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Over the last decade, taxonomic surveys have recovered sixteen strains of Halomonas-like marine het-
erotrophic bacteria from different ecological habitats. The sixteen strains were isolated from three N.W. Pacific
Ocean habitats: seawater, the mussel Crenomytilus grayanus and the degraded thallus of brown alga Fucus eva-
nescens. These strains were subjected to a taxonomic investigation of their phenotypic/physiological, genetic,
and phylogenetic features. Analysis indicates these bacteria belong to Cobetia marina. The study found all
strains tolerated CdCl, concentrations up to 875 mM. Taxonomically, the sixteen strains belong to the same spe-
cies, nevertheless, their physiological features revealed distinguishing characteristics. For instance, strain KMM
296, recovered from the mussel Crenomytilus grayanus, was distinct from other C. marina strains by its ability
to produce highly active alkaline phosphatase. The majority of C. marina strains that were isolated from degrad-
ed alga thallus appeared to have a particular metabolic specialisation by utilizing a range of easily assimilable
monosaccharides. Notably, despite a high level of genetic similarity (80% of DNA relatedness), the phenotypic
features of the strains isolated from degraded alga thallus differed with the type strain C. marina LMG 22177.
These differences suggest an ecologically adapted population of C. marina at a subspecies level.
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investigation of the genetic structure of bacteria of diverse

Introduction

Our knowledge of microbial community structure and
their dynamics at the ecosystem level remains limited
because ecosystems and the links between their community
members are incredibly complex*'. During the last decade
intensive efforts have made substantial contributions to the

* Corresponding author; E-mail: eivanova@swin.edu.au, Tel: +61—
3-9214-5137, Fax: +61-3-9819-0834

ecological communities’'>). Innovative molecular tech-
niques have been used to qualitatively describe bacterial
communities along with the exploitation of conventional
enrichments®!®!7. Yet the paradigm of rapidly enriched/
readily cultivable members of bacterial communities and
their ecological functions is not fully understood'3D. Most
of marine ‘Gammaproteobacteria’ represent one of such
abundant groups of readily cultivable heterotrophs that are
constantly recovered from an array of microbial
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communities”!>!?. Coexistence and survival in diverse
environments might be the reason for the evolutionary
development of the versatile metabolic pathways observed in
‘Gammaproteobacteria’. Such ecosystem-related response
is translated in their ability to produce various biologically
active compounds of ecological significance®®.

Among ‘Gammaproteobacteria’ Halomonas-like bacteria
comprise rather heterogeneous group of halophilic
organisms of more than 30 species that were isolated from
saline environments>®!. Recent phylogenetic analyses
confirmed the heterogeneous structure of the genus
Halomonas and resulted in the proposal of the new genus,
Cobetia to accommodate the single species [Halomonas]
marina*®. Since its first isolation in 1970 by A. B. Cobet,
this organism had a turbulent taxonomic history changing
generic  affiliations
Pseudomonas, Deleya, and Halomonas marina>%%') until
recently it was assigned to newly created genus Cobetia>?.
The first strain of this species was originally isolated from
littoral water sample at Woods Hole, Massachusetts during
the course of the survey of tolerance of some fresh water
and marine micro-organisms to nickel ions®. Later on a few
more strains were isolated from a Hawaii sea water sample
collected near the coast of Oahu®. So far quite limited num-
ber of strains have been isolated and subsequently charac-
terized and there are no studies on the occurrence and
ecological diversity of these bacteria. We are beginning to
appreciate the abundance and diversity of Halomonas-like
populations in the open ocean and in coastal waters®. In this
context, this study aimed to select tentative Halomonas-like
strains isolated from different geographic areas and/or dif-
ferent ecological habitats in order to assess their taxonomic
status based on physiological, genetic and phylogenetic
analyses. Further, the study aimed to analyze the metabolic
pattern of newly identified Cobetia marina strains and the
type strain C. marina LMG 22177 in relation to their
ecological habitat. This survey is based on results obtained
in this study and review of our previously published

from Arthrobacter marinus via

201

work?*?% and is argued that C. marina may maintain a
habitat-specific identity as perhaps a result of developing
specialized microbial populations.

