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A new high-throughput culturing (HTC) method using a low nutrient
heterotrophic medium (LNHM) has led to the isolation of many novel strains of

oligotrophic bacteria from marine ecosystems. Four strains belonging to a single
dade, HTCC2151, HTCC218OT, HTCC2178T and HTCC2188T, were isolated

from the coast of Oregon by the HTC method. Phylogenetic analysis based on
their 1 6S rDNA sequences showed that they fell into the OM1 82 dade in the

oligotrophic marine Gammaproteobacteria (0MG) group, which is distantly
related to previously cultivated genera in Gammaproteobacteria. This analysis,
along with DNA-DNA hybridization results, indicated that strains HTCC2151 and
HTCC218OT were the same species, showing 89.6% genomic DNA relatedness

between these strains. Strain HTCC2

was revealed to fall into the same genus

with strains HTCC2 151 and HTCC2 180T, but a different species, and this was

supported by 96.5% 96.7% of 16S rRNA gene sequence similarity with the
strains and 27.4% of genomic DNA relatedness between strains HTCC2

178T

and

HTCC218OT. Strain HTCC2188T differed significantly from HTCC2151,
HTCC218OT and HTCC2178T, with less than 12.1% of the DNA-DNA

hybridization result with any of the strains, and thus it was proposed that strain
HTCC2188T be placed in a separate genus in the 0M182 dade. G+C mol% of

strains HTCC2151, HTCC218OT, HTCC2178T and HTCC2188T were 36.2%, 41%,

54.2% and 49.3%, respectively (HPLC method).

All the HTCC strains in 0M182 dade were Gram-negative, and
microscopic observations revealed that they were short rods of 0.06

xm3 to

0.13

m3 in size on average and divided by binary fission. Growth curves and specific

growth rates at six different temperatures and six different mixed carbon

concentrations were determined. Their growth characteristics showed that these
bacteria were slowly growing, obligate or facultative oligotrophic and psychro-to-

mesophilic bacteria.
Two of the strains, HTCC2178T and HTCC2188T, started forming tiny

colonies on l/1OR2A at 16°C after a 10-day incubation, but not HTCC2151 and
HTCC2 180T Five different liquid artificial seawater (A SW) media were tested for

their ability to support growth of the strains, and strains HTCC218OT, HTCC2 178T
and HTCC2188T grew in one or two different ASW media, but not HTCC215O.
pH ranges for growth of strains HTCC2151, HTCC218OT, HTCC2178T and
HTCC2188T

were pH 7-8.5, pH 7.5-10, pH 7-11, andpll 7.5 10. Ranges of

NaCI concentrations for growth of strains HTCC2 180T, HTCC2

178T

and

HTCC2188Twere 1.5-3.3%, 1.0-3.3%, and2.0-3.3%.
Thirty four different carbon sources were utilized by strain HTCC2 180T,
fourteen by HTCC2178T and fifteen by strain HTCC21S8T as sole carbon source

among forty seven different carbon sources. Strain HTCC2 180T utilized all kinds
of hexoses and sugar alcohols tested, most of pentoses, oligosaccharides and
organic acids, some of amino acids, and one of amino sugars as sole carbon

sources. Most of pentoses and hexoses, some of oligosaccharides and organic
acids, and only one kind of sugar alcohols and amino acids were utilized by strain

HTCC2178T, however, none of amino sugars. Strain HTCC2188T utilized most of

hexoses, some of pentoses, oligosaccharides and sugar alcohols, and one of amino
acids and amino sugars, but none of organic acids was utilized by this strain as
sole carbon source.

All the strains in the OM 182 dade showed positive reactions for alkaline
phosphatase, esterase, esterase lipase and naphthol-AS-BI-phosphohydrolase.
Presence of acid phosphatase and naphthol-AS-BI-phosphohydrolase was detected
from strains HTCC2151 and HTCC218OT. Only one strain, HTCC2188T,
exhibited positive results for leucine arylamidase, a-chymotrypsin and N-acetyl-f3glucosaminidase.

