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Abstract

Pseudomonas aeruginosa is an opportunistic pathogen
responsible for morbidity and mortality in humans,
animals, and plants. This bacterium has been regarded
to be widely present in terrestrial and freshwater environ-
ments, but not in open ocean environments. Our purpose
was to clarify its presence in open ocean, and their geno-
typic and physiological characteristics were compared
with those of isolates from clinical, animal, and freshwater
sources. Water samples were collected from freshwater,
bays, and offshore environments in Japan. Sixty-two iso-
lates, including 26 from the open ocean, were identified as
P. aeruginosa by phenotypic characteristics and the BD
Phoenix System. Pulsed-field gel electrophoresis (PFGE)
was performed on all strains, together with 21 clinical
and 8 animal strains. The results showed that open ocean
strains are composed of a few genotypes, which are
separated from other strains. Although some clinical iso-
lates made a cluster, other strains tended to mix together.
Different antibiotypes were observed among marine iso-
lates that had similar PFGE and serotyping patterns.
Some were multidrug-resistant. Laboratory-based micro-
cosm study were carried out to see the responses of P.
aeruginosa toward increased NaCl concentrations in
deionized water (DW). Marine strains showed better
survival with the increase, whereas river and clinical
strains were suppressed by the increase. These findings
illustrate the potential significance of open ocean as a
possible reservoir of P. aeruginosa, and there may be
clones unique to this environment. To our knowledge,

this is the first report on the presence and characteriza-
tion of P. aeruginosa in the open ocean.

Introduction

Since Pseudomonas aeruginosa was first described in 1872,
it has been one of the most thoroughly investigated bac-
teria [44]. It is well known as a pathogen of human in
association with cystic fibrosis [11, 46], and it is the quin-
tessential opportunistic pathogen, causing a wide variety
of infections in compromised hosts [20, 40]. P. aeruginosa
also causes diseases in both plants [5, 56] and animals [41,
59]. Owing to its exceptionally high metabolic versatility
in utilizing numerous organic compounds and its adapt-
ability to various conditions, it can survive in terrestrial
[49, 61], air [36], and freshwater environments [27, 38,
39, 42]. Although it has been isolated from river outfalls
and shorelines in the sea, these isolates have been regard-
ed as originating from freshwater or sewage [21, 22, 28,
33, 37, 54, 60]. In addition, the culture-independent
methods have not yet indicated the presence of this bacte-
rium in open ocean environments.

In 1995, marine chemists discovered the presence of
certain dissolved proteins in the ocean [50, 51]. One 48-
kDa protein was especially ubiquitous in the North Pacific,
Indian Ocean, and Antarctic Ocean, from the surface to
the deep layers of water [51, 52]. N-terminal amino acid
sequencing [50] and immunochemical reaction [48] re-
vealed that this protein was an outer membrane porin
protein, OprP, of P. aeruginosa. This protein is specifi-
cally synthesized under phosphate-deficient conditions
[18]. This finding raised questions on the origin of the
protein, the release process of the protein, stability or
turnover rate of the protein in the sea, the mechanism to
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specifically select OprP among various proteins, and so
on. The final goal of the present investigation was to
answer these questions. Because our recent microscopic
study using fluorescent antibody suggested that P.
aeruginosa is common in Tokyo Bay and coastal environ-
ments [28], it is expected that P. aeruginosa is present in
marine environments including open ocean.

Recent study documented that the P. aeruginosa com-
munity in River Woluwe, Belgium, was almost as diverse
as the global P. aeruginosa population, and the river har-
bored members of nearly all successful clonal complexes
[39]. Römling et al. [42] reported that 19% of a collec-
tion of 573 P. aeruginosa strains isolated from various
clinical cases and from the aquatic environment, espe-
cially rivers, belonged to the same clonal group. Similar
homogeneity was found among P. aeruginosa strains iso-
lated either from cases of clinical infection or from aquatic
environments and from gasoline sources [6, 12, 43]. Al-
though several recent studies indicated that environmen-
tal strains are homogeneous with clinical strains, the
oceanic strains, if they exist, may be different from those of
other environments because of the uniqueness of their
habitat.

Our objectives were (1) to investigate the presence of
P. aeruginosa in the open ocean and (2) to clarify the ge-
notypic, phenotypic, and metabolic characteristics of the
open ocean strains in comparison with those collected
from clinical, animal, and freshwater sources. We succeed-
ed in isolating a number of strains from the surface layer
of the North Pacific Ocean. By applying pulsed-field gel
electrophoresis (PFGE) [16], we confirmed that they have
distinct genetic types. To our knowledge, this is the first
report on P. aeruginosa from open ocean environments.

Materials and Methods

Water Sampling. Water samples were collected from
four stations in the Arakawa River (Sts. AK1, AK2, AK3,
and AK4), two ponds (P1, Inokashira Pond, and P2,
Zenpukujii Pond), and Lake Tamako in the Tokyo met-
ropolitan area between September 2003 and April 2004.
Samples from marine environments were collected from
Tokyo Bay (Sts. T1, T2, T3, T4, and T5), Sagami Bay (St.
S1), and open ocean environments (Sts. S2, S3, and S4).
Marine samples were collected during cruises KT-03-05
and KT-03-07 on RV Tansei Maru of the Ocean Research
Institute, The University of Tokyo, in 2003 (Fig. 1).
Surface seawater was also collected from Kumamoto Bay
in December 2003. The southernmost sampling site (St.
S2) was about 300 km away from the Tokyo bay and is
separated by the Kuroshio Current from the coastal area
and mainland Japan. This current is analogous to the Gulf
Stream in the Atlantic Ocean, transporting warm, tropical
water northward toward the polar region [55, 57]. South

of this current, there is virtually no possibility of contam-
ination of freshwater or terrestrial influences.