Materials and Methods

Isolation procedure

Strains selected for this study are listed in Table 1. The
majority of Cobetia marina derived from degraded thallus
of a brown alga (Fucus evanescens) recovered over two
different settings of enrichment experiments: without (5
strains: KMM 3550, KMM 3377, KMM 8010-8012) and
with addition a protein inhibitor for endo-(1,3)-beta-D-
glucanases®® (8 strains: KMM 3810-3811, KMM 8013-
8018). The isolation procedure was described elsewhere?.
Pure cultures were maintained on the semi-solid B
medium?® in tubes under mineral oil at 4°C, and stored at
—80°C in marine broth 2216 (Difco, USA) supplemented
with 20% (v/v) of glycerol.

Phenotypic analysis

The phenotypic and chemotaxonomic properties used for
characterization of the isolates were studied as previously
described??) following standard procedures®®. Cell mor-
phology and Gram stain were determined after 24 h incuba-
tion on medium B??. The motility was determined by exam-
ining 18-h cultures in Marine Broth. The physiological and
biochemical properties examined were: oxidation/fermenta-
tion of glucose; reduction of nitrate and nitrite, oxidase and
catalase activity, gelatin liquefaction, arginine dihydrolase,
lysine decarboxylase, ornithine decarboxylase, acetoin pro-
duction (Voges-Proskauer test), accumulation of poly-pB-
hydroxybutyrate, sodium requirement (0, 3, 6, 8, 10, 12, 15,
20 (w/v) NaCl; indole and H,S production; and the ability to
hydrolyze starch, tween-80, casein, and DNA. The growth
at different temperatures (4, 10, 18, 37, 42, 45°C) was deter-
mined in liquid medium B. The hemolytic activity of the
strains studied was detected on trypticase soy agar with 50

List of Cobetia marina strains included in this study

Geographical origin

Table 1.
Species 7 Strain
1. Cobetia marina LMG 2217F
2. Cobetia marina KMM 296
3. Cobetia marina KMM 734

4. Cobetia marina KMM 3550, KMM 3377, KMM 3810, KMM

3811, KMM 8010-8018

Seawater, Woods Hole, Massachusetts, Atlantic ocean, 1 m, 19708

Mussel (Crenomytilus grayanus), the Sea of Japan, Pacific ocean,
5-8 m, 1991!%32

Seawater, Troitza Bay, Gulf of Peter the Great, the Sea of Japan,
Pacific ocean, 5 m, 19912

Brown alga (Fucus evanescens), the Kraternaya Bay, Kuril Islands,
the Sea of Okhotsk, Pacific ocean, 3—7 m, 1999this study. 22)
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ml of sheep blood.

Effect of Cd** ions on bacterial growth

The toxicity tests for the isolated strains were performed
on plates in the media that were supplemented with CdCl,
(2.5, 12.5, 250 and 50.0 mg Cd*/L) as described
elsewhere?. Briefly, the cultures were incubated at 25°C
for up to 3 days, the growth was monitored visually. For
estimation of the accumulation of Cd?* by selected strains,
cells (0.1 ml) adjusted to Asse=0.5£0.05 were used to inocu-
late 100 ml of liquid medium with 200 uM Cd** and without
Cd?* in 250 ml Erlenmeyer flasks. Cultures were cultivated
on a rotary shaker at 160 rpm at 25°C for 24 h and 48 h. The
growth was monitored spectrophotometrically at 550 nm.
Counts for viable cells were also performed to determine
colony forming units (CFU). All experiments were repeated
twice to ensure reproducibility.

