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Assignment of

 

 Pseudomonas

 

 sp. strain E-3 to

 

 Pseudomonas psychrophila

 

 sp. 
nov., a new facultatively psychrophilic bacterium

 

Abstract

 

A facultatively psychrophilic bacterium, previ-
ously described as

 

 Pseudomonas

 

 sp. strain E-3, has been
reassigned by phenotypic characterization, chemotaxo-
nomic analysis, DNA–DNA hybridization, and 16S rRNA
gene phylogenetic analysis. The organism was a gram-
negative, aerobic, straight rod with polar flagella. It was
catalase positive and oxidase positive, able to grow at –1

 

°

 

C
but not at 40

 

°

 

C, and produced acid from

 

 D

 

-glucose under
aerobic conditions. The major isoprenoid quinone was
ubiquinone-9, and the DNA G + C content was 57.2 mol%.
Phylogenetic analysis based on 16S rRNA gene sequencing
indicated that the bacterium is a member of the genus

 

Pseudomonas

 

 and was closest to

 

 Pseudomonas fragi

 

. Deter-
mination of the DNA–DNA relatedness between strain E-3
and

 

 P

 

.

 

 fragi

 

 revealed too low a level of homology (47.9%–
51.3%) to identify them as the same species. On the basis of
phenotypic characteristics, phylogenetic analysis, and
DNA–DNA relatedness data, it is concluded that strain E-3
represents an individual species. Accordingly, the name

 

Pseudomonas psychrophila

 

 is proposed. The type strain is
E-3

 

T

 

 (= JCM 10889).

 

Key words 

 

Pseudomonas psychrophila

 

 · Facultatively psy-
chrophilic · 16S rRNA · DNA–DNA hybridization

 

Introduction

 

Temperature is one of the most important factors determin-
ing the distribution and biological functions of organisms.
More than 80% of the Earth is at temperatures below 10

 

°

 

C,
such as in deep oceans, high mountains, and the polar
regions. Even in such extremely cold environments, it is
known that cold-adapted microorganisms, psychrophiles,
can be found. Psychrophiles are divided into obligate
psychrophiles and facultative psychrophiles. Morita (1975)
defined these microorganisms as follows: the former is
defined by a maximum growth temperature of 20

 

°

 

C or
lower, an optimum growth temperature of 15

 

°

 

C or lower,
and a minimum growth temperature of 0

 

°

 

C or lower, and
the latter is distinguished from the former or mesophiles as
those microorganisms that grow at 0–5

 

°

 

C and have opti-
mum and maximum growth temperatures above 20

 

°

 

C.
It has been considered that obligate psychrophiles are

distributed in permanently cold environments in nature
whereas facultative psychrophiles are distributed in quite
common habitats such as soil, water, and foods. Until now,
to understand the psychrophily of microorganisms, faculta-
tive psychrophiles have been studied. These studies concern
such aspects as cellular membrane fluidity, cold-shock or
cold-acclimation proteins, and cold-adapted enzymes
(Gerday et al. 1999; Gounot and Russell 1999). Industrial
applications of facultative psychrophiles and their cold-
adapted enzymes have also been considered (Ohgiya et al.
1999; Okuyama et al. 1999).

A facultative psychrophilic bacterium,

 

 Pseudomonas

 

 sp.
strain E-3, has been isolated to investigate its psychrophily
(Saruyama et al. 1978). The cellular phospholipid and fatty
acid composition as related to growth temperature (Wada
et al. 1987), the biosynthesis of unsaturated fatty acids
(Wada et al. 1989, 1991), and activities of the

 

 cis

 

–

 

trans

 

isomerization of the double bond of monounsaturated fatty
acids (Okuyama et al. 1996, 1998) of the strain have been
studied extensively.

Up to the present, many

 

 Pseudomonas

 

 strains able to
grow at 0–5

 

°

 

C have been isolated. It has been considered
that most of these strains are identified as

 

 Pseudomonas
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fragi

 

,

 

 Pseudomonas lundensis

 

, or

 

 Pseudomonas fluorescens

 

(Molin and Ternström 1986). In this study, phenotypic and
chemotaxonomic characteristics, the phylogenetic position
and DNA-DNA relatedness in relation to other strains of
strain E-3 were examined; the results show that the strain
should be classified as a new species.

 

Materials and methods

 

Bacterial strains and cultivation

The strain examined was

 

 Pseudomonas

 

 sp. E-3

 

T

 

 (T = type
strain) (Saruyama et al. 1978). It was isolated from a cold
room for food storage. The organism was cultivated aerobi-
cally at 27

 

°

 

C in nutrient medium with 0.5% NaCl (pH 7.0)
containing 5 g peptone (Kyokuto, Tokyo, Japan), 3 g yeast
extract (Kyokuto), 5 g NaCl, and 15 g agar (if needed) in 1 l
distilled water.

