced
using the Sanger method to link the contigs (Applied Biosystems,
Foster City, CA, USA). Geneious 7.0.6 software (Biomatters,
Auckland, New Zealand) was used to combine the data from the
454 Genome Sequencer Junior system and Sanger sequencing.
The BLAST algorithm (www.ncbi.nlm.nih.gov/BLAST) was used
for further data analysis. The plasmids were mapped against IncU
plasmids pRA3 and pFBAOT6 to verify the obtained sequences.
pRA3 and pFBAOT6 were used as reference plasmids to annotate
the plasmid sequences.

All three sequenced plasmids showed a highly conserved back-
bone. Genes involved in plasmid replication and maintenance
showed significant sequence identity with the corresponding re-
gions of other plasmids in the IncU family. The replication mod-
ule was represented by the genes repA and repB and repetitive
sequences (Fig. 1). RepB showed 99.8% and 100% sequence iden-
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tity with the replication protein in pRA3 and pFBAOT6, respec-
tively. RepA was 100% identical with the transcriptional repressor
protein of IncU archetypes. The complete set of plasmid mainte-
nance genes, found adjacent to the replication module, was dis-
rupted by insertion of qnrS2 into the gene mpR coding for a puta-
tive zinc-metalloprotease as observed in other qnrS2-carrying
IncU plasmids (2, 3, 6). Significant differences between the three
sequenced plasmids were observed in the transfer modules in-
volved in plasmid conjugation and in plasmid variable regions
containing various antibiotic resistance genes and mobile ele-
ments.

Plasmid pAH227 was 36,559 bp in size and had 52.3% G�C
content. It carried qnrS2 and showed significant similarity to
pFBAOT6 and pRA3 (92% coverage, 99% identity). The majority
of the plasmid sequence (33,947 bp) was composed of conserved
IncU plasmid backbone. It contained a complete transfer region as
seen in pRA3. However, the transfer region in pAH227 was dis-
rupted by the insertion sequence ISAs1 inserted into the gene cod-
ing for conjugal transfer protein VirD4, likely resulting in the loss
of conjugative abilities of the plasmid, as demonstrated in vitro
(8). The ISAs1 was flanked by imperfect 22-bp inverted repeats
(IRs) and showed 100% nucleotide identity to a transposase gene

found in A. salmonicida (GenBank accession no. CP000645) and
Aeromonas media (GenBank accession no. CP007567) genomes.
Target site duplication of 10 bp (ACTGCATACC) at the ISAs1
boundaries indicated the insertion via transposition. In contrast
to other IncU plasmids described in Aeromonas spp. to date, no
accessory genes apart from qnrS2 were found on pAH227. How-
ever, plasmids pMBUI3 (KC170281) and pMBUI7 (KC170284)
from an unknown bacterial species recently isolated from fresh-
waters in the United States show great similarity (91% to 92%
coverage, 93% to 95% identity) to pAH227 and consist entirely of
IncU plasmid backbone with no known accessory genes (9). These
plasmids may represent IncU archetypes before the acquisition of
resistance genes.

Plasmid pASCH21 contained qnrS2 and was 44,649 bp in size,
with an average G�C content of 56.5%. It was composed of a
17,694-bp IncU plasmid backbone and a 26,955-bp accessory re-
gion. The plasmid backbone was disrupted within the gene coding
for VirD4 conjugal transfer protein by a continuous highly mosaic
variable region, consisting of sets of resistance genes, transposable
elements, and integrons. The sequencing data indicated that
pASCH21 was a derivate of pFBAOT6 (65% coverage, 99% iden-
tity). Both plasmids contained plasmid backbone sharing 99%