Genetic analysis

DNA was extracted from cells grown over night on B
medium following the method of Marmur®®. The G+C con-
tent of the DNA was determined by the thermal denatur-
ation method of Marmur and Doty?”. DNA-DNA hybridiza-
tion was performed spectrophotometrically and initial
renaturation rates were recorded as described by De Ley et
al19.

To detect the presence of extra-chromosomal DNA,
plasmid DNA was extracted using a Perfectprep Plasmid
Mini Kit (Promega, USA) according to the manufacturer
protocol. HindIll digested lambda DNA (Promega, USA)
was used as a reference of molecular mass standard.

DNA amplification and sequencing

The 16S rRNA gene was amplified and sequenced by
MIDI Labs (Newark, USA). Briefly, primers used for the
amplification corresponded to E. coli positions 5 and 1540.
Amplification products were purified using Microcon 100
(Millipore) molecular weight cut-off membranes and
checked for quality and quantity on an agarose gel. Cycle
sequencing of the 16S rRNA amplification products was
carried out using AmpliTaq ES DNA polymerase and
Rhodamine dye terminators. The samples were electro-
phoresed on ABI Prism 377 DNA Sequencer?).

Phylogenetic analysis

Phylogenetic analyses were done as reported previous-
ly* and explained in detail at: http://bioinfo.unice.fr
(section publication, document: Phylogeny How). Domains
used to construct the final phylogenetic trees were positions

IVANOVA et al.

741-1401 of strain KMM 296. Phylogenetic trees were
constructed according to three methods [BIONJ, maximum-
likelihood (ML) and maximum-parsimony (MP)] as
described®. 16S rDNA gene sequences of KMM 296,
KMM 734, KMM 3377, and KMM 3810, have been depos-
ited in GenBank under accession numbers AY628693-
AY 628696, respectively.

Results and Discussion

Generic identification

We selected a total of 15 strains isolated from different
ecological communities at different years and from separate
ecological habitats on the Russian coast of the Japan Sea
and in the Kuril Islands for generic identification. In 1991
sampling was focused on collecting and characterizing
isolates from sea water and invertebrates, e.g. mussels
Crenomytilus grayanus. From those isolation studies we
picked two distinct Halomonas-like strains for further
investigations. One of them, KMM 296, produced a highly
active intracellular alkaline phosphatase with specific
activity of 15000 umg™' of protein!®?, while another, KMM
734, tolerated high Cd?** concentrations?®. Other isolates
characterized in this study were representative strains (total
of 13) obtained from two different enrichment experiments
during degradation of thallus of brown alga (Fucus
evenescens)*?. The type strain C. marina LMG 22177 was
used as a reference strain.

All together, selected strains shared similar phenotypic
characteristics. They were Gram-negative, rod-shaped
organisms with 2-5 flagella that formed small (2—4 mm),
round, non-pigmented (off-white) colonies on Marine agar
plates. None of the isolates gave evidence for indole, urease,
oxidase or showed fermentative growth in the absence of
oxygen. All were positive for catalase, proteinase (casein-
ase) and most of the strains produced DNases (Table 2).

An interesting observation is noted that the surface
associated strains, KMM 296 and strains isolated from alga,
did not require Na+ for growth and could grow at lower
temperature, in contrast to sea water isolates that required
Na+ for growth and higher temperature for growth.

We also found a number of phenotypic characteristics
that distinguished strains isolated from degraded thallus and
the type strain. For example, all strains from alga reduced
nitrate to nitrite and utilized a great range of carbon
substrates, grew at 4°C, did not require NaCl for growth and
tolerated up to 15% NaCl, while the type strain did not
reduce nitrate to nitrite, required NaCl and tolerated to a
greater concentration of NaCl (20%) and had different
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Table 2. Comparative phenotypic features of Cobetia marina isolated from different ecological habitats
Characteristic LMG 22177 KMM 296 KMM 734 Strains isolated from alga, n=13
Habitat SwW INV SW A
Na+required for growth + - + 0
Nitrate reduction - - - 100*
Production of:
DNase + + + 76
Lipase - - - 0
Growth in NaCl:
20% + - + 100
Growth at:
4°C - + - 100
42°C + + + 23
Plasmids, 21 kbp: - + - +
Utilization of:
D-Glucose + + + 100
Maltose - — - 100
Lactose - - - 100
D-Arabinose - - - 100
D-Galactose - - - 100
Sucrose + - - 100
D-Xylose - - - 100
Glycerol + - + 100
D-Fructose + - - 0
D-Mannose + - - 0

