
Plasmid 66 (2011) 7–18
Contents lists available at ScienceDirect

Plasmid

journal homepage: www.elsevier .com/ locate/yplas
Nucleotide sequence of Pseudomonas aeruginosa conjugative plasmid
pUM505 containing virulence and heavy-metal resistance genes

M.I. Ramírez-Díaz a,⇑,1, A. Díaz-Magaña a, V. Meza-Carmen b, L. Johnstone c, C. Cervantes a,
C. Rensing d

a Instituto de Investigaciones Químico-Biológicas, Universidad Michoacana, Morelia, Michoacán, Mexico
b Facultad de Ciencias Medicas y Biológicas ‘‘Dr. Ignacio Chávez’’, Universidad Michoacana, Morelia, Michoacán, Mexico
c Arizona Research Laboratories, Genetics Core Tucson, University of Arizona, Tucson, AZ 85721, USA
d Department of Soil, Water, and Environmental Science, University of Arizona, Tucson, AZ 85721, USA

a r t i c l e i n f o
Article history:
Received 13 October 2010
Accepted 14 March 2011
Available online 21 March 2011
Communicated by Ellen Zechner

Keywords:
Pseudomonas aeruginosa
Plasmid
Virulence genes
Mercury resistance
Chromate resistance
0147-619X/$ - see front matter � 2011 Elsevier Inc
doi:10.1016/j.plasmid.2011.03.002

⇑ Corresponding author. Address: Instituto de Inve
Biológicas, Universidad Michoacana de, San Nicolás
B-3, Ciudad Universitaria, 58030 Morelia, Michoac
443 326 5788.

E-mail address: marthaisela_ramirez@hotmail.
Díaz).

1 Present address: Departamento de Farmacia,
Naturales y Exactas, Universidad de Guanajuato, Gua
a b s t r a c t

We determined the complete nucleotide sequence of conjugative plasmid pUM505 isolated
from a clinical strain of Pseudomonas aeruginosa. The plasmid had a length of 123,322 bp
and contained 138 complete coding regions, including 46% open reading frames encoding
hypothetical proteins. pUM505 can be considered a hybrid plasmid because it presents two
well-defined regions. The first region corresponded to a larger DNA segment with homol-
ogy to a pathogenicity island from virulent Pseudomonas strains; this island in pUM505
was comprised of genes probably involved in virulence and genes encoding proteins impli-
cated in replication, maintenance and plasmid transfer. Sequence analysis identified pil
genes encoding a type IV secretion system, establishing pUM505 as a member of the family
of IncI1 plasmids. Plasmid pUM505 also contained virB4/virD4 homologues, which are
linked to virulence in other plasmids. The second region, smaller in length, contains inor-
ganic mercury and chromate resistance gene clusters both flanked by putative mobile ele-
ments. Although no genes for antibiotic resistance were identified, when pUM505 was
transferred to a recipient strain of P. aeruginosa it conferred resistance to the fluoroquino-
lone ciprofloxacin. pUM505 also conferred resistance to the superoxide radical generator
paraquat. pUM505 could provide Pseudomonas strains with a wide variety of adaptive traits
such as virulence, heavy-metal and antibiotic resistance and oxidative stress tolerance
which can be selective factors for the distribution and prevalence of this plasmid in diverse
environments, including hospitals and heavy metal contaminated soils.

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

Pseudomonas aeruginosa is a Gram-negative bacterium
widely distributed in the environment, including soil and
. All rights reserved.
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water, as well as in association with various living host
organisms (Battle et al., 2008). P. aeruginosa is one of the
most prevalent causes of opportunistic infections in hu-
mans and is the most common cause of eventually fatal,
persistent respiratory infections in cystic fibrosis patients
(Battle et al., 2008). Furthermore, it has been shown that
this bacterial species utilizes the same virulence determi-
nants to infect different hosts, from plants to humans
(Fajardo et al., 2008). Observations from a number of infec-
tion models indicate that the virulence of P. aeruginosa
varies from strain to strain and that the genes encoding
most of the characterized virulence determinants are
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located in the core genome and therefore are present in all
strains. However, P. aeruginosa accessory genes contained
on plasmids and genomic islands may contribute to the
heterogeneity of virulence (Lee et al., 2006). pUM505 was
first identified as a large conjugal plasmid in a clinical
strain of P. aeruginosa conferring resistance to chromate
and inorganic mercury (Cervantes-Vega et al., 1986; Cer-
vantes and Ohtake, 1988). Resistance to chromate by
pUM505 has been extensively studied, and functions by ef-
flux of the chromate ion from the cytoplasm across the
cytoplasmic membrane into the periplasm by the trans-
membrane protein ChrA (Cervantes et al., 1990; Alvarez
et al., 1999). The resistance to mercury or other functions
encoded by pUM505 have not been studied in detail.
Therefore, in order to explore its genetic organization, we
determined the complete nucleotide sequence of
pUM505. In this paper, we present the detailed annotation
of the nucleotide sequence of pUM505. By using computer-
assisted DNA sequence analysis, we identified putative ge-
netic determinants of pUM505 involved in virulence prop-
erties, replication, maintenance and those mediating
heavy-metal resistance.
2. Materials and methods

2.1. Bacterial strains

Plasmid pUM505, originally obtained from P. aeruginosa
strain PUM503 isolated from a hospital patient in Morelia,
Michoacán, México (Cervantes-Vega et al., 1986), was
transferred by conjugation to strain P. aeruginosa PU21
(FP�, ilv, leu, StrR, RifR), selecting for resistance to rifampi-
cin and chromate and following the protocol described
by Sambrook et al. (1989).

2.2. Susceptibility tests

Overnight cultures grown in nutrient broth (NB, Bioxon)
were diluted 1:50 in tubes with 4 ml of fresh NB medium
with varying amounts of either of the following com-
pounds (from Merck Co. or Sigma Chemical Co.): mercuric
chloride (0.5, 1.0, 2.0, 3.0, 4.0 lM), ciprofloxacin (0.1, 0.2,
0.3, 0.4, 0.6, 0.8 lg/ml) or paraquat (1, 5, 10, 15, 20 lM).
Cultures were incubated for 18–20 h at 37 �C with shaking,
and growth was monitored as turbidity at 590 nm with a
spectrophotometer.

2.3. DNA purification

Plasmid DNA was purified from overnight cultures of P.
aeruginosa PU21(pUM505) grown in Luria Bertani broth
(LB) (Bioxon) for 24 h at 37 �C, by means of the QIAGEN
Large-Construct kit according to manufacturer’s instruc-
tions. DNA was analyzed and quantified by agarose gel
electrophoresis.