HTCC strains in the 0M182 dade contained the fatty acids, 16:0, 18:0 and
16:1, commonly found in previously cultivated genera in Gammaproteobacteria.
They also showed the presence of 17:1 o7c or 17:1 w8c as one of the major fatty
acids, which was not usually found as a dominant fatty acid in other genera in

Gammaproteobacteria.
From the genotypic and polyphasic evidences, it is proposed that strains
HTCC2151, HTCC218OT and HTCC2178T should be placed into a new genus

named Marinivirgula gen. nov. including Marinivirgulafluito gen. nov., sp. nov.
with the type strain HTCC2 180T, and Marinivirgula obesa gen. nov., sp. nov. with

the type strain HTCC2178T. The name Litincolaparvulus gen. nov., sp. nov. is
suggested for the type strain HTCC2 188 T
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Characterization of Novel Marine Oligotrophic Bacteria
Isolated from the Pacific Ocean: Description of Marinivirgula
fluito gen. nov., sp. nov., Marinivirgula obesa gen. nov., sp. nov.
and Litincola parvulus gen. nov., sp. nov.

INTRODUCTION

The phylogenetic diversity of microbial communities in various marine
environments has been revealed by application of molecular techniques using 1 6S
rRNA gene sequence data (Olsen et al 1986; Giovannoni Ct al 1990a; DeLong et al

1993; Fuhrman et a! 1993; Mullins eta! 1995; Rappé eta! 1997; Crump eta! 1999;
Gonzalez et al 2000; Bano and Hollibaugh 2002). They have shown that various
bacterial phyla are commonly detected from open ocean habitats and these phyla
include marine Cyanobacteria, Firm icutes, Actinobacteria, Bacterioidetes and

Proteobacteria. However, culturability of bacteria from oligotrophic to
mesotrophic aquatic habitats varies between 0.00 1 and 0.1% (Amaim et a! 1995;

Eilers et al 2000, Rappé and Giovannoni 2003) and we only have information
about sequence data for the rest of the bacterial communities. What 1 6S rRNA
gene sequence data can show us, however, is only where those bacterial members

are placed in a phylogenetic tree and relationships between each other. To study
their physiological properties and understand ecological roles, cultivation of
uncultured microorganisms is essential.
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New methods and techniques to isolate novel bacteria from natural
environments have been attempted by modifying culture media (Eilers et al 2001;

Bruns et al 2002; Janssen et al 2002), providing a simulated natural environment
(Kaeberlein et al 2002), employing a method based on the combination of a single
cell encapsulation with flow cytometry (Zengler et al 2002), and using a highthroughput culturing (HTC) method that employed extinction culture concept
(Connon and Giovannoni 2002). The HTC method using low-nutrient media has
been very successful in isolation of many novel strains of oligotrophic bacteria
from marine systems (Rappé et a! 2002; Cho and Giovannoni 2003a, b, c and

unpublished data). Recently, forty four novel strains in the oligotrophic marine
Gaminaproteobacteria (0MG) group were isolated using the HTC method by Cho

and Giovannoni (unpublished data). They found that the 0MG group was a
unique group, very distantly related to the other major marine gamma

proteobacterial lineages, and also it consisted of five distinct subclades, 0M60,
BD1-7, K189C, 0M182 and SAR92 (Britschgi and Giovannoni 1991; Weidner et
al 1996; Rappé et al 1997; Li et al 1999; Béja.et al 2000; Bowman et al 2000;
Eilers et al 2000; Urakawa eta! 2000; Eilers et al 2001; Suzuki et a! 2001; Zubkov
et al 2001; Bano and Hol!ibaugh 2002; Connon and Giovannoni 2002). Four
strains in the OM 182 dade were selected for further investigations, including
phenotypic and genotypic studies.