Surface water samples were collected in a sterile
bucket and kept in sterile Nalgene (Nalge Nunc Interna-
tional Corporation, Rochester, NY, USA) plastic bottles
on ice until processing. During the cruises of RV Tansei
Maru, water samples were collected with an ethanol-
washed Niskin water sampler equipped with a conductiv-
ity, temperature, and depth (CTD) device (FSI, Cataumet,
MA, USA). All samples were analyzed within 4 h after
collection.

Figure 1. Map of the sampling sites in the Arakawa River, Tokyo
Bay, and open ocean.
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Measurement of Physicochemical Parameters.

During the cruises, water temperature and salinity were
measured with the CTD system. For other samples, the
parameters were measured with a YSI Model 85 handheld
oxygen, conductivity, salinity, and temperature system
(YSI Incorporated, Yellow Springs, OH, USA). The pH of
all samples was measured with a desktop Horiba pH meter
F-21 (Horiba Ltd., Chiyoda-Ku, Tokyo, Japan).

Isolation and identification of P. aeruginosa.

Selective and nonselective agar culture media were used
for the isolation and identification of P. aeruginosa.
Appropriate volumes of water samples were filtered
through sterilized Nuclepore membrane filters (Whatman,
Middlesex, UK) (pore size 0.2 mm and diameter 47 mm),
which were placed on nalidixic acid cetrimide (NAC) agar
[31] plates and Nutrient Broth agar (NA) (Difco
Laboratories, Detroit, MI, USA) plates supplemented
with 0.5% NaCl. After incubation of the plates at 20-C
for 3–4 days, colonies appeared on the plates, were
picked up, transferred to NAC agar, and incubated at
20-C for another 3 or 4 days to ensure the presence of
the color unique to pyocyanine. Suspected colonies that
showed the characteristic appearance and color were
inoculated onto cetrimide kanamycin nalidixic acid agar
(CKNA) [29] and incubated at 42-C overnight. Isolates
that showed growth at 42-C were primarily identified as
P. aeruginosa. In addition, eight animal and 21 clinical P.
aeruginosa strains examined were from the collections of
the Veterinary Assay Laboratory, Japan, and The Toho
Medical University (Tokyo, Japan), respectively. All the
isolated P. aeruginosa strains were preserved in 40%
glycerol in nutrient broth at _85-C.

Identification by BD Phoenix System. The isolates
were identified by the BD Phoenix Automated Mi-
crobiology System (Becton, Dickinson and Company,
Sparks, MD, USA) according to the method described by
Fahr et al. [10]. Briefly, the Phoenix system uses one ID
(identification) and AST (antimicrobial susceptibility)
combination panel, with the ID substrates on one side
and the antimicrobial drugs on the other. Bacterial
cells that had been precultured on Mueller-Hinton agar
were inoculated into the Phoenix ID broth and were
adjusted to 0.5–0.6 McFarland standards by using a
Crystal Spec nephelometer (BD). After the transfer of 25
mL ID broth suspension to the Phoenix AST broth, the
suspension was poured into the ID side of the Phoenix
Combo panel. Once inoculated, the panel was logged and
loaded into the Phoenix Automatic system, in which
colorimetric and fluorometric signals were measured in
every 20 min.

Serotyping. Serotyping for O-group specific anti-
gen was carried out by using P. aeruginosa serotyping kit

following the manufacturer’s protocol (Denka Seiken
Ltd., Japan). All isolates were tested for O-group-specific
antigens. Three polyvalent (I, II, and III) and 14 sero-
types (A, B, C, D, E, F, G, H, I, J, K, L, M, and N) were
checked against all the isolates [23]. Briefly, individual
colonies were emulsified in 20 mL PBS to which an equal
volume of agglutination serum was added. Positive re-
actions were noted by the clumping of bacterial cells,
under a light microscope as well as by the naked eyes.

Antibiotyping. The Phoenix AST method was used
for antibiotyping [4, 10]. Briefly, Phoenix AST broth was
supplemented with one drop of Phoenix AST indicator,
an oxidation–reduction indicator based on resazurin
(Alamar Blue). From the standardized ID suspension,
25 mL was transferred to the AST broth, to obtain about
5 � 105 CFU/mL solution. The broth was then poured
into the AST side of the panel. As noted above, the panel
was loaded into the Phoenix apparatus. For each anti-
biotic, a minimum of eight concentrations (serially dou-
bled dilutions) were tested. In addition, specific detection
of extended-spectrum beta-lactamase (ESBL) for Gram-
negative bacteria was also performed on the AST side on
respective Combo panels [34, 35]. Finally, the strains
were typed depending on the number of antimicrobial
substances to which they were resistant. The data were
coded either as 0 (sensitive) or 1 (resistant). Following
the method described by Martin-Kearly et al. [32], hier-
archical cluster analysis was performed using the average
linkage method with the rescaled distance measure. The
dendrogram was produced using the program SPSS for
Windows, Release 10.0 (SPSS Inc., Chicago, IL, USA).