All strains are motile rod-shaped organisms, do not require organic growth factors, oxidase-, arginine dihydrolase, lysine, ornithine decarboxylases,
indol, H,S, Voges-Proskauer, hemolysis negative and catalase-positive; do not produce amylase, gelatinase, lipase; produce caseinase.

* % of strains exhibited a positive reaction.
Habitats: SW, seawater; INV, invertebrates; A, algae.
Data were taken in this study and from reference no. 22

range of growth temperatures. Chemotaxonomically, all
strains had the characteristic FA composition with three
major components 16:0 (11-13%), 16:1 (n-7) (51-52%),
and 18:1 (n-7) (26-30%) which generally accounted for
greater than 90% of the total fatty acids?!-?%39,

Phylogenetic analysis

16S rRNA gene sequence analysis of Cobetia marina
strains revealed that the organisms were closely related
to members of ‘Gammaproteobacteria’. Fig. 1 shows a
consensus tree between NJ (bootstrap analysis, 1000
replications), ML and MP analysis where complete 16S
rDNA gene sequences of KMM 296, KMM 734 were
included. The two almost complete sequences of KMM 296
and KMM 734 formed a robust clade with C. marina (Fig.
1). These 16S rRNA gene sequences exhibited high level of
similarity 99.3% and 99.8% respectively for KMM 296 and
KMM 734 with the sequence of the type strain C. marina.

Sequence of strain KMM 3550 has been subjected to
phylogenetic analysis elsewhere?® and exhibited similar
high level of homology (99.6%) with the sequences of the
strain Cobetia marina.

Genetic analysis

The G+C contents of the DNA were 62—64 mol% (as
determined by thermal denaturation method). DNA-DNA
hybridization data revealed that DNA of sea water isolate
KMM 734 and mussel isolate KMM 296 showed 88% of
genetic similarity, and both had lower level of genetic simi-
larity (up to 79-82%) with that of algal isolate, KMM 3550.
Since strains isolated from degraded alga thallus were all
from the same microbial community, they were essentially
similar in their pheno- and chemo-taxonomic characteristics
and had identical 16S rRNA gene sequences, only one
strain, KMM 3550, was taken for DNA-DNA hybridization
experiments. DNA-DNA hybridization results also showed
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0.01
—_—
97 99 Halomonas halodurans DSM 5160T {1.42619
Halomonas subglaciescola DSM 4683 {AJ306892}
64 99 Halomonas variabilis DSM 30517 {AJ306893}
Halomonas meridiana DSM 54257 {AJ306891}
Halomonas venusta DSM 4743T {AJ306894}
Halomonas halocynthiae KMM 13767 {AJ417388}
Halomonas desiderata FB2T {X92417}
32 Halomonas campusalis ATCC 7005977 éAF054286}
Halomonas cupida DSM 47407 {1.42615
Halomonas halodenitrificans ATCC 135117 {L.04942}
Halomonas alimentaria YKJ-16T {AF211860}
Halomona;lpaciﬁca DSM 47427 {L426167}
100 alomonas maura S-317 {AJ271864
32 Halomonas elongata ATCC 331737 {X67023}
Halomonas eurihalina ATCC 493367 {1 87218
Halomonas halmophila ATCC 197177 {AJ306889}
Halomonas salicampi SS20T {AY382579
Halomonas salina ATCC 495097 {AJ243447)}
90 Halomonas organivorans G-16.1T gz(&J(Sl 910}
’——4 Halomonas pantelleriensis AAPT i. 93493}
84 Halomonas muralis LMG 209697 gAJ320530}
Halomonas anticariensis FP35T {AY489405}
"Haererehalobacter ostenderis” {U78786}
100 [ Cobetia marina KMM 296
100 L|Cobetia marina DSM 47417 {AJ306890}
Cobetia marina KMM 734
Zymobacter palmae ATCC 51623" {AF211871}
Halomonas marisflavi SW32T {AF251143}
Fig. 1. Phylogenetic position of Cobetia marina within ‘Gammaproteobacteria’. The tree represents a consensus tree based on NJ, ML, and MP.