Representative genera in marine Gammaproteobacteria include
Alteromonas (Baumann et a! 1972), Idiornarina (Ivanova et al 2000),

Marinobacter (Gauthier et a! 1992), Pseudoalterornonas (Gauthier et al 1995),
Shewanella (MacDone!! and CoIwell 1985) in the family Alteromonadaceae,

Oceanospirillum (Hylemon et al 1973) in the family Oceanospirillacea, and
Vibrio (Montanan et al 1999) in the family Vibrionaceae. Many novel species in
these genera, along with recently reported novel genera, such as Alcanivorax
(Yakimov et al 1998), Oleispira (Yakimov et al 2003), Hahella (Lee et al 2001),
Rheinhei,nera (Brettar et al 2002), and Oleiphilus (Golyshin et al 2002), have been
isolated from various marine ecosystems including open ocean seawater,

sediments, and marine animals. The HTCC isolates in the OM1 82 dade are
clearly distinguished phenotypically as well as phylogenetically from the other

previously described clades in marine Gammaproteobacteria.
All the HTCC isolates in the OM 182 dade clearly showed obligate or
facultative oligotrophic characteristics, which have rarely been observed in

previously cultivated marine genera in Gammaproteobacteria. Vibrio calviensis,
described as facultative oligotrophic by Denner et al in 2002, showed its ability to
grow on nutrient agar, such as marine agar 2216 or thiosulfate-citrate-bile-sucrose

agar, after a period of starvation. This was not observed from the HTCC strains in
the OM1 82 dade. There is another example, "Cycloclasticus oligotrophus RB 1",

in another genus in Gammaproteobacteria, but this strain has not been
characterized yet (Wang et al 1996).

There are also a few bacterial strains which have been cultivated and

considered as oligotrophs in marine Aiphaproteobacteria. Oligotrophic bacteria in
the Aiphaproteobacteria subclass are represented by the isolate in SARi 1 dade,
(Morris et al 2002; Rappé et al 2002) cultivated by HTC method and

Sphingomonas alaskensis (Vancanneyt et al 2001). "Candidatus Pelagibacter
ubique" in the SARi 1 cluster, however, is yet to be taxonomically characterized
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and Sphingomonas alaskensis differs from the HTCC strains in the 0M182 dade
where the level of dissolved organic carbon (DOC) of the medium can be as high
as 800mg IL for growth of Sphingomonas alaskensis (Eguchi et al 1996), while

none of the HTCC isolates grew in the medium over 351 mg of DOC per liter.
In this study, polyphasic taxonomic examinations of strains, HTCC2 151,
HTCC218OT, HTCC2178T and HTCC2188T, are described. Their positions and

relationships with other genera in Gammaproteobacteria are also elucidated by
phylogenetic analysis based oni 6S rRNA sequences. Genomic DNA relatedness
between the HTCC isolates, revealed by DNA-DNA hybridization experiments,
strongly supported their relationships and placements in the phylogenetic tree.

Our results given here have led us to propose the name Marinivirgulafluito
gen. nov., sp. nov. for strains HTCC2151 and HTCC218OT with the type strain
HTCC2 180T, and Marinivirgula obesa gen. nov., sp. nov. with the type strain

HTCC2178T. The name Litincolaparvulus gen. nov., sp. nov. is suggested for the
type strain HTCC2188T.

MATERIALS AND METHODS

Experimental Design
Steps to isolate and purify HTCC strains in the 0M182 dade and
experiments carried out to identify and characterize them are described in Figure 1.

Isolation
Seawater samples were collected at a depth of 10 m at a station (NH5) 27.6 km off

the coast of Oregon (48° 39.l'N, 124° 24.7'W) (Cho and Giovaimoni, unpublished

data). They isolated forty four novel strains in the 0MG group successfully using
the high throughput culturing (HTC) method (Connon and Giovannoni 2002).

Twelve representative strains, included in five subclades in the 0MG group, were
purified by dilution-to-extinction technique for three times using low nutrient
heterotrophic medium (LNHM, 0.2 pm-filtered and autoclaved seawater amended
with lj.iM NH4C1, 0.lp.M KH2PO4) with 1X Va vitamin mix (Vit, 10 of Va
vitamin mix) and 1X mixed carbon (MC, 1X concentration of carbon mixtures
composed of 0.001% (wlv) of D-glucose, D-ribose, succinic acid, pyruvic acid,

glycerol, N-acetyl D-glucosamine, and 0.002% (vlv) of ethanol). Seawater to
make LNHM medium was prepared as described by Connon and Giovannoni

(2002). Four strains in the 0M182 dade, HTCC2151, HTCC2178T, HTCC218OT
and HTCC2 1881, were selected for further investigations, identification and
characterization.