2.4. DNA sequencing

Purified pUM505 plasmid DNA (1.5 lg) was sequenced
at the University of Arizona Genetics Core (Tucson, AZ,
USA) on a Genome Sequencer FLX system (454 Life
Sciences). Shotgun sequencing was performed according
to the manufacturer’s instructions using a Titanium SV
emPCR Lib-L kit and one region of a four-region picotitre
plate, resulting in 318, 311 reads with an average length
of 271 bp. Sequences were assembled using GS De Novo
Assembler version 2.0.01.12 (454 Life Sciences), generating
3978 contigs of at least 500 bp, most of which were low
coverage (an average of 6 fold). BLAST analysis revealed
that one contig with very high coverage (258 fold) con-
tained the gene chrA already known to be part of the
pUM505 plasmid (Cervantes et al., 1990). Connections be-
tween this contig and adjacent contigs with similarly high
coverage were identified by looking for sequencing reads
that were split between contigs by the assembly software.
Continuing this process, a chain of 10 contigs, each having
a minimum coverage of 200 fold, was assembled into a
123,322 bp sequence. Contig joins were checked by run-
ning a new assembly on all the reads from the 10 high-cov-
erage contigs using GS De Novo Assembler version 2.3 with
the option to limit reads to one contig.
2.5. DNA sequence analysis and annotation

After complete nucleotide sequencing of pUM505, po-
tential open reading frames (ORFs) were searched by the
RAST server (Rapid Annotation using Subsystem Technol-
ogy) and using BLAST (http://blast.ncbi.nlm.nih.gov/Blas-
t.cgi) against the NCBI (http://www.ncbi.nlm.nih.gov/)
prokaryotic database to confirm the results. Conserved do-
mains were determinated by a search of Clusters of Orthol-
ogous Groups of proteins (COGs) in the NCBI data base.
Molecular masses of encoded proteins were determined
by ProtParam from Swiss Institute of Bioinformatics
(http://www.expasy.ch/tools/protparam.html). The com-
plete sequence of pUM505 was searched for r70-depen-
dent promoters using the Neural Network Promoter
Prediction (http://www.fruitfly.org/cgi-bin/seq_tools/pro-
moter.pl) (Reese et al., 1996). Rho-independent bacterial
terminators were searched using the program FindTerm
(Softberry Inc.). Putative operons were determined by FGE-
NESB: Bacterial Operon and Gene Prediction (http://www.
linux1.softberry.com/berry.phtml?topic = fgenesb&group =
programs&subgroup = gfindb). Insertion sequence ele-
ments within the pUM505 sequence were identified with
IS FINDER (http://www-is.biotoul.fr/is.html). Search for
genomic islands was made using CpG finger program from
Softberry programs (http://www.linux1.softberry.com/
berry.phtml). Global amino acid sequence similarities were
calculated with ClustalW (http://www.ebi.ac.uk/Tools/clu-
stalw2/index.html) from the European Bioinformatics
Institute from the European Molecular Biology Laboratory.
Proteins <100 aa were analyzed in order to determine
whether they were truncated. The parameters used for this
analysis were: a comparison with the length of homolo-
gous proteins, identification of insertion sequences or
repeated inverted and analysis of arrangement of genes
that encode these proteins. The annotated sequence of
pUM505 is available in the NCBI database under the Acces-
sion No. HM560971.
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3. Results and discussion

3.1. General features of plasmid pUM505

The complete nucleotide sequence of plasmid pUM505
could be assembled into a circular DNA sequence of
123,322 base pairs (bp), with an overall G + C content of
60.5%. pUM505 is 23 kb larger than the previous size esti-
mation on the basis of agarose gel electrophoresis (Cervan-
tes and Ohtake, 1988). Variation of G + C content
throughout the replicon was evident, ranging from 58%
to 65%. Fig. 1 presents a detailed genetic map of pUM505,
indicating the approximate positions of genes and addi-
tional organizational features. The predicted coding re-
gions of pUM505 showed a particular genetic
organization, highlighting two well-defined regions corre-
sponding to genomic islands, which correspond to 98 kb of
total plasmid. The first one possessed a large island
(�67 kb), which contained genes involved in virulence,
plasmid replication, plasmid partitioning, plasmid mainte-
nance, and conjugative transfer (Fig. 1). The second,
smaller region (�31 kb) contained genes involved in
heavy-metal resistance and mobility genes (Fig. 1).

A summary of the sequence data for pUM505, including
length and molecular mass of predicted proteins, as well as
best homologies to known proteins in databases, is shown
123,322 bp
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Fig. 1. Genetic map of P. aeruginosa plasmid pUM505. Deduced coding region
transcription. The circular positions are indicated at intervals of 20,000 bp. The p
shown to the right. Two main regions of the plasmid are indicated: (1) pathoge
Mosaic-type structure, which consists of three blocks, is shown as different colo
indicated. Putative operons containing coding regions predicted to be involved in
resistance (CrR) are indicated by blue bars. Genes involved in replication, as well a
(For interpretation of the references to color in this figure legend, the reader is
in Table 1. The pUM505 sequence contained 138 complete
coding regions, the majority of them encoded on the com-
plementary DNA strand (75%), with respect to the pre-
dicted origin of replication (oriV) (Fig. 1). Most of the
identified genes (46%) encode hypothetical proteins
(H.P.). In addition, we identified mobile elements (10.9%),
genes related to transfer functions (9.4%), heavy-metal
resistance determinants (9.4%), metabolism-related genes
(5.8%), and regulatory genes (3.6%), among others. The per-
centage of genes encoding H.P. was similar to the propor-
tions reported in large plasmids such as pMOL28 at
171,459 bp (50%) and pMOL30 at 233,720 bp (40%) from
Cupriavidus metallidurans CH34 (Monchy et al., 2007), or
pWW0 at 116,580 bp from Pseudomonas putida (41%)
(Greated et al., 2002). The proportion of genes encoding
H.P. decreases in smaller plasmid such as pMccC7-H22
from Escherichia coli at 32,014 bp (36%) (Smajs et al.,
2008), pDTG1 from P. putida NCIB 9816-4 at 83,042 bp
(33%) (Dennis and Zylstra, 2004), and pB4 from Pseudomonas
sp. at 79,370 bp (25%) (Tauch et al., 2003).

Most genes (80%) from pUM505 were located in poten-
tial operons; 30 putative operons of different sizes were
identified: 25 contained 2–5 genes and five had 8–11
genes. Additionally, an automated search for r70-depen-
dent promoters resulted in the prediction of a set of 106
putative promoter sequences, however, only 22 promoters
hop
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Table 1
Summary of location of predicted coding regions on plasmid pUM505.