The scale bar represents 0.1 nucleotide substitution per position.

Table 3.

DNA relatedness among Cobetia marina strains

C. marina LMG 22177

C. marina KMM 296 C. marina KMM 734

Organism G+C content (mol%)
C. marina LMG 22177 63.7
C. marina KMM 296 62.7
C. marina KMM 734 62.8
62.9

C. marina KMM 3550

100
80
78 88
79 82 79

that the levels of genetic similarity of new organisms with
the type strain of the genus ranged from 78 to 80% (Table
3). According to generally accepted criterion of the species
definition, a threshold value of around 70% DNA related-
ness is recommended for species discrimination®”, given
that strains that share higher than 70% DNA relatedness,
should also share high phenotypic similarities®'*¥. There is
also a notion that the DNA reassociation similarity of 70%
somewhat underestimates the different mechanisms and the
mode and tempo at which microorganism develop*¥. How-
ever, so far this value is widely applied as a cut-off value at
the level of species®*®. Newly isolated strains had more
than 70% genetic similarity and shared more than 99% of
16S rRNA gene sequence similarity with the type strain of
the species and can be assigned to C. marina. On the other
hand, strains studied and in particular those isolated from
degraded alga thallus, had no more than 80% of DNA
relatedness and most of the phenotypic features contrasting

to those of the type strain as it stated in its species descrip-
tion (Table 1). Therefore, we believe that algal isolates may
represent an ecologically adapted population of C. marina
on subspecies level.

Cadmium resistance of C. marina

Since originally the type strain tolerated up to 4x10-* M
NiCl,®, it was of interest to explore whether a capability to
tolerate to elevated concentration of heavy metals can be
considered as a species-characteristic feature. We carried
out additional experiments to test the tolerance to heavy
metals (e.g. cadmium) of the rest of the strains belonging to
C. marina. One strain, KMM 734 was included in earlier in-
vestigation of the effects of cadmium on free living bacteria,
associated with marine invertebrates and epiphytes of
eelgrass and mechanisms of its detoxification?. Notably, in
contrast to other strains (e.g. Pseudoalteromonas spp.,
Marinobacter sp.) studied in that work, KMM 734 showed
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—a— KMM3810
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—— KMM 3811
with Cd

—o—KMM 3811
control

—i— KMM 3550

with Cd

T T T

Time, h

Fig. 2.

a similar growth pattern in the presence and absence of
cadmium (200 pM Cd?*). It did not produce any detectable
proteins binding cadmium ions or extracellular polysaccha-
rides. Those results suggested that the strain KMM 734
most likely had effective efflux “pumping”. Results
obtained in this study indicated that all C. marina strains
showed similar pattern of growth in the presence and
absence of cadmium (200 uM) (Fig. 2 illustrates the growth
curves of a few selected strains) similar to that reported for
KMM 7342, 1t is also suggested that Cd*-tolerance of
C. marina possibly be mediated by plasmids (and/or by
chromosomal DNA), as C. marina strains studied revealed
detectable plasmids including some large plasmids of 21
kbp (Table 2). Udo et al.3V and Oger er al.>> reported that
plasmid of 21 kbp, pI258 or pXUS, harbored homologues of
cadA gene detected in Cd**-tolerant bacteria. Further detail
investigation on genetic localization and identification of
the cadA resistance gene or its homologues in C. marina is
underway. Consequently the results suggest that the bacteria
of this species are tolerant to heavy metals, in particular to
cadmium, regardless their ecological habitats.