Figure 1. Experimental design for identification and characterization of the HTCC isolates in the OM1 82 dade.
Seawater sampling

Isolation of cells using HTC method (Connon and Giovannoni 2002)
4,

12 isolates from the oligotrophic marine Gammaproteobacteria (0MG) group obtained
(Cho and Giovannoni, unpublished data)
1

Dilution to extinction for three times to purify cultures
4,

4 strains in the OM1 82 dade chosen to be identified
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Microscopy

Cells stained with 4', 6-diamidino-2-phenylindole
Pictures of cells grown in LNHM + 1X MC + 1X Vit medium at 16°C
were taken when they were in exponential to stationary phases. Cells were stained
with 4', 6-diamidino-2-phenylindole (DAPI) (Porter and Feig 1987) and observed
using an epifluoroscence microscope (DMRB, Leica, Germany) equipped with a
cooled charge-coupled device (CCD) camera (ORCA-ER, Hamamatsu, Japan) and

IPLab v3.5 scientific imaging software (Scanalytics, Fairfax, VA). The method
described above was used whenever cell growth was checked by counting the

number of bacterial cells. Cell volumes were calculated using the equation,
biovolume =

(itI4)w2(l-w13),

where w is cell width and 1 is cell length.

Transmission electron microscopy
Forty liters of each HTCC culture, grown in LNHM + lx MC + lx Vi
medium at 16°C until late exponential phase, were collected by centrifugation.
The cells were fixed with 1.5% glutaraldehyde and micro-dialyzed using 25 mm

membranes with 0.025 p.m pore size for lhr. Droplets of cell samples were placed
on Forrnvar-filmed copper grids and blotted briefly with filter paper after air

drying for 15 mm. The cells on grids were negatively stained with 2% aqueous
ammonium molybdate (pH 6.3). The samples were examined using a transmission
electron microscope (Phillips CM12 transmission electron microscope operated at
60 kV in transmission mode).

Growth Conditions
To study ranges and optima of temperature and carbon concentration for

growth of the HTCC strains in the 0M182 dade, polycarbonate tubes with 40 ml
of LNHM based medium was prepared. For each test, cell cultures were diluted to
1 O3cells/ml. For the temperature test, LNHM medium amended with 1X MC and

1X Vit was used for incubation of cultures at six different temperatures, 4°C, 10°C,

16°C, 20°C, 25°C and 30°C. For the carbon concentration test, LNHM + lx Vit
media, amended with six different carbon concentrations of MC, OX, O.1X, O.5X,
lx,

5X and i OX, were prepared. The HTCC cultures were inoculated in these

media and incubated at 16°C.

LNHM medium made with Oregon coast seawater contained
approximately 1.0 mg/L of dissolved organic carbon (DOC) on average before

organic carbon was added (Connon and Giovannoni 2002). The DOC
concentration of lx MC was calculated to be 35 mg per liter. Cell growth of the
HTCC strains was checked using a 48-array stained with DAPI.

Medium Tests
Medium testing was done with nine different agar media and five different
liquid artificial seawater media.
200 p1 of each liquid culture of the HTCC strains was inoculated on marine

agar 2216 (MA2216, Difco, Detroit, MI), R2A agar (Reasoner et al 1985; Suzuki
et al 1997) made with 80% of aged seawater (AGSW) and 1/10 R2A agar diluted
with 80% of AGSW. The agar plates were incubated in the dark at 16°C and 20°C.

1/10 R2A agar plates made of six different artificial seawaters (ASW) were

also inoculated with the cultures and incubated in the dark at 16°C (ASW used for

this experiment: Pelczar's formula 1 (ASWP) (Pelczar 1957), Zobell's formula 2
(ASWZ) (Zobell 1946), DSMZ medium 246 (DSMZ246, http:/Iwww.dsrnz.de)

(ASWD), basal salt medium 1 (modified from Schut's artificial seawater (Schut et
al 1993) containing 30.0 g NaCl, 1.0 g MgC12 6H20, 4.0 g Na2SO4, 0.7 g KC1,