 

 Pseudomonas fragi

 

 IFO 3458

 

T

 

,

 

 Pseudomo-
nas aureofaciens

 

 NCIMB 9030

 

T

 

,

 

 Pseudomonas lundensis

 

NCIMB 12337

 

T

 

, and

 

 Pseudomonas fluorescens

 

 JCM 5963

 

T

 

were used as reference strains for DNA–DNA relatedness.
The microorganisms were cultivated using nutrient broth
with 0.5% NaCl (pH 7.0) with shaking (130 rpm) until the
late exponential phase of growth at 27

 

°

 

C.

Physiological and biochemical characteristics

For phenotypic characterization, nutrient broth with 0.5%
NaCl was used as the basal medium and the culture was
incubated at 27

 

°

 

C for 2 weeks; the experiment was per-
formed more than twice unless otherwise stated. Determi-
nation of substrate utilization as the sole carbon and energy
source was performed in utilization of substrates for neu-
trophiles (USN) medium containing 0.2% carbohydrate or
0.1% amino acid as a substrate, 2 g NH

 

4

 

Cl, 2 g Na

 

2

 

HPO

 

4

 

, 1 g
KH

 

2

 

PO

 

4

 

, 0.1 g MgSO

 

4

 

·7H

 

2

 

O, 0.05 g CaCl

 

2

 

·2H

 

2

 

O, and 1 ml
metal mixture in 1 l distilled water (pH 7.0). The metal
mixture contained the following (per 100 ml distilled
water): 1.8 g ethylenediaminetetraacetic acid (EDTA), 5.0 g
ZnSO

 

4

 

·7H

 

2

 

O, 5.0 g FeSO

 

4

 

·7H

 

2

 

O, 1.5 g MnSO

 

4

 

·5H

 

2

 

O, 0.4 g
CuSO

 

4

 

·5H

 

2

 

O,  0.25 g  Co(NO

 

3

 

)

 

2

 

·6H

 

2

 

O,  and  0.1 g  H

 

3

 

BO

 

3

 

.
The requirement and tolerance for NaCl were determined
using a medium containing 2 g glucose, 1 g yeast extract
(Kyokuto), 1 g peptone (Nihon Pharmaceutical, Tokyo,
Japan), 0–200 g NaCl, 1 g sodium acetate, 0.01 g
FeSO

 

4

 

·7H

 

2

 

O, 0.02 g CaCl

 

2

 

·2H

 

2

 

O, 0.001 g MnSO

 

4

 

·nH

 

2

 

O, and
0.005 g ZnSO

 

4

 

·7H

 

2

 

O in 1 l distilled water (pH 7.0). Other
physiological and biochemical characteristics were exam-
ined according to the methods described in Cowan and
Steel's manual (Barrow and Feltham 1993).

Electron microscopy

For observation of negatively stained cells under a transmis-
sion electron microscope (TEM), the following processes
were carried out. Cells grown on nutrient agar with 0.5%

NaCl were suspended in physiological saline solution. A
small drop of suspension was placed on a carbon-coated
grid and the cells were negatively stained with 1% phospho-
tungstic acid for observation under the TEM (model H-800;
Hitachi, Tokyo, Japan).

Analysis of isoprenoid quinones

Isoprenoid quinones were extracted by treating 0.5 g
freeze-dried cells, which were cultivated on nutrient agar
with 0.5% NaCl at 27

 

°

 

C, with 150 ml chloroform/methanol
(2:1, v/v) for 2 h in a reciprocal shaker (120 strokes min

 

–1

 

)
at room temperature. The extracted solution was concen-
trated by evaporation to dryness and the resulting precipi-
tate was dissolved in acetone. The resulting solution was
then concentrated and separated by thin-layer chromatog-
raphy (TLC) using benzene as the solvent, and the
isoprenoid quinones were analyzed using a high perfor-
mance liquid chromatograph (HPLC) equipped with a
3.9

 

×

 

150 mm  Novapak  C

 

18

 

 column  (Waters);  methanol/2-
propanol  (1 : 1,  v/v)  was  used  as  the  solvent  at  room
temperature.