FIG 1 Linear maps of PMQR-carrying IncU plasmids pAH227, pASCH21, and pAH6 from Aeromonas. Open reading frames (ORFs) are shown as arrows,
indicating the direction of transcription. Plasmid scaffold, including the plasmid replicons, maintenance genes, and transfer region, are shown in violet, green,
and yellow, respectively. PMQR genes are shown in blue, while other resistance genes are indicated in orange. IS, intI1, tnpA, and tnpR are shown in red. Other
genes are shown in white or pink. Dark gray boxes represent repetitive regions adjacent to rep genes. Inverted repeats (IRL, left inverted repeat; IRR, right inverted
repeat) and direct repeats (DR) are shown in purple and black lines, respectively. The extent of transposons is indicated below the plasmid map. The green lines
below the maps correspond to highly similar sequences from other fully and partially (p37) sequenced IncU plasmids. Homologous regions are indicated by gray
shading.
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sequence similarity and a related genetic load represented by an
In4-like class 1 integron and a Tn21-like unit transposon, Tn1721.
In both plasmids, Tn1721 was separated into left (Tn1721-L,
i.e., truncated region corresponding to Tn1722) and right
[Tn1721-R, harboring tetA(A) resistance gene] ends.
pFBAOT6 had a complete Tn1721 surrounded by direct repeats
(DRs) at both ends, suggesting its acquisition by a single transpo-
sition event. On the other hand, the left end of Tn1721-L in
pASCH21, including DR, IRLTn1721-L, and part of mcp (previously
designated orfI) encoding methyl-accepting chemotaxis protein,
has been removed, likely by insertion of the integron. Both plas-
mids contained insertion sequence IS6100 upstream of the class 1
integron, a typical feature of In4-like integrons. However, the in-
tegrons of pASCH21 and pFBAOT6 differed. pASCH21 contained
a dfrA22d cassette coding for resistance to trimethoprim, while
pFBAOT6 had the streptomycin resistance gene cassette aadA2. In
addition, the integron of pFBAOT6 was inserted at the left end of

an intact sequence of Tn1721-L, while in pASCH21, the integron
was truncated Tn1721-L in mcp. Furthermore, the sequence of a
remnant tni402 and a terminal IR typical for In4-like integrons
were missing in pASCH21, likely as a result of insertion of IS26
adjacent to IS6100. Two Tn3 family transposons were found be-
tween Tn1721-L and Tn1721-R. Tn5501-like was inserted imme-
diately downstream of �Tn1721-L, truncating the gene tnpA of
the transposon. This novel transposon is flanked by typical 38-bp
left IRs and exhibits 90% to 91% identity at the amino acid level
with Tn3 family transposons identified in IncP1 plasmids pGNB1
(10) and pB8 (11) isolated from unknown bacteria collected from
activated sludge from wastewater treatment plants. Compared to
the IncP1 plasmids, Tn5501-like in pASCH21 carried four genes,
two of them coding for putative plasmid stabilization proteins
showing significant similarity to proteins identified in plant-asso-
ciated Pseudomonas savastanoi (12, 13). Insertion of another
4,717-bp Tn3 transposon downstream of Tn5501-like likely re-

FIG 2 Mobile insertion cassette (mic) carrying qnrS2 gene and the insertion site on various plasmid backbones. Open reading frames (ORFs) are shown as
arrows, indicating the direction of transcription. Plasmid scaffolds, including the plasmid replicons, maintenance genes, and transfer region, are shown in violet,
green, and yellow, respectively. The gene qnrS2 is shown in blue. Inverted repeats (IRL, left inverted repeat; IRR, right inverted repeat) are shown in boxes, with
a black arrow indicating the direction; their length and sequence are shown below the structures, and nucleotides that differed among the plasmids are
underlined. Direct repeats (DR) flanking the mic are shown above the map. Homologous regions are indicated by gray shading.
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moved parts of Tn5501-like and Tn1721-R, including their corre-
sponding IRs. This Tn3 transposon was flanked by 38-bp IRs;
however, the insertion has not generated target site duplications;
thus, it is unlikely that it has been acquired by transposition. The
transposon carried toxin-antitoxin gene pairs, probably ensuring
plasmid stability. These putative plasmid stability proteins exhib-
ited 86% and 96% identity at the amino acid level with RelE and
RelB proteins, respectively, encoded by small cryptic ColE2-type
plasmids in A. salmonicida (14).