C. marina isolated from invertebrates

One C. marina strain, KMM 296, selected for this study
derived from isolates recovered (about 2000 strains) in
1991. They were mainly of Alteromonas-like-phenotype
proteobacteria which accounted roughly for 70% of all the
strains'#2%2%_ Further, these strains have been screened on
their production of physiologically active compounds
including enzymes!$?732), It occurred that members of bacte-
rial communities associated with mussels (Crenomytilus

T T T T

12 16 20 24 28 32 36 40 44 48 —o—KMM 3550

control

Effect of cadmium (200 pM) on the growth of Cobetia marina strains isolated from degraded alga thallus.

grayanus, Patinopecten yessoensis) despite their generic
affiliation produced elevated amounts of a particular
enzyme, alkaline phosphatase!®'?. Interestingly, the number
of bacterial producers with high levels of enzyme activity
increased in late summer, the time of intensive metabolic
activity, growth and shell formation of the mussels?. These
results correlated well with an earlier report of the detection
of highly active alkaline phosphatases extracted from
mussel tissues during invertebrate metabolic activity'®.
These and other authors explained this phenomenon by
the important role of alkaline phosphatases in the shell
formation**®. Accordingly, we believe that the finding
of alkaline phosphatase bacterial producers from mussels
including C. marina suggests symbiotrophic relationships
between microorganisms and invertebrates.

C. marina isolated from alga degraded thallus

The majority C. marina strains included in this study
came from two different sets of enrichment experiments.
Briefly, in a first series of experiments on the alga thallus
degradation, two physiologically and genetically different
bacterial groups were recovered (for details, see the refer-
ence no. 22). It was shown that two-member microbial
community resulted in the unique metabolic cooperation
between Pseudoalteromonas issachenkonii and C. marina
which has led to enhanced thallus degradation. P. issachen-
konii most likely played the leading role in the initial stages
of algal degradation producing an array of hydrolytic
enzymes, while C. marina was only able to utilize the prod-
ucts of polysaccharides degradation. In the second series,
we modified the experimental set up by adding protein
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inhibitor for endo-(1,3)-beta-D-glucanases®®. This modifi-
cation resulted in dramatic change of the structure of micro-
bial community. Since the conditions for P. issachenkonii
proliferation were not favorable and its growth was
suppressed, other bacterial taxa (e.g. Formosa algae,
Brevibacterium spp., Bacillus algicola, etc.) could success-
fully grow’®. Remarkably, among those phylotypes C.
marina remained detectable and in similar proportions
(i.e. reaching up to 40% of recovered taxa) as in the original
enrichment. Although it is difficult to ascertain the repre-
sentation with which such culture-mediated approach repre-
sents the actual functioning of alga degrading microbial
community, the replication of recovered C. marina suggests
that this phenomenon of the metabolic co-operation for
nutrition may reflect the similar mechanisms occurring in
nature.

Ecological Significance

To our knowledge, this is the first study that has specifi-
cally investigated the ecological services of C. marina
isolated from different ecological habitats. The results
confirmed that bacteria of this species are tolerant to toxic
concentrations of some heavy metals (e.g. Ni and Cd) and
further suggested that there is obvious metabolic specialisa-
tion of C. marina depending on ecological environment. A
comparison of metabolic profiles of free-living and mussel-
associated strains revealed that the most prominent produc-
ers of alkaline phosphatase were found in C. marina
isolated from mussels. During alga thallus degradation, the
C. marina showed the consistent metabolic response in
utilizing products of alga polysaccharides degradation.
This observation indicated that C. marina could play an
important role in alga thallus degradation although such a
role remains not fully understood. Our survey also provides
insights that C. marina may maintain a habitat-specific
metabolic activity as perhaps a result of developing special-
ized microbial populations.
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