Pulsed-field Gel Electrophoresis. To clarify the
genetic relatedness among the strains, PFGE analyses
were carried out by using the Genepath Group 5 reagent
kit (Bio-Rad Laboratories, Richmond, CA, USA) by fol-
lowing the manufacturer’s protocol with a slight modi-
fication, as reported by Ishii et al. [24]. In brief, 30–50 mL
overnight cultures of Luria-Bertani (LB) broth (Tryptone
10 g/L, yeast extract 5.0 g/L, sodium chloride 10.0 g/L), in
1.5-mL microcentrifugation tubes, were centrifuged at
6700 g for 1 min at 4-C by a high-speed refrigerated
microcentrifuge (MX-100, TOMY, Tokyo, Japan). The
pellet was resuspended in 150 mL suspension buffer. Next,
150 mL of liquid 1.2% embedding agarose and 6 mL lyso-
zyme were mixed with the suspension and cooled to 50-C.
The mixture was poured into plug molds on ice. The plugs
were then incubated for 30 min at 37-C in 500 mL lysis
buffer containing 20 mL lysozyme. The plugs were treated
with proteinase K overnight at 50-C, then each plug was
washed with washing buffer for three or more times.
Embedded DNA in each plug was digested with the
restriction enzyme SpeI (5 U) in 300 mL SpeI buffer at
37-C for 2 h after treatment by 10 times diluted (0.1�)
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Table 1. List of strains, with their origin, source, year of isolation, serotype, and antibiotype

Strain number Stock number Origin Source Year of isolation Serotype Antibiotypea

1 A1 Animal Cow 2002 I XXVII
2 A2 Animal Cow 2002 F XXIV
3 A3 Animal Cow 2002 G XXIV
4 A4 Animal Cow 2002 G XXVII
5 A5 Animal Rabbit 2002 E XXVII
6 A6 Animal Wild Boar 2002 G XXIV
7 A7 Animal Cow 2002 G XXIV
8 A8 Animal Cow 2002 G XXIV
9 963 Marine Tokyo Bay, T1, 0 m 2003 F XVII

10 1024 Freshwater Arakawa River, AK1, 0 m 2003 G XVII
11 1030 Freshwater Arakawa River, AK1, 0 m 2003 G XVII
12 1140 Marine Sagami Bay, S1, 0 m 2003 E XXIV
13 1155 Marine Open ocean, S2, 0 m 2003 E XXIX
14 1161 Marine Open ocean, S2, 0 m 2003 E XXIV
15 1167 Marine Open ocean, S2, 0 m 2003 E XXIV
16 1169 Marine Open ocean, S2, 0 m 2003 E XXIV
17 1171 Marine Open ocean, S2, 0 m 2003 E XVII
18 1176 Marine Open ocean, S2, 0 m 2003 E XXIII
19 1183 Marine Open ocean, S2, 0 m 2003 E XXIV
20 1189 Marine Open ocean, S2, 0 m 2003 E XII
21 1194 Marine Open ocean, S2, 0 m 2003 E XXIV
22 1200 Marine Open ocean, S2, 0 m 2003 E XVIII
23 1203 Marine Open ocean, S2, 0 m 2003 E XXIV
24 1206 Marine Open ocean, S2, 0 m 2003 E XXIV
25 1274 Marine Tokyo Bay, T2, 20 m 2003 B XI
26 1303 Marine Open ocean, S4, 0 m 2003 K XXIV
27 127 Freshwater Arakawa River, AK2, 0 m 2003 Poly I XXV
28 561 Marine Tokyo Bay, T4, 10 m 2003 F XXIV
29 1151 Marine Sagami Bay, S1, 0 m 2003 Not typeable XXIV
30 1156 Marine Open ocean, S2, 0 m 2003 E XXIV
31 1163 Marine Open ocean, S2, 0 m 2003 E XIV
32 1170 Marine Open ocean, S2, 0 m 2003 E XXV
33 1173 Marine Open ocean, S2, 0 m 2003 E XIX
34 1175 Marine Open ocean, S2, 0 m 2003 E XIII
35 1179 Marine Open ocean, S2, 0 m 2003 E XXIV
36 1182 Marine Open ocean, S2, 0 m 2003 E XXII
37 1186 Marine Open ocean, S2, 0 m 2003 E XXIV
38 1187 Marine Open ocean, S2, 0 m 2003 E XXIV
39 1190 Marine Open ocean, S2, 0 m 2003 E XV
40 1196 Marine Open ocean, S2, 0 m 2003 E XXIV
41 1198 Marine Open ocean, S2, 0 m 2003 E XXIV
42 1202 Marine Open ocean, S2, 0 m 2003 E XXIV
43 1564 Clinical Blood 2002 E II
44 1565 Clinical Blood 2002 E IV
45 1528 Clinical Urine 2002 E IV
46 1519 Clinical Urine 2002 E II
47 1524 Clinical Saitama 2002 Poly III II
48 1529 Clinical Urine 2002 M I
49–51 R1804 Clinical Bio-Rad Unknown G XXVI
52 1920 Clinical Saitama 2002 E VIII
53 1674 Clinical Sputum, Tokyo 2002 Poly III X
54 1683 Clinical Sputum, Okayama 2002 E III
55 1721 Clinical Urine, Hokkaido 2002 A VIII
56 1682 Clinical Sputum, Okayama 2002 B VII
57 1708 Clinical Urine, Saitama 2002 Poly III VIII
58 1709 Clinical Urine, Saitama 2002 E VIII
59 1732 Clinical Urine, Myagi 2002 E VIII
60 1672 Clinical Urine, Nara 2002 H II
61 1710 Clinical Urine, Saitama 2002 E III
62 1922 Clinical Saitama 2002 Poly III VIII
63 1921 Clinical Saitama 2002 E VII
64 1923 Clinical Saitama 2002 Poly III III
65 1733 Clinical Pus, Myagi 2002 H V
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washing buffer. Fragments of DNA were separated at
14-C for 19.7 h on 1% SeaKem Gold agarose gel (FMC
Bioproducts, Rockland, ME, USA) in 0.5� TBE buffer
with 100 mM thiourea [62], with a switch ramped time
from 5.3 to 34.9 s at a 120- angle, nonlinear 21%, on a