Analysis of whole-cell fatty acids

Whole-cell fatty acids were extracted from 100 mg of freeze-
dried cells that were cultivated on nutrient agar with 0.5%
NaCl at 27

 

°

 

C, esterified by acid methanolysis, and analyzed
using a gas-liquid chromatograph (GLC) equipped with a
flame-ionization detector (model GC 353; GL Sciences,
Tokyo, Japan) and a 0.25-mm (inner diameter) 

 

×

 

 100-mm,
0.2-

 

µ

 

m film SP-2560 column (Supelco, Bellefonte, PA,
USA) at an oven temperature of 140

 

°

 

C (initial, 15 min)
which was increased to 240

 

°

 

C in increments of 4

 

°

 

C/min.
Fatty acids were identified by comparing them with fatty
acid methyl ester standards purchased from Supelco and
GL Science, and using GC/MS (model INCOS 50; Finnigan
mat) connected to a GLC (model 3400; Varian, Walnut
Creek, CA, USA).

DNA base composition and DNA–DNA hybridization

DNA was prepared from bacterial cells according to the
method of Marmur (1961). The G+C content of the DNA
was determined according to the method of Tamaoka and
Komagata (1984). The prepared DNA was digested with
nuclease P1 (Yamasa Shoyu, Choshi, Japan). The resulting
nucleotides were analyzed by HPLC with a 4.6 

 

×

 

 250 mm
Inertsil C

 

4

 

 column (GL Sciences) with 0.2 M NH

 

4

 

H

 

2

 

PO

 

4

 

(pH 4.5) as the solvent at room temperature. The HPLC
system was as already described. The UV spectrophoto-
metric detector was set at 265 nm. An equimolar mixture
of four deoxyribonucleotides (Yamasa Shoyu) was used as
the standard. The levels of DNA relatedness were deter-
mined fluorometrically by the method of Ezaki et al.
(1989) using photobiotin-labeled DNA probes and black
microplates.
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Amplification of 16S rRNA gene and sequencing

The almost complete 16S rRNA gene of strain E-3

 

T

 

 was
amplified by polymerase chain reaction (PCR). The
sequences of primers used for amplification were 5

 

′

 

-
AGAGTTTGATCCT-GGCTC-3

 

′

 

 and 5

 

′

 

-AAGGAGGTG
ATCCAGCCGCA-3

 

′

 

, corresponding to nucleotides 8 to 25
and 1,521 to 1,540, respectively, in the 16S rRNA sequence
of

 

 Escherichia coli

 

 (Brosius et al. 1978). The amplified DNA
fragment was cloned into a plasmid vector, and the nucle-
otide sequence was determined by the Thermo Sequence
fluorescent labeled primer cycle sequencing kit (Amersham
Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK)
with a DNA sequencer (model 4000L, LI-COR). Multiple
alignments of the sequence were performed, nucleotide
substitution  rates  (

 

K

 

nuc

 

 value)  were  calculated,  and  a
neighbor-joining phylogenetic tree (Kimura 1980; Saitou
and Nei 1987) was constructed using the CLUSTAL W pro-
gram (Thompson et al. 1994). The similarity value of the
sequence was calculated using the GENETXY computer
program (Software Development, Tokyo, Japan). The 16S
rRNA gene sequences were placed with GenBank/EMBL/
DDBJ under accession number AB041885.

 

Results

 

Morphology

Colonies of strain E-3 on a nutrient medium with
0.5% NaCl were circular and colorless. The cells are gram-
negative, polarly flagellated straight rods, 0.5–0.9 by 1.2–
2.8

 

µ

 

m in size (Fig. 1). Spore formation was absent.

Phenotypic characteristics

Catalase and oxidase reactions were positive. The strain was
able to grow well in media supplemented with 0–4% NaCl

but not in media with salinity higher than 8% NaCl. Growth
occurred at –1

 

°

 

 to 35

 

°

 

C, but no growth was observed at 40

 

°

 

C
or higher. The optimum growth temperature of the strain
was 25

 

°

 

C. Methyl red, urease, and arginine dihydrolase tests
were positive, but the Voges–Proskaur test and tests for
indole, H

 

2

 

S production, lysine, and ornithine decarboxylase
were negative. The nitrate reduction test was weakly posi-
tive. Acid was produced from 

 

D

 

-glucose, 

 

L

 

-arabinose, 

 

D

 

-
fructose, 

 

D

 

-mannose, melibiose, sucrose, 

 

D

 

-xylose, raffinose,
mannitol, galactose, and trehalose. No acid was produced
from maltose, inositol, sorbitol, or rhamnose. The strain
hydrolyzed Tween-20, -40, and -60, but not casein, gelatin,
starch, DNA, alginic acid, esculin, or Tween-80. It utilized 

 

L

 

-
arabinose, 

 

D-

 

fructose, 

 

D

 

-glucose, glycerol, 

 

D

 

-mannose, meli-
biose, raffinose, sucrose, 

 

D

 

-xylose, trehalose, mannitol, 

 

D

 

-
galactose, 

 

L-proline, L-arabinose, succinate, glutamate, and
citrate but not maltose, sorbitol, rhamnose, cellobiose, inos-
itol, or N-acetyl-D-glucosamine.