Orf No. Gene pUM505 co-coordinates (50–
30)

Length
(bp)

No. of amino acids Sequence identity to best homolog (Accession No.)a PA14 locus tag

Orf1 1787–456 1332 443 H.P.b PA14_59100c

Orf2 2539–1784 756 251 H.P. PA14_59090
Orf3 parB 4300–2567 1734 577 92% to ParB from P. aeruginosa PA14 (ABJ13825) PA14_59070
Orf4 4566–4297 270 89 H.P. PA14_59060
Orf5 damMTase 5477–4587 891 296 96% to DNA adenine methyltransferase from P. aeruginosa PA7 (YP_001349802)
Orf6 6496–5474 1023 340 H.P. PA14_59050
Orf7 6729–6496 234 77 H.P. PA14_59030
Orf8 6964–6722 243 80 H.P. PA14_59020
ORf9 7214–6957 258 85 H.P. PA14_59010
Orf10 7738–7211 528 175 H.P. PA14_59000
Orf11 7876–8004 129 42 H.P.
Orf12 8919–8299 621 206 H.P.
Orf13 dnaB 10319–8976 1344 447 93% to DNA helicase from P. aeruginosa PA14 (YP_792897.1) PA14_58990
Orf14 10534–10316 219 72 H.P. PA14_58980
orf15 11246–10518 729 242 H.P. PA14_58970
Orf16 11944–11243 702 233 H.P. PA14_58960
Orf17 12630–11944 687 228 H.P. PA14_58940
Orf18 13448–12627 822 273 H.P.
Orf19 13951–13454 498 162 H.P. PA14_58030
Orf20 14685–13948 738 245 H.P. PA14_58020
Orf21 parA 15553–14687 867 288 98% to ParA protein from P. aeruginosa PA14 (ABJ13810) PA14_58910
Orf22 xerD 17331–16030 1302 433 62% to XerD recombinase from P. aeruginosa PA14 (ABJ10138) PA14_51650
Orf23 traI 19247–17328 1920 429 95% to TraI from pKLC102 (AAP22591)/CP102 PA14_60130
Orf24 19421–19720 297 99 93% to ParE-like domain from P. aeruginosa PA14 (YP_792993) PA14_60050
Orf25 19859–20203 345 114 H.P. PA14_60030
Orf26 traG 21782–20238 1545 514 92% to TraG from P. aeruginosa PA14 (ABJ13910)/ PA14_60020
Orf27 22126–21779 348 115 H.P. PA14_60010
Orf28 23514–22126 1389 462 H.P. PA14_60000
Orf29 24470–23532 939 312 H.P. PA14_59990
Orf30 24901–24470 432 143 H.P. PA14_59980
Orf31 25110–25328 219 72 H.P. PA14_59970
Orf32 pdi 25984–25325 660 219 95% to PDI from P. aeruginosa PA14 (ABJ13904) PA14_59960
Orf33 26265–25981 285 94 H.P. PA14_59950
Orf34 virB4 29204–26262 2943 980 97% to VirB4 from P. aeruginosa PA14 (ABJ13902) PA14_59940
Orf35 29647–29204 444 147 95% to lipoprotein from P. aeruginosa PA14 (ABJ13901) PA14_59930
ORf36 31130–29625 1506 501 H.P. PA14_59920
Orf37 31998–31114 885 294 H.P. PA14_59900
Orf38 32654–31995 660 219 H.P.
Orf39 33037–32651 387 128 H.P. PA14_59990
Orf40 33404–33048 357 118 H.P. PA14_59980
Orf41 33661–33422 240 79 H.P. PA14_59970
Orf42 hop 33996–33658 339 112 98% to Hop protein from P. aeruginosa PA14 (ABJ13894) PA14_59860
Orf43 34395–34090 306 101 H.P. PA14_59850
Orf44 35985–34504 1482 493 97% to DNA helicase from P. aeruginosa PA14 (ABJ13891) PA14_59830
Orf45 37481–36735 747 247 97% to membrane protein from P. aeruginosa PA14 (ABJ13881) PA14_59700
Orf46 virD4 39712–37481 2232 743 97% to VirD4 from P. aeruginosa PA14 (ABJ13880) PA14_59690
Orf47 39985–39716 270 89 97% to dTDP-D-glucose 4,6-dehydratase from P. aeruginosa PA14 (ABJ13879) (truncated

protein)
PA14_59680
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Orf48 40494–39994 501 166 H.P. PA14_59670
Orf49 41072–40491 582 193 98% to transglycosylase from P. aeruginosa C3719 (ABJ13877) PA14_59660
Orf50 41812–41057 756 251 H.P. PA14_59650
Orf51 42515–41823 693 230 H.P. PA14_59640
Orf52 42733–43005 273 909 H.P.
Orf53 43546–43403 144 47 H.P.
Orf54 44281–43598 684 227 97% to Gifsy-2 prophage protein YedK (EAZ56186)
Orf55 umuD 44431–44817 387 128 99% to UmuD from P. aeruginosa C7319 (EAZ56187)
Orf56 umuC 44802–45017 215 72 77% to DNA polymerase V from P. aeruginosa C7319 (EAZ56188)
Orf57 xerC 45042–46199 1158 385 20% to XerC from E. coli (AAC76814.1)
Orf58 46210–47826 1617 537 H.P.
Orf59 47807–49297 1491 496 99% to recombinase from P. aeruginosa PA7 (ABR82411)
Orf60 merR 49750–49352 399 132 100% to MerR from pRA2 of P. alcaligenes (YP_025338)
Orf61 merT 49825–50175 351 116 100% to MerT from pRA2 of P. alcaligenes (YP_025337)
Orf62 merP 50188–50463 276 91 100% to MerP from pRA2 of P. alcaligenes (YP_025336)
Orf63 50471–50683 213 70 H.P.
Orf64 tnpA 53689–50696 2994 997 100% to TnpA from pRA2 of P. alcaligenes (YP_025335)
Orf65 54103–53693 411 136 99% to protein of PIN superfamily (YP_001173906)
Orf66 54342–54103 240 79 H.P.
Orf67 bin 54440–55054 615 204 100% to TniR from Pseudomonas sp. CT14 (YP_001966307)
Orf68 merE 55343–55107 237 78 100% to MeE from Pseudomonas sp. CT14 (ABA26003)
Orf69 merD 55705–55340 366 121 99% to MerD from Pseudomonas sp. CT14 (ABA26002)
Orf70 merA 57368–55722 1647 547 100% to MerA from Pseudomonas sp. CT14 (ABA26001)
Orf71 merF 57610–57365 246 81 100% to MerF from Pseudomonas sp. CT14 (ABA26000
Orf72 merP 57888–57613 276 91 100% to MerP from Pseudomonas sp. CT14 (ABA25999)
Orf73 merT 58254–57904 351 115 100% to MerT from Pseudomonas sp. CT14 (ABA25998)
Orf74 merR 58326–58760 435 144 100% to MerR from Pseudomonas sp. CT14 (ABA26009)
Orf75 tnpA 59264–58932 333 110 29% to Transposase TnpA (ABP81063) (truncated)
Orf76 59270–59656 387 128 100% to Predicted nucleotidyltransferase (EER59501)
Orf77 59672–59845 174 57 H.P.
Orf78 60504–60830 327 108 H.P.
Orf79 60827–61327 501 166 H.P.
Orf80 61324–61695 372 123 H.P.
Orf81 tinR 61689–62246 558 185 100% to TinR from Burkholderia vietnamiensis G4 (ABO60124.)
Orf82 63248–62328 921 306 42% to LysR from Thauera sp. MZ1T (ACR02527)
Orf83 63795–63268 528 175 53% to isochorismatase from R. metallidurans CH34 (ABF12518)
Orf84 64901–63855 1047 348 32% to AraC from P. fluorescens Pf0–1 (ABA71950)
Orf85 66443–65052 1392 463 56% to Protein of unknown function DUF1214 (ABP84480)
Orf86 67851–66505 1347 400 H.P.
Orf87 69674–67854 1821 606 H.P.
Orf88 69928–70854 927 307 31% to AraC from P. fluorescens Pf-5 (AAY95613)
Orf89 71008–72309 1302 433 52% to Pyrroloquinoline protein from P. aeruginosa (CAW28077)
Orf90 chrC 72733–72473 261 86 54% to ChrC from pB4 plasmid (CAD24359) (truncated protein)
Orf91 chrA 74043–72793 1251 416 100% to ChrA from P. aeruginosa (AAA88432)
Orf92 chrB 75158–74214 945 313 88% to ChrB from pB4 plasmid (CAD24361)
Orf93 tnpR 75426–75986 561 185 86% to TnpR from pB4 plasmid (NP_598137)
Orf94 tnpA 75990–78956 2967 989 66% to TnpA from pB4 plasmid (NP_598138)
Orf95 79240–80259 1020 339 H.P.
Orf96 80256–82418 2163 720 89% to site-specific recombinase from P. aeruginosa PA7(ABR80879)
Orf97 82698–82823 126 41 H.P.
Orf98 84279–82855 1425 473 H.P.
Orf99 89321–84279 5043 1680 39% to DNA and RNA helicase from H. chejuensis (ABC33653)