0.15 g CaCl2, 21120,0.5 g NH4C1, 0.2 g NaHCO3, 0.1 g KBr, 0.04 g SrCl2 6H20,
0.025 g H3B03, 0.001 g KF, 0.27 g KH2PO4 and 1 ml trace metal solution
composed of 1mg Na2EDTA, 2 mg FeCl3 6H20, 1 mg LiC1, 50 mg A1C13, 5 mg

NaVO3 14H20, 0.15 mg K2Cr2O7, 80 mg MnCl2 4H20, 5 mg COCl2 6H20, 20mg
NiCl2 61120,20 mg CuCl2, 60 mg ZnC12, 15 mg Na2SeO3 5H20, 150mg RbC1, 75

mg Na2Mo04 2H20, 1.5 mg SnC12 2H20, 80mg KI, 50mg BaCl2 2H20 and 15
mg Na2W04 21120) per 1 liter of nanopure water) (ASWS1) and basalt salt
medium 2 (ASWS2), the same medium with ASWS1, except that its pH was
adjusted to 8 with 2.Sml of Tris-base (p1110).

Liquid culture samples of the strains, incubated at 4°C for the study of
growth conditions earlier, were inoculated on MA, R2A and 1/10 R2A agar again,
after two months of incubation to see whether starvation triggered their ability to
grow on nutrient agar.

The HTCC strains were also inoculated in 1/10 R2A broth made with
100% of AGSW and incubated in the dark at 16°C.

Incubation on agar was carried out up to 1 month. Identification of the
colonies formed on agar plates was confirmed by a PCR and an RFLP analysis.
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HTCC cultures were inoculated in five different liquid artificial seawater
media, ASWP, ASWZ, ASWD, ASWS 1 and ASWS2, which were used for the

agar medium test above. Every ASW medium was amended with 1X MC and lx
Vit, and ASW media that did not contain any nitrogen and phosphorus sources in
their original recipes were amended with 1 tM NH4C1 and 0.1 jiM K}12PO4. Cell

cultures were inoculated at final cell densities of 1 O3cells/ml and incubated in the

dark at 16°C. Growth of the cultures was screened after 14 days and 21 days.

pH and Salinity Tests
Liquid ASW media, based on ASWD, were used to study the effects of
salinity and pH on growth of strains, HTCC2 180T, HTCC2 178T and HTCC2 188T
LNHM + lx MC + 1X Vit medium was used for pH testing of strain HTCC2 151.
The pH values of the media were adjusted by addition of 1 M NaOH or HC1,

sterilized twice with filters with 0.2j.tm pore size. Growth abilities of the strains

were tested at 13 differentpH values, pH 4,5,5.5,6,6.5,7,7.5,8,8.5,9, 10, 11
and 12. The ranges of NaCl concentration for their growth and the optima were
determined using the ASWD based medium with 14 different levels of NaCI
concentration, 0, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.8 (original NaC1 concentration of
DSMZ medium), 3.3, 4, 5, 10, 15 and 20% (w/v).
Initial cell densities were adjusted to 1 O3cells/ml when the cultures were

inoculated for both of pH and salinity tests. These tests were carried out in
triplicate and growth of cultures was checked by DAPI staining.
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Antibiotic Susceptiblility
Susceptibility of the HTCC strains to twelve different antibiotics was

screened using 48-well plates. Cell densities were adjusted to iO3 cells/mi after
dilution with lml of LNHM + 1X MC + lx Vit medium. lml of each cell culture
was distributed into 48 wells of a plate. The following antibiotics were dispensed
into each well: chioramphenicol (25 jig), nalidixic acid (25 jig), kanamycin (30 jig),
carbenicillin (25 jig), tetracycline (30 jig), streptomycin (30 jig), ampicillin (10 jig),
puromycin (25 jig), erythromycin (15 jig), vancomycin (30 jig), rifampicin (30 jig)

and benzylpenicillin (100 U). Antibiotic tests were done in triplicate and growth
of cells was checked with DAPI staining.

Oxygen Requirement
To test oxygen requirements of strains HTCC2 178T and HTCC21 88T, they
were inoculated on 1 / 10 R2A plates in AGSW and incubated anaerobically for up
to 20 days at 16°C.