Chemotaxonomic characteristics

The isoprenoid quinone isolated from strain E-3T using TLC
was analyzed by HPLC. Analysis revealed that ubiquinone-
9 (Q-9) was the predominant isoprenoid quinone in strain
E-3T. Gas chromatography (GC) analysis of methyl ester
derivatives of cellular fatty acids of the strain revealed that
the major components were C16:0, C16:1(9t), C16:1(9C), C17:0 cyc,
C18:1(9c), and C19:0 cyc.

16S rRNA gene sequence analysis

The nucleotide sequence of the 16S rRNA gene amplified
by means of PCR from strain E-3T was determined by direct
automated sequencing. The determined sequence of 1,528
bases has 94.7%–98.3% similarity to the 16S rRNA gene
sequence of 26 strains of Pseudomonas species. A phyloge-
netic tree constructed by the neighbor-joining method
showed that strain E-3T belongs to the P. fluorescens lineage
(Moore et al. 1996). The lineage most similar to strain E-3T

in the phylogenetic tree was Pseudomonas fragi (Fig. 2). The
highest gene sequence similarity to strain E-3T was 98.3%
with P. fragi, Pseudomonas lundensis, and Pseudomonas
aureofaciens.

DNA base composition and DNA–DNA hybridization

The DNA G + C content of strain E-3T was 57.2%. This
value falls within the definition range of genus Pseudomo-
nas. According to the results of 16S rRNA gene sequence
analysis, strain E-3T had the highest similarity to P. fragi, P.
lundensis, and P. aureofaciens. The level of DNA related-
ness between strain E-3T, the three strains, and P. fluore-
scens was estimated (Table 1). The DNA relatedness results
indicated that strain E-3T was obviously different (19.4%–
51.3%) from P. fragi, P. lundensis, P. taetrolens, P. aureofa-
ciens, and P. fluorescens.

1Fig. 1. Transmission electron photomicrograph of a negatively stained
cell  of  Pseudomonas  psychrophila  E-3T,  showing  polar  flagellation.
Bar 1 µm
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Discussion

Phenotypic characteristics suggested that strain E-3T could
be classified in genus Pseudomonas. The chemotaxonomic
data indicated that the isolate belongs in Palleroni’s (1984)
rRNA group I (Yamada et al. 1982; Oyaizu and Komagata
1983). A phylogenetic analysis based on the 16S rRNA gene
sequence showed that strain E-3T belongs to the P. fluore-
scens lineage with more than 96% sequence similarity to the

16S rRNA gene of strain from the same lineage. Among the
lineages, the highest 16S rRNA gene sequence similarity to
strain E-3T was 98.3% with P. fragi, P. lundensis, and P.
aureofaciens. The level of DNA relatedness between strain
E-3T and the three strains is less than 52%. These results
show that strain E-3T is different from the three strains
tested. Furthermore, strain E-3T can be differentiated phe-
notypically from the phylogenetically most closely related
species, P. fragi, by its inability to produce acid from fruc-
tose, mannitol, raffinose, and sucrose and its ability to

2Fig. 2. Phylogenetic tree of 
Pseudomonas psychrophila E-3T 
and other Pseudomonas strains 
derived from 1.495 kb of 16S 
rRNA gene sequence data, using 
the neighbor-joining method for 
calculation. Acinetobacter lwoffii 
was used as the outgroup for the 
phylogenetic tree. Numbers 
indicate bootstrap values greater 
than 500. Bar 0.1 Knuc unit
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hydrolyze gelatin (Haynes and Burkholder 1957) (Table 2).
The results indicate that strain E-3T is a novel species.