CHEF Mapper apparatus (Bio-Rad Laboratories). The
sizing ladder used for PFGE was a lambda ladder with a
range of 0.05–1 MB (Bio-Rad Laboratories). The PFGE
patterns were analyzed using the Molecular Analyst Fin-
gerprinting Plus software package (version 1.2, Bio-Rad

Table 1. Continued

Strain number Stock number Origin Source Year of isolation Serotype Antibiotypea

66 1757 Clinical Sputum, Kanagawa 2002 E VI
67 601 Marine Kumamoto Bay, 0 m 2003 Not done XXVIII
68 603 Marine Kumamoto Bay, 0 m 2003 Not done XVII
69 619 Freshwater Arakawa River, AK2, 0 m 2003 G XXV
70 1501 Freshwater Arakawa River AK2, 0 m 2003 F XXV
71 1504 Freshwater Arakawa River, AK1, 0 m 2003 K XXVIII
72 1505 Freshwater Arakawa River AK1, 0 m 2003 K XXIV
73 1506 Freshwater Arakawa River AK4, 0 m 2003 G XVI
74 1507 Freshwater Arakawa River, AK4, 0 m 2003 G XXI
75 1508 Freshwater Arakawa River AK4, 0 m 2003 G XX
76 1510 Freshwater Arakawa River AK3, 0 m 2003 B XVII
77 1518 Freshwater Arakawa River AK2, 0 m 2003 I XIX
78 1520 Freshwater Arakawa River, AK1, 0 m 2003 B XXV
79 1521 Freshwater Arakawa River AK1, 0 m 2003 Poly II XXIV
80 1540 Freshwater Zenpukujii Pond, P2, 0 m 2003 M XXVII
81 1542 Freshwater Zenpukujii Pond, P2, 0 m 2003 Poly II XXVII
82 1549 Freshwater Zenpukujii Pond, P2, 0 m 2003 G XXVII
83 1550 Freshwater Zenpukujii Pond, P2, 0 m 2003 G XXVII
84 1557 Freshwater Inokashira Pond, P1, 0 m 2003 G XXIII
85 1558 Freshwater Inokashira Pond, P1, 0 m 2003 G XXVII
86 1559 Freshwater Inokashira Pond, P1, 0 m 2003 G XXIV
87 1563 Freshwater Lake Tamako, 0 m 2003 G XXIX
88 1583 Freshwater Lake Tamako, 0 m 2003 Not typeable XXIX
89 1584 Freshwater Lake Tamako, 0 m 2003 Not typeable XXIX
90 1587 Freshwater Lake Tamako, 0 m 2003 Not typeable IX
91 1589 Freshwater Lake Tamako, 0 m 2003 Not typeable XXIX
92 1590 Freshwater Lake Tamako, 0 m 2003 Poly II XXIX

aThe strains were typed depending on the number of antimicrobial substances to which they were resistant. The data were coded either as 0 (sensitive) or 1
(resistant). Following the method described by Martin-Kearly et al. [32], hierarchical cluster analysis was performed using the average linkage method with
the rescaled distance measure. The dendrogram was produced using the program SPSS for Windows, Release 10.0 (SPSS Inc., Chicago, IL, USA).
Antibiotype was numbered following the position of the strains in the dendrogram at rescaled distance 0 (Fig. 3).

Table 2. Number of P. aeruginosa and colonies that appeared on NAC plates with physicochemical parameters at each sampling point

Sampling sites
Colonies appeared

On NAC plates (L
_1)

Number of P.
aeruginosa (L

_1)

Physicochemical parameters

Salinity (psu) Water temp. (-C) pH

Lake Tamako 16,000 1000 0.1 15.7 7.45
Inokashira Pond, P1 219,000 2000 0.1 17.1 7.19
Zenpukujii Pond, P2 30,000 1000 0.1 16.9 6.68
Arakawa River, AK1 200,000 30 0.1 16 7.74
Arakawa River, AK2 44,000 20 0.1 17 7.71
Arakawa River, AK3 43,000 3 0.3 19.5 7.37
Arakawa River, AK4 800 10 12.8 19.8 7.86
Kumamoto Bay 880 10 29 11.3 8.12
Tokyo Bay, T1 1840 3 29.7 20 8.06
Tokyo Bay, T2 130 0 28.9 21 8.46
Tokyo Bay, T3 70 3 30.6 21 8.43
Tokyo Bay, T4 50 3 33 21.1 8.4
Tokyo Bay, T5 14 0 34.5 20.8 8.29
Sagami Bay, S1 40 0.7 34.2 21.5 8.33
Open Ocean, S2 150 8.3 34.9 22.7 8.3
Open Ocean, S3 40 0 34.8 24 8.24
Open Ocean, S4 13 0.3 34.6 22.2 8.29
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Figure 2. SpeI enzyme digested pulsed field gel electrophoresis band patterns of P. aeruginosa isolated from various sources. Strain
numbers, their sources and groups are shown. A: animal; C: clinical; L: Lake Tamako; KB: Kumamoto Bay; O: open ocean; P: pond; R:
Arakawa River; RC: reference strain provided by Bio-Rad; SB: Sagami Bay; TB: Tokyo Bay. Groups were made at 55% homogeneity level.
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Laboratories). Levels of similarity between fingerprints
were expressed as Dice coefficients, which were calculated
by determining the ratio of twice the number of bands
shared by two patterns to the total number of bands in
both patterns. Isolates were clustered by using the un-
weighted pair group method with arithmetic averages
(UPGMA) [45].