(continued on next page)
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Table 1 (continued)

Orf No. Gene pUM505 co-coordinates (50–
30)

Length
(bp)

No. of amino acids Sequence identity to best homolog (Accession No.)a PA14 locus tag

Orf100 90178–89504 675 224 74% to Transposase Tra5 related protein (EAQ96150)
Orf101 90663–90361 303 100 85% to Transposase IS3/IS911 from P. aeruginosa PA7(ABR81266)
Orf102 umuC 90853–91053 201 66 99% to UmuC (YP_001345482)
Orf103 91100–92392 1293 429 44% to Integrase/recombinase from Marinobacter sp. (EBA00649)
Orf104 92385–94121 1737 578 H.P.
Orf105 95618–94815 804 267 99% to Transposase from P. aeruginosa PA7 (ABR85702)
Orf106 97119–95611 1509 502 99% to Transposase from P. aeruginosa PA7 (YP_001345526)
Orf107 97123–97248 126 41 H.P.
Orf108 97425–97267 159 52 H.P.
Orf109 98042–97563 480 159 H.P.
Orf110 98501–98367 135 44 H.P.
Orf111 98679–98503 177 58 H.P.
Orf112 99143–98754 390 129 H.P. PA14_59380
Orf113 pilM 100502–100065 438 145 93% to PilM from P. aeruginosa PA14 (AAP84202) PA14_59360
Orf114 pilV 101899–100520 1380 459 88% to PilV from P. aeruginosa PA14 (ABJ13849|) PA14_59350
Orf115 pilU 102848–101892 957 318 85% to PilT from P. aeruginosa PA14 (ABJ13848) PA14_59340
Orf116 pilS 103375–102845 531 176 98% to PilS from P. aeruginosa PA14 (ABJ13847) PA14_59320
Orf117 pilR 104476–103397 1080 359 99% to PilR from P. aeruginosa PA14 (ABJ13846) PA14_59310
Orf118 pilQ 106056–104476 1581 525 98% to PilQ from P. aeruginosa PA14 (ABJ13845) PA14_59290
Orf119 pilP 106598–106065 534 177 97% to PilP from P. aeruginosa PA14 (ABJ13844) PA14_59280
Orf120 pilO 107913–106588 1326 441 97% to PilO from P. aeruginosa PA14 (ABJ13843) PA14_59270
Orf121 pilN 109626–107917 1710 569 99% to PilN from P. aeruginosa PA14 (ABJ13842) PA14_59250
Orf122 pilL 110750–109626 1125 373 95% to PilL from P. aeruginosa PA14 (ABJ13841) PA14_59240
Orf123 relE 110952–111251 300 99 55% to RelE from K. pneumoniae (ZP_06016753)
Orf124 hth 111248–111538 291 96 92% to HTH from P. alcaligenes (AAD40346)
Orf125 111953–111621 333 110 H.P.
Orf126 112084–111950 135 44 H.P.
Orf127 114070–112094 1977 658 97% to helicase from P. aeruginosa PA14 (ABJ13838)/ PA14_59210
Orf128 115956–114067 1890 629 H.P. PA14_59200
Orf129 117028–116276 753 250 H.P.
Orf130 topA 118956–117037 1920 639 97% to DNA topoisomerase I from P. aeruginosa PA14 (ABJ13835) PA14_59180
Orf131 119269–119072 198 65 H.P. PA14_59160
Orf132 119662119483- 180 59 H.P.
Orf133 ssb 120256–119768 489 162 92% to SSB from P. aeruginosa PA14 (ABJ13832) PA14_59150
Orf134 121116–120286 831 276 99% to regulatory protein Rha from P. aeruginosa PA7 (ABR81831)
Orf135 121712–121164 549 182 95% to integrase regulator R from P. aeruginosa PA14 (ABJ13831) PA14_59140
Orf136 122587–121718 870 289 H.P. PA14_59130
Orf137 122800–122603 198 65 H.P.
Orf138 123286–122975 312 103 H.P.

a Significant homology was determined by BLAST search and closest relationship of the deduced proteins is indicated.
b H.P. Hypothetical protein.
c Locus tag of genes located on PAPI-1 from P. aeruginosa PA14.
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Table 2
Putative promoters identified in pUM505 plasmid genes.