Obligate psychrophilic bacteria are able to survive only
at cold temperatures (less than 20° or 25°C) and are distrib-
uted permanently in cold environments such as polar
regions, deep in the sea, and in cold currents in the ocean.
On the other hand, facultative psychrophilic bacteria are
widespread in natural environments not subject to
extremely high temperatures and in most refrigerated
foods. Presence of facultative psychrophilic microorganisms
can be the cause of food spoilage or poisoning. In fact, it has
been an important issue to prevent the growth of the facul-
tative psychrophilic microorganisms in refrigeration for
food conservation. The facultative psychrophilic microor-
ganisms in meat, fish, vegetables, and dairy products pre-
dominantly consist of gram-negative bacteria, most of
which belong to the Pseudomonas spp. (Reddy et al. 1969;
Edwards et al. 1987; Gram 1993). Several Pseudomonas
species cause problems in refrigerated foods because of
their production of enzymes such as protease and lipase,
which are responsible for undesirable odors. It was pro-
posed that in such cases of spoilage P. fragi is the dominant
microorganism in refrigerated meat from different origins
(Rosset 1982; Dainty et al. 1983). Although we do not know
if strain E-3T can cause food spoilage in refrigerated foods,
in the present study we found, in a cold room used for food
storage, a novel cold-adapted bacterium, which belongs to
the genus Pseudomonas and is very similar to P. fragi phy-
logenetically. These results are very interesting in terms of
the relationship between cold environmental factors and
the evolution processes of strains E-3T and P. fragi.

In the present study, we observed the trans-unsaturated
fatty acid C16:1(9t) in the cellular fatty acid of strain E-3T as
has been previously observed (Okuyama et al. 1996). trans-
Unsaturated fatty acids have been detected in various bac-
teria as have the cis-unsaturated fatty acid isomers
(Keweloh and Heipieper 1996). The mechanism of the con-
version of cis- into trans-unsaturated fatty acids for control
of membrane fluidity has been studied in P. putida
(Heipieper et al. 1992, 1994; Diefenbach and Keweloh 1994;
Holtwick et al. 1999). Although the amounts of each of the
constituents of fatty acids are different, the fatty acid com-
ponents of strain E-3T are very similar to those of P. putida

(Diefenbach et al. 1992). The ratio of trans-unsaturated
fatty acids becomes higher when the bacterial cells are
exposed to various environmental changes, e.g., in temper-
ature, salinity, and stimulation by toxic substances in P.
putida (Loffeld and Keweloh 1996). However, it is not
known whether environmental stimuli other than tempera-
ture can induce the conversion of cis- to trans-isomerization
of the double bond of monounsaturated fatty acid in strain
E-3T.

Description of the new species, Pseudomonas psychrophila

Pseudomonas psychrophila (sp. nov.) psy.chro’phi.la M. L.
Adj. Psychrophila cold-loving (bacterium).

The cells are gram negative (0.5–0.9 by 1.2–2.8 µm),
motile by means of a single polar flagellum. Colonies are
circular and colorless. Catalase and oxidase reactions are
positive. Growth occurs in media supplemented with 0%–
4% NaCl but not in media with salinity higher than
8% NaCl. Growth occurs at –1° to 35°C, but no growth is
observed at 40°C or higher. The optimum growth tempera-
ture of the strain was 25°C. Methyl red, urease, and arginine
dihydrolase tests are positive but the Voges–Proskaur test
and tests for indole, H2S production, lysine, and ornithine
decarboxylase  are  negative.  The  nitrate  reduction  test
was  weakly  positive.  Acid  is  produced  from  D-glucose,
L-arabinose,  D-fructose,  D-mannose,  melibiose,  sucrose,
D-xylose,  raffinose,  mannitol,  galactose,  and  trehalose.
No acid is produced from maltose, inositol, sorbitol, or
rhamnose. The strain hydrolyzes Tween-20, -40, and -60, but
not casein, gelatin, starch, DNA, alginic acid, esculin, or
Tween-80. It utilizes L-arabinose, D-fructose, D-glucose,
glycerol, D-mannose, melibiose, raffinose, sucrose, D-xylose,
trehalose, mannitol, D-galactose, L-proline, L-arabinose,
succinate, glutamate, and citrate but not maltose, sorbitol,
rhamnose, cellobiose, inositol, or N-acetyl-D-glucosamine.
The major isoprenoid quinone is Q-9. The DNA G + C con-
tent is 57.2 mol% (determined by HPLC). The major fatty
acids are C16:0, C16:1(9t), C16:1(9C), C17:0 cyc, C18:1(9c), and C19:0 cyc. The
type strain E-3 has been deposited at The Institute of
Physical and Chemical Research (RIKEN), Wako, Japan, as
a strain of JCM 10889.

Table 1. DNA–DNA relatedness among strains of Pseudomonas species examined in this study

ND, not determined

Species Strain Reassociation (%) with biotinylated DNA 
from:

P. psychrophila E-3T P. fragi IFO 3458T

P. psychrophila E-3T 100 51.3
P. fragi IFO 3458T 47.9 100
P. lundensis NCIMB 12337T 34.1 41.1
P. taetrolens IAM 1653T 39.2 NDa

P. aureofaciens NCIMB 9030T 37.8 25.3
P. fluorescens JCM 5963T 19.4 30.4
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