Survivability. Laboratory-based microcosms were
prepared to see the comparative survival and growth re-
sponses of marine (strain 22), freshwater (strain 11), and
clinical (strain 43) P. aeruginosa at 0.0–7.0% NaCl con-
centrations. Microcosms were prepared in deionized
water. All microcosms were prepared in duplicates. Cells
from the logarithmic phase of growth on LB broth were
inoculated in the microcosms and were kept at room
temperature (24 T 1-C). Samples were taken from each of
the microcosms in sterile condition in a series of time
intervals and were plated on LB and NAC agar medium
with appropriate dilution and were grown at room
temperature for 4–5 days. Based on preliminary exper-
iments, the culturable cell counts and growth rate were
calculated with the values after 24 h of incubation. Paired
t test was performed on the data to estimate whether or
not there was a significant difference between test series.

Results

P. aeruginosa Isolation. P. aeruginosa strains were
isolated and identified after a series of examinations. As
the first step in their isolation, 6700 colonies appeared on
either NAC or NA plates with 0.5% NaCl. After their
transfer to NAC agar plates to check their growth and the
appearance of the color unique to P. aeruginosa, 1679
isolates were selected. Among them, 560 were able to
grow at 42-C on NAC. They were transferred to CKNA

agar plates and incubated at 42-C overnight. The isolates
grown under this condition were tentatively regarded as
P. aeruginosa, and further identified by using the BD
Phoenix system. Finally, 62 strains were confirmed as P.
aeruginosa; 26 from the open ocean, 3 from Tokyo Bay, 4
from Kumamoto Bay, 2 from Sagami Bay, 14 from the
Arakawa River, and the remaining 13 from the ponds
and lake in the Tokyo metropolitan area. A list of strains
is given in Table 1, together with their sources, origins,
and year of isolation.

The comparative numbers of colonies that appeared
on selective agar plates and the numbers of culturable P.
aeruginosa per liter of water are shown in Table 2. The
number of P. aeruginosa per liter was ca. 1000 or more in
the ponds and lake, and 3–30 in Arakawa River (Table 2).
In the marine environment, the numbers were smaller
and the appearance was sporadic with no clear trends
among areas. Relatively high numbers of isolates were
obtained at St. 2, the southernmost station during this
cruise.

Physicochemical Parameters. Table 2 shows the
physicochemical parameters, including salinity, water
temperature, and pH. Salinity varied widely, depending
on the source, and gradually increased from the river, the
bay, to the open ocean. The values in Kumamoto Bay and
four stations (Sts. T1 to T4) in Tokyo Bay were typical of
those in coastal environments. Temperature ranged from
11.3-C in Kumamoto Bay at the end of December to
24.0-C in the open ocean at St. S3 in June. Water pH
was higher in the coastal and open ocean environments
ranging from 8.06 to 8.46.

Pulsed-field Gel Electrophoresis. To determine
the genetic relatedness among marine, freshwater, animal,
and clinical strains, PFGE analyses were performed on the

Table 3. Number of strains, band types and corresponding strains as determined by PFGE analysis. At least one band pattern is
represented by each set of parentheses

Source of strains Number of strains Number of band types Corresponding strains

Lake 6 2 (87–89, 91, 92) (90)
Pond 7 3 (80, 81) (82, 83) (84–85)

(10, 11) (27) (69) (70) (71) (72) (73–76)Arakawa River 14 10
(77) (78) (79)

Kumamoto Bay 2 2 (67) (68)
Tokyo Bay 3 3 (9) (25) (28)
Sagami Bay 2 1 (12)a (29)

(13–18, 20, 21, 23, 24, 30–34, 36–40, 42)aOpen ocean 26 4
(19, 22) (26) (35, 41)

(43, 44) (45–47) (48) (52, 63) (53) (54) (55)Clinical 21 17
(56) (57) (58) (59) (60) (61) (62) (64)
(65) (66)

Animal 8 7 (1) (2) (3) (4) (5) (6) (7, 8)
Reference 1 1 (49, 50, 51)
Total 90 50

aSharing the same type.
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genomic DNAs after SpeI digestion. A dendrogram was
prepared including all strains from all sources (Fig. 2).
Ninety strains from all sources resulted in 50 different
restriction band patterns in the PFGE profiles at a 100%
homogeneity level (Table 3). When 55% homogeneity
level was taken as the criterion, six clusters appeared
(Fig. 2). The first group (Group I) consisted of 14 strains,
of which 13 were of clinical origin and one from Tokyo
Bay (strain 25). The second one (Group II) contained
oceanic strains and the Bio-Rad reference strains (strains
49, 50, and 51). With the exception of strain 26, which was
closely related to those from Kumamoto Bay and Arakawa
River, all open ocean isolates, and 1 strain from Sagami
Bay (strain 12) were in this group. The open ocean strains
also made a cluster at the 83% to 100% homogeneity level.
The third group (Group III) was formed by 28 strains
from almost all sources. Small clusters composed of river
and pond strains were included. The fourth group (Group
IV) consisted of 17 strains: 5 from the lake, 4 from ani-
mals, 3 from the river, 3 from the ponds, and the other 2
from Tokyo Bay and a clinical source. Two other groups
were composed of only 2 strains each: a fifth group
(Group V) containing a clinical strain and a river strain
and a sixth group (Group VI) containing a river strain and
a Tokyo Bay strain.