Coding sequence pUM505 co-ordinates Promoter sequencea Directionb

ParA 15759–15808 GCTATTCCATATTGACATCACGTCAATGCGGGCCTAATGTTCGGCCCAGA
Hop 34074–34123 CTACCTGCTGTTTTTCAAGCGCGCAACCTCATAAAAAAATACCCCGAACC
Helicase 34504–35985 ACTCGCTAGATGAGAACCACGCGACAGCAAAAAGCAGAATCAAAAAGATC
Gifsy 44313–44362 TCTGTTTATACAGTAGACGCTAACAGGATTTGCCTACAATGCAGGTAGGC
Recombinase 44945–44994 TAAATGAATTACAGTCCGCACCACCTTGATAGAAGCCTGAGAAATTACAT
MerT 49758–49807 TCCTTGATTCCGTACTTTGGTACGGAGTTTAGAATAGCACCTAGGCAATC
Transposase 53960–54009 GTTTCGAGGTGGTGACCTCGCGGATGCAACTCGATGAAATTCGTCGAGCC
MerT 58299–58343 CTCCAAATTGTTTTCCATATCGCTTGACTCCGTACATAACTACGGAAGTA
MerR 58326–58760 TACGTTTGTCCTTTCGAATCTGAATTGGATAGCTTAAGCTTACTTCCGTA
TnpA transposase 58932–59264 ACTTTTGATATTTCGTGCTGTCGCCTTCTGAAAATGACAGGCGCGGCACG
Nucleotidyl transferase 59270–59656 GTTGGACTTGGGCGATTTGGAAGAAGAACTGAAATCGCTGCTCGGCGTTG
H.P. 69847–69896 CACGACAGAGTGATGGAGCCGCATAACGCGCCTCTATATCGATGTCCGGG
AraC-type regulator 69928–70854 TGCAGTTGCCGCAGGCGGTGGCTGGCCACTACATTCCGCTCCTGGCCGCG
ChrB 75179–75228 GTTGTGTATTAGATATAACTTATTGTAGTATTTGTAACATTAATCATCTT
Transposase 75426–75986 CATTTTGTGACACATGCCCGCGAAGGTTATAGATTTCAGCCTGACAGAAA
Transposase 90272–90321 GCCGTTGCTTGAGGGTTTCTGCCAGTGGCTATTACGCCTGGCAGGATCGT
H.P. 84279–89321 CCCTTTTCAAACTGTCCATGGAAATGGGGTAGAACCCAGACCTCCCGATC
H.P. 97123–97248 GACAGCTTGTCGCGGAAATACATCCGGCGGATTTTGCCCATCATTTCCAT
Periplasmic protein 97563–98042 CTGCTGACGTTGTCGGCAACCCTCCCCCAGTAGTCATGATCTGAAAGACT
H.P. 98754–99143 CCTGCTTGACCTTGACACTTTCGCCCCCCGCTTCGATGATGAGCGCGTGA
H.P. 114067–115956 CTCCTTTTGAGGTCAGTGGCCATGAAGGTCATGATGTTCAGCTTCACCGT
Transcriptional regulator 121164–121712 GTTGGCCCATGGTTGAAGTCAAACAAACCGCCACTTTCATGGCATGGGAA

H.P. hypothetical protein.
a -35 and -10 regions indicated in bold are separated by a 17–19-bp spacer.
b The arrows indicate the orientation of each promoter relative to the map shown in Fig. 1.
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were selected that showed a higher score and on the basis
of their position relative to the ribosome binding site (Ta-
ble 2). Other types of promoters such as sigma 32 or sigma
54 were not analyzed. Another feature of plasmid pUM505
is that its shows some duplicate genes; sequence analysis
indicated that these are related genes and not identical
sequences.

3.2. Pathogenicity island

The pUM505 sequence contained a region of �67 kb
(Fig. 1) that consisted of 78 ORFs (orfs 1–51 and 112–
138) of which 64 (Table 1) have been found in pathogenic-
ity islands PAPI-1 and PAPI-2 of P. aeruginosa PA14, a
clinical isolate significantly more virulent in a wide range
of hosts than the standard P. aeruginosa strain PAO1 (He
et al., 2004). For this reason, we considered this region of
pUM505 as a pathogenicity island (PAI). This island does
not differ of the G + C content with respect to pUM505
plasmid (60.5%), however it possesses six genomic islets,
whose G + C content is 64% and comprised approximately
50% of the total island. pUM505 PAI possesses genes in-
volved in plasmid replication and conjugative transfer
(Fig. 1), as well as genes encoding putative proteins with
unknown functions, equivalent to �56% of the genes of
the genomic island.

Pathogenicity islands are typically large genomic re-
gions (10–200 kb) that are present in genomes of patho-
genic strains. The G + C content of PAIs commonly differs
from the rest of the genome (Hacker and Kaper, 2000). PAIs
were first described as chromosomal DNA regions, but
increasing amount of sequence data from extrachromo-
somal elements supports the view that PAIs may also be
part of plasmids or bacteriophage genomes (Hacker and
Kaper, 2000). Virulence factors of pathogenic bacteria, such
as adhesins, toxins, and protein secretion systems, may be
encoded by PAIs (Hacker and Kaper, 2000). PAIs are ac-
quired and exchanged by lateral gene transfer, and can
be found in widely divergent species, making it difficult
to ascribe their initial origins (He et al., 2004). The acquisi-
tion of genes in the form of PAIs distinguishes pathogenic
isolates from nonpathogens (Lee et al., 2006). The P. aeru-
ginosa accessory genome, which consists of bacterio-
phages, plasmids, and genomic islands found in some
strains but not in others, may contribute to the heteroge-
neity of virulence (Battle et al., 2008).

The PAI of pUM505 displayed a mosaic-type structure
consisting of three blocks of 40 (orfs 1–21 and 112–138),
18.4 (orfs 22–44) and 5.8 kb (orfs 45–51), shown as differ-
ent colored regions in Fig. 1. These segments are related in
sequence and genetic organization to gene clusters in the
PAPI-1 island of P. aeruginosa PA14 (He et al., 2004). Mo-
saic-type structures consist of many DNA fragments which
show a high similarity on the nucleotide level to chromo-
somal regions of other pathogenic strains or different viru-
lence plasmids as well as sequence fragments without
homology (Dobrindt et al., 2002). Mosaic-type structures
are supported by studies of the organization of a number
of well-characterized elements and closely-related ele-
ments (Mohd-Zain et al., 2004). PAIs similar to that of
pUM505 have already been identified in islands of Pseudo-
monas strains 2192, PACS2, PA7, PA14 and C3719, which
resemble a portion of PAIs associated with phage-like
integrase genes (Würdemann and Tümmler, 2007), which
belong to a large family of pKLC102-related GIs prevalent
in beta- and gammaproteobacteria (Battle et al., 2008).