pAH6 plasmid harbored qnrS2 and aac(6=)-Ib-cr genes and was
found to be 15,886 bp in size, with an average G�C content of
54.9%. It shared extensive similarities with IncU plasmids
pFBAOT6 (88% coverage, 100% identity) and pRA3 (87% cover-
age, 99% identity). The sequence is highly related to PMQR-car-
rying IncU plasmid pAC3 from Aeromonas sp. from a wastewater
treatment plant in South Korea (99% coverage, 100% identity).
pAH6 is one of the smallest IncU plasmids described so far. Re-
cently, 8-kb IncU plasmid pPA-2 harboring blaKPC-2 and lacking
genes involved in plasmid transfer and partitioning was identified
in a clinical isolate of Pseudomonas aeruginosa (15), highlighting
the ability of IncU plasmids to form smaller molecules. In pAH6,
the conjugative transfer region was disrupted inside the gene nic
encoding VirD2 relaxase by a class 1 integron harboring the gene
cassette aac(6=)-Ib-cr. The 3= part of the integron was removed,
likely as a result of subsequent rearrangements after the integron
acquisition. A complete In2 family integron with an aac(6=)-Ib-
cr–blaOXA-1–catB3–arr-3 cassette array is present in other PMQR-
carrying IncU plasmids in Aeromonas spp. isolated from river wa-
ter in Spain and France (3, 6). Adjacent to the integron, pAH6
contained a 1,025-bp ISPa15-like element separated by a 114-bp
sequence from the integron, as observed in IncU plasmid
pFBAOT6 and IncP-6 plasmid Rms149 (4, 16). The In2-like in-
tegron and ISPa15-like element were suggested to form a compos-
ite transposon whose complete structure appears to be present in
pFBAOT6 (4).

All three sequenced plasmids contained the qnrS2 gene in-
serted in the same position of the plasmid maintenance region
into the gene mpR in the form of a mobile insertion cassette (mic).
pAH227 and pASCH21 contained the intact 1,370-bp mic brack-
eted by 22-bp imperfect IRs and a 5-bp duplication of the target
site (Fig. 2), suggesting the acquisition of the structure by trans-
position. The same insertion site of qnrS2 and structure of mic
have been observed in other IncU plasmids (2, 3), highlighting
the gene mpR as a hot spot for qnrS2 insertion in this plasmid
group. The identical structure of mic seen in pCH21 and pAH227
was found in IncU plasmid p37 in Aeromonas punctata from
river water in France (2) and in plasmids of other incompati-
bility groups, such as IncQ2 plasmid pAHIB101-pBF7.8 in A.
hydrophila from a fish isolate in China (GenBank accession no.
KM245123) and ColE-type plasmids pAQ2-1 and pAQ2-2 in A.
sobria from fish in South Korea (17). This suggests that this qnrS2-
carrying mic represents a promiscuous element moving between
different replicons. In IncQ and ColE-type plasmids, the mic was
inserted in plasmid backbones between genes encoding replica-
tion and mobilization proteins, generating target site duplication
of 5 bp (Fig. 2). Other qnrS2-carrying IncU plasmids from Aero-
monas spp. described so far contain various insertions of extra
sequences inside the mic. Plasmid pP2G1 from river water in
Spain carries ISKpn9 inserted at the 5= end of qnrS2, while pAC3
and p42 from China and France, respectively, contain a 106-bp

insert at the 3= end of qnrS2 (6). In pAH6, IRLs and DRs of mic
upstream of qnrS2 were missing, likely due to subsequent plasmid
rearrangements after the acquisition of the qnrS2-carrying mic.
This resulted in the loss of mobilization abilities of the gene.

Our study described complete sequences of IncU plasmids car-
rying PMQR determinants from A. hydrophila and A. sobria
recovered from ornamental fish from distant geographic areas.
pAH6-like IncU plasmids carrying qnrS2 and aac(6=)-Ib-cr genes
have been found in various Aeromonas isolates from the Czech
Republic, Thailand, Vietnam, and South Korea, suggesting the
importance of this plasmid lineage in dissemination of PMQR
genes among aquatic animals and the environment. None of the
plasmids could be transferred to recipient bacteria by conjugation,
most likely because of disruption of the conjugative transfer re-
gion. A general ability of Aeromonas environmental isolates to
acquire free DNA was recently described (18), highlighting the
role of transformation in the gene flow in natural environments,
including water. Despite the loss of conjugative abilities, the IncU
plasmids may be efficiently transferred in aquatic environments,
most likely by the transformation of free plasmid DNA to natu-
rally competent bacteria. IncU plasmids formed smaller mole-
cules and acquired novel stability genes, which may give them the
ability to pose a lower biological burden for host cells and to be
maintained in antibiotic-free environments. Our study demon-
strated higher variability in this plasmid family than previously
anticipated, its rapid evolution, and an important role in the cir-
culation of fluoroquinolone resistance in the environment.

Nucleotide sequence accession numbers. The nucleotide se-
quences of plasmids pAH6, pAH227, and pASCH21 have been
assigned the GenBank accession numbers KT315927, KT315926,
and KT315928, respectively.
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