Table 3 shows the number of strains from each source
and band types they produced. Among 50 band types ob-
tained, only one type was found from multiple sources,
i.e., from Sagami Bay and open ocean. All the rest was
unique to each source or environment. Obviously, the
numbers of band types were small in open ocean, sug-
gesting the presence of strains with less genetic variations.

Antibiotyping. The antimicrobial resistance pat-
terns of 90 P. aeruginosa toward 22 antimicrobial sub-
stances were examined by using the BD Phoenix AST
panels. Resistance was judged based on growth at the
maximum amount of respective substance used in the
AST panel. Antibiotypes of all strains are shown in
Table 1. Hierarchical cluster analyses revealed 29 dif-
ferent types among the strains (Fig. 3). The predominant
type was XXIV; it was observed in 27.2% of the strains,
including open ocean, coastal, freshwater, and animal
(Fig. 3). This type is resistant to seven antimicrobial
substances, i.e., cefazolin, cefuroxime-N, cefpodoxime,

Figure 3. Dendrogram illustrating the clustering of antibiotyping
patterns of P. aeruginosa. The dendrogram was produced by
hierarchical cluster analysis using the average linkage method. The
distance units are arbitrary, being based on the rescaled distance
measure. Strains were arbitrarily grouped into different types.
Numbers, sources, and antibiotypes are designated at the right
side. A: animal; C: clinical; L: Lake Tamako; KB: Kumamoto Bay;
O: open ocean; P: pond; AK: Arakawa River; R: reference strain
provided by Bio-Rad; SB: Sagami Bay; TB: Tokyo Bay.
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ampicillin, amoxicillin–clavulanate, ampicillin–sul-
bactam and tetracycline, whereas pattern XXV was shown
by strains resistant to all the antimicrobial substances used
in this study. The second predominant type (8.7%) was
XXVII, which includes animal and pond strains. Types
VIII, XVII, XXV, and XXIX were observed in 6.5% of
strains. Type VII was restricted to animal strains, and XXV
and XXIX were in Arakawa and Tamako Lake sharing with
open ocean strains. Only one strain (1.1%) showed re-
sistance corresponding to each of types I, V, VI, IX, X, XI,
XII, XIII, XIV, XV, XVI, XVIII, XX, XXI, and XXII, the
least common resistance patterns. Patterns I–VIII were
strictly distributed among the clinical isolates (Fig. 1).

The maximum amounts of antimicrobial substances
used in the BD Phoenix panels and the percentages of
resistant strains from each source are shown in Table 4.
Regardless of their origin, all isolates were resistant to six
antimicrobial substances: ampicillin, cefazolin, cefurox-
ime sodium, cefpodoxime, ampicillin–sulbactam, and
amoxicillin–clavulanate. Most of the clinical strains were
resistant to almost all the antimicrobial substances moni-
tored. Open ocean strains were resistant to 6–11 anti-
microbial substances, whereas the animal isolates were
resistant to 6–8 substances. All the open ocean isolates
were at least resistant to the six antibiotics stated above

and were sensitive to ceftazidime, meropenem, imipenem,
amikacin, gentamicin, piperacillin–tazobactam, levoflox-
acin, cefepime, piperacillin, and ofloxacin.

Serotyping. The serotypes of all strains are pre-
sented in Table 1. Of the 26 open ocean strains, 25 be-
long to serotype E and only one (isolated from S4)
belongs to serotype K. Type E was also found dominant
among the clinical strains. Most of the freshwater stra-
ins belonged to serotype G. Out of the 7 strains from
the ponds, 5 were of serotype G. Only 2 strains from
the Arakawa River showed serotype K (Table 1). The
greatest variation in the number of serotypes was obser-
ved among the clinical isolates. The animal strains
belonged to serotypes E, F, G, and I.

Survivability of Marine Strains. To clarify their re-
sponse to high sodium chloride concentration, three
strains (marine-22, river-11, and clinical-43) were grown
in LB with increase NaCl concentration. There was little
difference among the three strains, indicating that P.
aeruginosa is generally quite tolerant to high salt con-
dition (Data not shown). Considering the natural envi-
ronments, the survival of each strain was observed in
deionized water with up to 7% concentration of NaCl.