The blocks of pUM505 PAI presented synteny with the
PAPI-1 island of P. aeruginosa PA14 (He et al., 2004) and
pKLC102 of P. aeruginosa C (Battle et al., 2008). The syn-
tenic region included pil genes involved in pilus biosynthe-
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sis, and genes for DNA replication (40 kb block) (Fig. 1, blue
block) (see below). The other syntenic region included vir-
ulence genes (18.4 kb block) (Fig. 1, orange block). The
presence of a syntenic core in GIs suggests a fitness prop-
erty of the conserved core genes acting collectively that
has ensured their survival as a coherent syntenic whole
(Mohd-Zain et al., 2004).

Identification of new pathogenicity islands is important
because they likely encode novel virulence determinants
that would increase our understanding of P. aeruginosa
pathogenesis.

3.2.1. Genes with a putative role in virulence
A cluster of genes was identified in the PAI of pUM505.

This cluster contains the virD4, virB4 and hop genes, which
have been associated with virulence. virB4 and virD4 genes
(orfs 34 and 46, respectively) may encode two components
typically associated with a multiprotein type IVA secretion
(T4S) system corresponding to the secretion system related
to type F and P plasmids (Guo et al., 2007; Juhas et al.,
2008; Llosa et al., 2009). Further T4S genes were not found.
The hop gene (orf 42) encoded a protein 98% similar to type
III effector Hop protein from P. aeruginosa PA14
(YP_792974) (He et al., 2004). Hop proteins (denominated
type III effectors), like the VirB/VirD4 secretion systems,
have been related with virulence (Espinosa and Alfano,
2004; Jones and Dangl, 2006).

3.2.2. Transfer genes
A pilus biogenesis system was located as a cluster of pil

genes (orfs 113–122) in the PAI of pUM505 (�10.5 kb)
(Fig. 1; Table 1), forming a putative operon of 10 genes,
pilLNOPQRSUVM. The pil operon of pUM505 contained
genes for pilin protein PilS, prepilin peptidase PilU, outer
membrane protein PilN, nucleotide-binding protein PilQ,
integral membrane protein PilR, and pilus adhesin PilV
(Kim and Komano, 1997). These data confirmed that
pUM505 encodes conjugative sex pili. The pUM505 pil op-
eron did not include a shufflon region that determines re-
cipient specificity in liquid matings via generation of
different adhesin types (Yoshida et al., 1999). This sug-
gested that the genetic organization of the pil operon in
pUM505 is appropriate for mating but lacks the option to
evade the eukaryotic host immune response as it has
evolved in enterobacteria. A difference in pUM505 was
that tra plasmid transfer genes were not located close to
the pil operon, as it occurs in the pil operon of Salmonella
enterica serovar Typhi plasmid R64, an IncI conjugative
plasmid (Juhas et al., 2008). Actually, tra genes are part
of a cluster of genes involved in replication and stabiliza-
tion of pUM505. The genes of the pil operon were similar
in size, sequence, and gene arrangement to the pil operon
of the PAPI-1 island from P. aeruginosa PA14 (Lee et al.,
2006) but the pUM505 operon has an opposite direction
of transcription, pil genes are encoding in 50–30 direction
of the minus strand with respect to the coordinates from
the ori. This orientation is essentially maintained through-
out the pathogenicity island, suggesting that this region
had a recombination event in plasmid pUM505. Another
difference is that the pil operon of pUM505 contained a
pilU gene in substitution of pilT (encoding PilT a putative
lytic transglycosylase protein) in the pil operon of PAPI-1.
pil operons with similarities to the one on pUM505 are lo-
cated on genomic island pKLC102 of P. aeuginosa C and on
the chromosome of P. syringae (Klockgether et al., 2004).

So, we conclude that pil genes from pUM505 might be
involved in the formation of pili, and therefore in plasmid
transfer, as well as in conferring virulence properties to
Pseudomonas strains.

In addition to pil genes, pUM505 possesses tra genes.
The traI gene (orf 23) encoded a putative relaxase 95%
and 94% identical to TraI proteins from pKLC102 plasmid
of P. aeruginosa and P. aeruginosa PA14, respectively (He
et al., 2004).

The TraG protein from pUM505, encoded by the traG
gene (orf 26), was 92% identical to its homologue from P.
aeruginosa PA14 (He et al., 2004). TraG-like proteins are
essential components of type IV secretion systems (Schrö-
der and Lanka, 2003). However, an oriT was not identified.
3.2.3. Plasmid maintenance and replication genes
The putative origin of replication (oriV) of pUM505

spans about 800 bp and was located close to a gene cluster
found on �17 kb region that contained genes parA, parB,
xerD, xerC, traG and ssb, that are probably involved in rep-
lication, recombination and segregation of the plasmid
(Fig. 1; Table 1). The 30 end of oriV region consisted of an
A + T-rich region preceded by four palindromic sequences
15–27 bp in length, which may form loops. The core con-
sisted of a 15-bp palindromic sequence GTTCGGCATCC-
GAAC (complementary sequence underlined). The 50 end
of the origin region displayed 16 highly-conserved 57-bp
direct repeats, which consisted of a core represented by a
G + C-rich stretch and a set of modules with similar but
not identical sequence. The modules were 2–7 bp in length
and appeared at the same position in all repeats. This type
of ori is found in different GIs of Pseudomonas strains 2192,
PACS2, PA7, PA14, C3719, and pKL2006C102 (He et al.,
2004, Klockgether et al., 2004). These genomic islands
share a similar organization whereby the 30 end is more
conserved than the 50 end (Würdemann and Tümmler,
2007). However, the oriV region of pUM505 is located far
(�14 kb) from the genes encoding the proteins for the rep-
lication machinery, different to other ori identified, which
are usually located in the proximity to these types of genes.

The ParA protein from pUM505, encoded by the parA
gene (orf 21), is 98% identical to ParA from P. aeruginosa
PA14 (He et al., 2004). ParA is the prototype of a wide-
spread and diverse superfamily of evolutionarily related
proteins involved in a variety of functions, including plas-
mid and chromosome segregation, and cell division.

pUM505 also possesses a parB gene (orf 24) which en-
codes a protein which was 92% similar to ParB protein from
P. aeruginosa PA14 (He et al., 2004). ParB is a DNA-binding
protein that interacts directly with the plasmid partition
sites that are normally composed of direct or inverted iter-
ated sequences denominated parS (Bignell and Thomas,
2001). parB gene is located �10 kb from the parA gene in
pUM505; in contrast, in most plasmids these genes are
grouped as an operon, so the functionality of these pair
of genes could be questioned.
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XerD protein from pUM505, encoded by xerD gene (orf
22) showed 62%/80% of identity/similarity to XerD from
P. aeruginosa PA14 (He et al., 2004). XerD is a site-specific
recombinase involved in stable plasmid inheritance (Sirois
and Szatmari, 1995), and belongs to site-specific recombin-
ases of the integrase family of proteins that catalyze
recombination events via a phosphotyrosine intermediate
(Reichmann and Hakenbeck, 2002). The functions of these
enzymes include recombination events of plasmid DNA
with the chromosome, maintenance of monomeric plas-
mid DNA, and regulatory DNA rearrangements (Reichmann
and Hakenbeck, 2002). The XerC protein is encoded by orf
57 and shows 20%/61% of identity/similarity to the XerC
protein (AAC76814.1) of E. coli. However, in pUM505 xerD
and xerC genes are located very far (27.7 kb) with respect
to each other, in contrast to Streptococcus pneumoniae
and Enterococcus faecalis where both genes are arranged
in a cluster (Reichmann and Hakenbeck, 2002). In addition,
the identity between XerC and XerD from pUM505 is only
9%, a very low percentage compared with the same genes
from P. aeruginosa PAO1 or E. coli. XerD/XerC might cata-
lyze the integration of pUM505 in the chromosome, thus
generating genomic islands.