Table 4. Percentages of strains resistant to the maximum concentration of antimicrobial substances, as analyzed by the BD Phoenix
automated microbiology system

Antimicrobial substances
Maximum concentration

tested (mg/mL)

Percentage of P. aeruginosa resistant to the maximum concentration

Ponds and
lake (n = 13)

River
(n = 14)

Coastal
(n = 7)

Open ocean
(n = 26)

Clinical
(n = 23)

Animal
(n = 8)

Amikacin 32 0 0 0 0 56 0
Cefazolin 16 100 100 100 100 100 100
Cefuroxime sodium 16 100 100 100 100 100 100
Cefpodoxime proxetil 4 100 100 100 100 100 100
Ampicillin 16 100 100 100 100 100 100
Amoxicillin-

clavulanate
16/8 100 100 100 100 100 100

Ampicillin-
sulbactam

16/8 100 100 100 100 100 100

Tetracycline 8 85 86 100 100 100 100
Ofloxacin 4 0 0 0 0 91 0
Cefotaxime 32 85 43 57 35 91 37
Trimethoprim-

sulfamethoxazole
2/38 38 79 29 35 100 0

Aztreonam 16 8 7 14 23 91 0
Ceftriaxone 32 31 57 43 19 91 0
Ticarcillin 64 8 0 29 15 91 0
Gentamicin 8 0 0 0 0 87 0
Imipenem 8 8 0 0 0 96 0
Meropenem 8 8 0 0 0 91 0
Ceftazidime 16 0 0 0 0 83 0
Cefepime 16 0 0 0 0 91 0
Piperacillin 64 0 0 0 0 74 0
Piperacillin-

tazobactam
64/4 0 0 0 0 48 0

Levofloxacin 4 0 0 0 0 83 0
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Figure 4a shows the percentage of culturable cells after
24 h, relative to the number at the onset of the incuba-
tion. As for marine strains, the percentage of culturable
cells increases with NaCl concentration. At 7% NaCl, as
much as 63% of the cells still retained culturability,
whereas freshwater and clinical strains only retained 9%
and 4%, respectively. The percentage of culturable cell
counts decreased with the increase in NaCl concentration.
Therefore, when regression lines were obtained only the
marine strain showed positive slope, whereas the re-
maining strains showed a negative slope. Figure 4b shows
the slopes of each strain during the course of incubations.

Except for 4, 6, and 12 h, the marine isolate always
showed a positive value, indicating that culturability
increased with sodium concentration. The slopes for river
and clinical strains were always negative, further showing
that culturability consistently decreased with NaCl
concentration.

Discussion

To clarify the presence of P. aeruginosa in marine envi-
ronments and to characterize them, we collected seawater
samples from the open ocean where the influence of
human activity was minimal or absent, and from coastal
environments. Together with those from freshwater en-
vironments, 62 isolates were identified as P. aeruginosa
by the BD Phoenix system. Considering the genetic dis-
tinctiveness clarified by PFGE analyses and the tendency
toward high NaCl concentration, populations unique to
marine environment seem to be present. However, the
antibiotype was not specific to marine strains. In addi-
tion, the serotype of strains from open ocean was also
observed among other strains. To our knowledge, this is
the first report on the isolation and comparative analyses
of P. aeruginosa isolated from open ocean environments.

In this work, phenotypic characteristics such as color
of colonies and growth on selective media were used as
the first screening. During the course of this study, we
found that the growth at 42-C on selective medium was a
simple and efficient way for P. aeruginosa, although a
possibility to overlook some strains is not rejected. Thus
strains selected were analyzed by the BD Phoenix system,
which has been used for the identification of clinical iso-
lates. Its reliability has been confirmed by several studies
[10, 13]. We have sequenced the 16S rDNA of some
strains identified as P. aeruginosa by this system, and
found that the sequence agreed with that of P. aeruginosa
PAO1. In addition, this system is known to be very ac-
curate in detecting the antibiotic resistance in this group
of microorganisms [4, 8, 10, 13]. AST performance with
Gram-negative bacteria was equivalent to that of the
standard broth microdilution method.

For genotypic analyses, several methods such as
PFGE [16, 53], ribotyping [6], and arbitrary primer
PCR-based fingerprinting methods [9] have been used.
We used PFGE in this study, because we considered
it suitable and more discriminating compared to other
techniques for comparing P. aeruginosa isolated from
various sources. DNA fingerprinting by PFGE of geno-
mic DNA after digestion with an appropriate restriction
endonuclease was considered as the Bgold standard^ for
bacterial typing [53], and is the preferred method for P.
aeruginosa because of its high discriminatory capacity,
good reproducibility, and ease of interpretation [17].
Results showed that all the strains from various sources
could be divided into six groups at the 55% homogeneity
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Figure 4. (a) Survival of three P. aeruginosa strains in deionized
water with different NaCl (0 to 7%) concentrations after
24 h incubation. Value represents the mean of two determinations
from two independent experiments. Linear regression lines are for
each of the strains. Straight, bigger dotted, and smaller dotted lines
represent marine (strain 22), river (strain 11), and clinical
(strain 43) strains respectively. Symbols �, 0, and r represent the
marine (strain 22), river (strain 11), and clinical (strain 43) strains
of P. aeruginosa respectively. Differences were significant among
the marine and river (p = 0.075), and marine and clinical (p =
0.054) strains. (b) Survival of three P. aeruginosa strains in
deionized water with different NaCl (0–7%) concentrations
represented by slope against the time intervals. Value represents
the mean of two determinations from two independent experi-
ments. Symbols �, 0, and r represent the marine (strain 22), river
(strain 11), and clinical (strain 43) strains of P. aeruginosa,
respectively. Differences were significant among the marine and
river (p e 0.01), and marine and clinical (p e 0.01) strains.
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level. This indicates several aspects of the genetic relat-
edness among the strains. First, depending on the source,
the strains tend to make clusters at different levels of
homogeneity. For instance, among the 22 clinical isolates
(including one from Bio-Rad), 13 made up Group I, to-
gether with 1 isolate from Tokyo Bay (strain 25). Except
for strain 26, all open ocean isolates were in Group II.
Because the open ocean strains showed different antibio-
types (Table 1), they may comprise multiple phenotypic
groups. Compared with the oceanic strains, freshwater
ones were genetically more divergent. Two strains from
the Arakawa River (strains 72 and 79) and four strains
from the ponds (strains 80, 81, 82, and 83) made one
small cluster at the 82% homogeneity level in Group III.
Other freshwater strains tended to make small clusters
sharing the same genotype. On the other hand, the ani-
mal isolates were widely distributed in the dendrogram.
These results indicate that, in nature, there may be some
strains uniquely adapted to each environmental niche.
Second, the present results also suggest frequent genetic
exchanges among some strains and/or transfer of cells
from one environment to another. The composition of
Group III is a typical case. This group included strains
from all sources, although there were small clusters at
higher homogeneity levels. It should be noteworthy that
if we were to analyze only the strains in Group III, we
might have not found genetic differences among envi-
ronmental and clinical strains. Some research groups
have reported that clinical and environmental isolates of
P. aeruginosa are genetically or phenotypically indistin-
guishable [3, 11, 12, 42]. A very recent study documented
that the global population structure of P. aeruginosa is
reflected in a relatively confined geographical area, a small
river in Belgium [39]. Our present work indicates that,
depending on the choice of strains and genes, apparent
relatedness among strains may vary. Because marine
strains inhabit in vast water mass with little influence of
human activities, exchanges with those in other environ-
ments may be rare.

Although we succeeded in isolating marine P.
aeruginosa, it is still not clear how commonly present
this bacterium is in the open ocean. The distribution
seems to be rather sporadic (Table 2), and the culture-
independent approach still does not prove their wide
distribution. Our findings support the previous article on
the origin of the 48-kDa dissolved protein [50]. Appli-
cation of the fluorescent antibody technique had dem-
onstrated the presence of this bacterium in the sea [28].
This also supported the evidence of the detection of the
48-kDa dissolved protein by Western blotting [48]. The
following findings might have been caused by the
marine-type P. aeruginosa. P. aeruginosa has been found
to cause bronchopneumonia and multiple large cutane-
ous ulcers in Atlantic bottlenose dolphins. Here, bacterial
cells progress deep into the cutaneous tissue, causing se-

rious damage to the animals [7]. Skin infections caused
by this bacterium in occupational saturation divers
have been also reported [1, 2]. Genome analysis of P.
aeruginosa has clarified the presence of nqr, which
encodes the primary sodium pump [47], giving an
advantage for growth and survival in saline environments
[19]. P. aeruginosa is well known for its high adaptability
[19] and diverse phenotypic characteristics. This bacte-
rium is able to use an extremely wide range of organic
and inorganic compounds [14, 15, 58]. As various
organic materials coexist at low concentrations in
seawater, such physiological versatility should help the
bacterium’s growth and survival in marine environments
[25]. Our results on survivability indicate that P.
aeruginosa strains (including marine, river, and clinical
strains) can grow and survive in deionized water and
artificial seawater with high NaCl concentrations. Marine
P. aeruginosa can survive better in higher NaCl in DW in
comparison with freshwater and clinical isolates (Fig. 4),
strongly indicating that they are forms specifically
adapted to high salinity environments. We examined
the presence of P. aeruginosa in tap water, sink, and
laboratory facilities on the vessel, and inside and outside
of the Niskin water samplers as possible contaminants.
We could not isolate any P. aeruginosa. Considering all
these factors, it seems reasonable to assume the presence
of P. aeruginosa in open oceanic waters. We regard that the
possible influence of contamination to be extremely small.

Why has the presence of this bacterium in the sea
been overlooked for such a long time? First, when P.
aeruginosa was isolated from coastal environments, it was
regarded as being of terrestrial or freshwater origin [22,
28, 33, 37, 54, 60]. Second, its concentration in the open
ocean is very small. We screened approximately 6700 col-
onies appearing on selective and nonselective agar medium
from marine environments. Of these, less than 1% was
confirmed as P. aeruginosa after a series of identification
steps. Therefore, without focusing on this species, the
chances of detection by using routine, nonselective
marine media would be extremely small. Finally, the cul-
ture-independent methods also do not indicate the pres-
ence of this bacterium. Except in a few cases, sequences
corresponding to those of P. aeruginosa have not been
detected [26, 30]. However, these cannot be taken as
proof for the absence of this bacterium in the open
ocean.

The distribution of P. aeruginosa was rather sporad-
ic, and it remains difficult to state any general trends
from our data. There seem to be two possible explana-
tions. First, P. aeruginosa in the sea may be associated
with particulate matter or animals. As stated above, there
are reports of its presence in dolphins [7]. Marine mam-
mals may serve as reservoirs of this bacterium. Second,
the cells may be present in viable but nonculturable
(VBNC) state in marine environments. This is supported
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by the presence of their relatively high numbers, as
enumerated by fluorescent-antibody technique, in Tokyo
Bay [28]. However, as very limited information on
VBNC is available for this bacterium, more work is
required to address this issue.

We conclude that P. aeruginosa is present in the
open ocean. PFGE analyses showed that oceanic strains
are forming a distinct genetic cluster. The microcosm
experiment indicates that a marine isolate survived better
with higher concentrations of NaCl. This finding requires
a change in our views on the origin, genetic exchanges,
physiology, and ecology of this well-known bacterial spe-
cies. Extensive studies on the phylogeny among strains
from various sources and on the physiological character-
istics at the molecular level are now being undertaken in
our laboratory.
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