Finally, the ssb gene (orf 133) encoded a protein 92%
identical to the putative plasmid stabilization protein SSB
from P. aeruginosa PA14 (He et al., 2004). The primary
activity of SSB in DNA metabolism is to preferentially bind
to ssDNA with high affinity independent of sequence,
thereby stabilizing and controlling access to ssDNA, fol-
lowing separation of the double strands by helicases (Roy
et al., 2009).
3.3. Genomic island with heavy-metal resistance genes

Genetic determinants involved in resistance to the hea-
vy-metal mercury and the oxyanion chromate in pUM505
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were grouped on a � 31-kb GI (orfs 59–94) (Fig. 1; Ta-
ble 1). This region had an average G + C content of 64%,
while the rest of the plasmid and the chromosome had
an average G + C content of 61% and 66%, respectively.
This small variation suggests that these genes have a dif-
ferent origin. Genes whose G + C content deviates from
the mean G + C content of the organism are candidates
for horizontal gene transfer (HGT) (Campbell et al.,
1999). In addition, this region also contained several fea-
tures frequently found to be associated with GIs, including
the presence of flanking repeats, mobility genes (e.g. genes
encoding integrases, resolvases, transposases), and IS ele-
ments (Fig. 2).
3.3.1. Mercury-resistance (HgR) determinants
The sequence of pUM505 plasmid contained two mer-

cury-resistance (mer) putative operons (Barkay et al.,
2003) (Fig. 1): a potential complete operon, constituted
of merRTPFADE genes (orfs 68–74) (Fig. 2A), and an incom-
plete operon, formed only by merRTP genes (orfs 60–62)
(Table 1). The complete mer operon of pUM505 was lo-
cated between putative transposable elements and flanked
by genes encoding a Bin resolvase (orf 67) and a putative
type TnpA transposase (orf 75) (Fig. 2A). However, TnpA
only possesses 110 aa, which suggests it to be a truncated
protein which is probably not functional. In addition, an in-
verted repeat sequence characteristic of the Tn3 transpo-
son was identified at the end of the tnpA gene
(coordinates 59236). Another inverted repeat Tn3-type se-
quence was identified near the Bin gene (coordinates
54440), suggesting that this region is a remnant of an old
transposition event (Fig. 2A). The sequence showed puta-
tive promoters upstream of the merT and merR genes of
the mer operon (Fig. 2A). It may now be concluded that
the mercury-resistance phenotype in pUM505 was con-
ferred by the complete mer operon.
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The incomplete mer operon of pUM505 was adjacent to
the complete mer operon, and was flanked by genes encod-
ing a TnpA transposase (orf 64) and a recombinase (orf 59).
The proteins encoded by these genes have 47, 46 and 49%
of identity, respectively, with the proteins encoded by their
counterparts located in the entire operon. The TnpA and
Mer proteins encoded by pUM505 possess 100% of identity
to their homologues from Tn5563, meanwhile the Tnp1
protein showed only 11% of identity to its homologue.
Additionally, inverted sequences IS91 and a Tn3-type
sequence were identified flanking this region (co ordinates
48090 and 55240, respectively). The incomplete mer oper-
on of pUM505 is probably a remnant of rearrangements of
transposition events, and may be not functional because it
lacks the merA gene for mercury reductase. A similar
incomplete merRTP operon from pMOL30 plasmid of
C. metallidurans was also reported as not functional
(Monchy et al., 2007).
3.3.2. Chromate-resistance (CrR) determinants
The chromate-resistance determinant of pUM505 could

be located on a putative chrBAC operon (orfs 90–92), situ-
ated within a potential transposon region that was flanked
by genes encoding transposase/integrase TnpA (orf 94),
and resolvase/integrase TnpR (orf 93) of a mobile element
(Fig. 1; Table 1). The presence of a putative promoter up-
stream of chrB gene (Fig. 2B, Table 2) suggested that chrBAC
operon can be transcribed starting from this region. How-
ever, the chrA gene may also be transcribed from its own
promoter (Cervantes et al., 1990).

The chrBAC genes from pUM505 showed a similar orga-
nization to those of transposon Tn5719 from plasmid pB4
from Pseudomonas sp. (Tauch et al., 2003) (Fig. 2B), the
chr genes from C. metallidurans CH34 plasmid pMOL28
(Juhnke et al., 2002), the TnOtChr transposon from Ochro-
bactrum tritici 5bvl1 (Branco et al., 2008), plasmid 1 from
Shewanella sp. ANA-3 (Aguilar-Barajas et al., 2008), and
from other bacteria that possess uncharacterized homo-
logues of the ChrA protein (Cervantes and Campos-García,
2007).

The chrB gene encoded a 315 aa protein with homology
(88% identity) to the ChrB protein that has been proposed
to play a regulatory role for expression of the ChrA trans-
porter in C. metallidurans CH34 and O. tritici (Nies et al.,
1990; Juhnke et al., 2002; Branco et al., 2008).

The chrA gene encoded the ChrA protein which was the
first bacterial system described to confer chromate resis-
tance (Cervantes et al., 1990; Alvarez et al., 1999). ChrA be-
longs to the CHR superfamily that includes hundreds of
putative homologues from all three domains of life (Díaz-
Pérez et al., 2007).

The chrC gene (previously named orf 2) encoded a chi-
meric protein of 86 aa (Cervantes et al., 1990) whose ami-
no-terminal domain showed similarity to the first 41
amino acids of ChrC, a superoxide dismutase of 199 aa en-
coded on plasmid pMOL28 from C. metallidurans CH34
(Juhnke et al., 2002) and transposon TnOtChr of O. tritici
(Branco et al., 2008). The carboxyl-terminal domain of
the truncated pUM505 ChrC showed similarity to orf 44
from Tn5719 transposon from pB4 plasmid of Pseudomonas
sp. (Tauch et al., 2003). So, ChrC appeared to be a truncated
protein which is probably not functional.

The presence of chromate resistance genes in pUM505
flanked by mobile elements suggested that they could have
been acquired by HGT and might be a factor for the preva-
lence and widespread distribution of this plasmid in bacte-
rial hosts.

Plasmid pUM505 could provide different Pseudomonas
strains with a wide variety of adaptive traits such as viru-
lence systems and heavy-metal resistance determinants,
which could be selective factors for distribution of this
plasmid in hospitals and other stressful habitats for the
host. No studies on the prevalence of pUM505 have been
conducted.
4. Other genes

Plasmid pUM505 contained several other genes that
may encode proteins with important roles in prevalence
of this plasmid in its bacterial hosts (Table 1). In general,
these genes were located in clusters and some of them
are briefly described below.

4.1. Toxin-antitoxin system

The cluster formed by orfs 123 and 124 encodes a toxin-
antitoxin system. Orf 123 encodes a protein 55% identical
to RelE protein (toxic component) of toxin-antitoxin sys-
tem from Klebsiella pneumoniae (ZP_06016753).

Orf 124 encodes a putative transcriptional regulator
82% similar to the antitoxin HTH protein (Helix-turn-
helix xenobiotics resistance family-like proteins) from
Pseudomonas alcaligenes (YP_025327). Bacterial toxin-anti-
toxin systems (TAS) were characterized as plasmid-en-
coded molecular systems that ensure the persistence of a
plasmid in host lineages during replication by making the
cells ‘‘addicted’’ to the plasmid, so that only plasmid-con-
taining daughter bacteria survive after cell division (Gerdes
et al., 2005). This system could be an important mechanism
to enhance the prevalence of pUM505 in Pseudomonas cells.

4.2. DNA adenine methyltransferase

Orf 5 encoded a DNA adenine methyltransferase (Dam-
MTase) similar (96% identity) to a protein (YP_001349802)
from P. aeruginosa PA7 (Roy et al., 2010) (Table 1). Orf 5
was found in a cluster of 10 genes, eight of which encoded
H.P. and one encoded the ParB protein afore mentioned.
Dam-MTase from pUM505 was similar to proteins grouped
in a D12 class N6 adenine-specific DNA methyltransferases
(Kossykh and Lloyd, 2004). The presence of a gene encod-
ing Dam-MTase in pUM505 may be related to enhancing
plasmid segregational stability, although a gene encoding
a restriction endonuclease (the second component of the
restriction-methylation system) has not been identified.

4.3. DnaB helicase

Plasmid pUM505 contained a gene encoding a DnaB
helicase (orf 13) located in a cluster of 10 genes (Fig. 1;
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Table 1), one of them encoding the previously mentioned
ParA protein (involved in segregation) and the other genes
encoded H.P. DnaB is 93% identical to a DNA helicase from
P. aeruginosa PA14 (He et al., 2004) that is a multifunc-
tional enzyme with a number of distinct activities, includ-
ing DNA binding, ATP hydrolysis, and DNA unwinding
(Konieczny, 2003). DnaB forms a complex with DnaA (rep-
lication initiation factor) and DnaC (ATPase) (Konieczny,
2003), however pUM505 does not contain genes homolo-
gous to dnaA and dnaC.

4.4. UmuD and UmuC proteins

A possible operon was identified in pUM505 consisting
of two genes (orfs 55 and 56) encoding a protein 99% iden-
tical to UV-light resistance protein A, and a small protein
77% identical to UV-light resistance protein B from P. aeru-
ginosa C7319 (Mathee et al., 2008). The UV-light resistance
protein A showed similarity with peptidase S24 from the
LexA-like protein family. This family includes the lambda
repressor CI/C2 family; LexA, the repressor of genes in
the cellular SOS response to DNA damage; and the related
UmuD proteins, which are lesion-bypass DNA polymerases
induced in response to mutagenic DNA damage. UV-light
resistance protein B showed a domain similar to Y-family
of DNA polymerases, which includes members of the
UmuC protein family (http://www.ncbi.nlm.nih.gov/Struc-
ture/cdd/cddsrv.cgi?ascbin=8&maxaln=10&seltype=2&uid=
119397). Based on these data, and considering that both
genes of pUM505 are adjacent, we named them umuD
and umuC. UmuD and UmuC of pUM505 may encode a sys-
tem that confers additional protection to DNA damage in P.
aeruginosa.

Another UmuC putative protein (orf 102) was detected,
but this orf is flanked by genes encoding transposases and
integrases and lacks a close umuD gene. The analysis of this
region suggests that orf 102 was inserted into the pUM505
sequence and could be not functional.
5. Antibiotic resistance

Analysis of pUM505 did not identify any sequence
encoding antibiotic resistance proteins reported to date.
However, susceptibility tests of P. aeruginosa PU21 strain
bearing pUM505 showed that it conferred resistance to
the fluoroquinolone ciprofloxacin, an antibiotic that func-
tions by interacting with type II topoisomerase (DNA gyr-
ase and topoisomerase IV) (Luzzaro, 2008). P. aeruginosa
PU21(pUM505) could grow at >0.8 lg/ml of ciprofloxacin,
whereas the PU21 plasmidless strain was substantially
inhibited by 0.4 lg/ml.

This finding suggests that pUM505 may possess a novel
resistance system against fluoroquinolones.
6. Tolerance to oxidative stress

Sequence analysis of pUM505 identified orf 32 encoding
a putative protein 95% identical to a putative protein-
disulfide isomerase (PDI) from P. aeruginosa PA14 (He
et al., 2004). This gene is grouped in a cluster of 10 genes,
which also includes the already mentioned virB4 and virD4
genes. PDIs catalyze formation of disulfide bonds in secre-
tory proteins (Tian et al., 2008) and also have chaperone
activity (Missiakas et al., 1994). PDI from pUM505 could
be implied in formation of the correct pattern of disulfide
bonds of proteins encoded by the plasmid. These activities
of PDIs are probably related to protection of proteins from
oxidative damage.

When transferred to P. aeruginosa PU21, pUM505 con-
ferred moderately increased tolerance to the oxidative-
stress generator paraquat. The presence of the plasmid
allowed the exconjugant strain to grow at >10 lM para-
quat, while the plasmidless strain was inhibited at 5 lM
of the compound. These data suggest that mechanisms
for resistance to oxidative stress may be encoded by
pUM505, such as PDIs, and systems for DNA repair, such
as the UmuD/UmuC proteins.

In summary, sequence analysis of pUM505 showed that
this plasmid contains novel genes which may provide
Pseudomonas strains with a wide variety of adaptive prop-
erties such as virulence, heavy-metal, antibiotic, and oxi-
dative stress resistance systems, which can be involved
in pathogenesis and evolution of bacterial hosts.
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