Carbon Source Tests
The HTCC strains in the OM1 82 dade were tested to determine whether
they were able to utilize 47 different carbon compounds as sole carbon source.
This experiment was done in 48-well plates: ASWD with no carbon added
(negative control), D,L-glyceraldehyde, D-ribose, D-arabinose, D-xylose, Dglucose, D-galactose, D-fructose, D-rhamnose, L-sorbose, sucrose, f3-lactose, D-

trehalose, D-cellobiose, D-maltose, D-melibiose, D-raffinose, D-melezitose, Dmannitol, D-sorbitol, adonitol, methanol, ethanol, glycerol, N-acetyl-D-
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glucosamine, pyruvic acid, succinic acid, itaconic acid, citric acid, gluconic acid,
D-malic acid, malonic acid, formic acid, propionic acid, lactic acid, L-glutamic
acid, L-ornithine, L-proline, L-lysine, D-maimose, myo-inositol, D-glucosamine,
L-alanine, L-serine, L-leucine, L-isoleucine, glycine and L-arginine.
ASWD medium amended with 1 pM of NH4CI, 0.1 jiM of KH2PO4 and lx

Vit was used as the base medium for this test. Each carbon source was diluted to a
final concentration of 0.005%. Cell cultures were diluted to 1 O3cells/ml and

inoculated into wells containing carbon sources. Incubation was done in the dark
at 16°C for 21 days. 48-well plates were screened to check growth of cultures by
DAPI staining.

Enzwatic Assay

API ZYM (bioMérieux) strips were used to assay extracellular enzymatic

activities. When tried for the first time, the strips were inoculated with 65

tl

of

cell cultures in late exponential phase, as indicated in the manufacturer's
instructions. Incubation, however, was done at 20°C for 5 days rather than 30°C
for 4 hours, since three of HTCC strains were not able to grow at over than 25°C,
and grew very slowly at 20°C.

A second trial of this experiment was carried out after dilution of the
substrates in the wells of strips. The strips were inoculated with 200 p.1 of liquid
cell cultures and initially incubated at 16°C for two hours. 170 p.1 of each
inoculum was removed from the wells and an additional 60p.1 of each culture was
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again added into each of the wells. The strips were incubated at 20°C for 10 days
before scoring.

The total amount of an inoculum was 90 pl for each well, more than
recommended in the instructions; this prevented the cultures from drying during

the long period of incubation. Pseudomonas aeruginosa was used for the positive
control and incubated under the same conditions for both of the trials.

DNA Preparation
Genomic DNAs of the HTCC strains were extracted for DNA-DNA

hybridization experiments and G+C mol% measurements. Early stationary phase

cell cultures grown in 4 5 liters of LNHM+1XMC+1X Vit medium were
collected by filtration onto 47 mm polysulfone filters with 0.2 im pores (1 liter of
culture sample was filtered on each membrane) (Gelman Sciences Inc., Ann Arbor,

Mich). 5 ml of sucrose lysis buffer was added immediately to a bag containing a
filter and the bag was stored at -80 °C until used. DNA was extracted by lysis with
protenase K and sodium dodecyl sulfate, followed by phenol-chloroform extraction
as previously described (Giovannoni et al 1 990b).

Phylogenetic Analysis Based on 16S rRNA Gene Sequences

Sequencing of 16S rRNA genes
1 6S rDNA genes of the HTCC strains were amplified by a PCR using the

general oligonucleotide primers, 27F-B (5'-AGRGTTYGATYMTGGCTCAG-3')
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and 1522R-B (5'-AAGGAGGTGATCCANCCGCA-3') for the domain

Bacteria.

The PCR products were purified using a PCR purification column (QiaQuick,
Qiagen, Valencia, CA) and the DNAs were sequenced by the chain termination
method on an ABI 377 or ABI 3100 automated sequencer (Applied Biosystems,
Foster City, CA).

Phylogenetic analysis
16S rDNA sequences of the HTCC isolates in the 0M182 dade were
compared with other sequences in the GenBank database by BLAST (Altschul et
al 1997) and the sequences were aligned by the ARB software package (Cho and
Giovannoni, unpublished data). The similarity values between sequences were
calculated by reversing the Jukes-Cantor formula (Jukes and Cantor 1969), and the
phylogenetic tree was drawn using both neighbor-joining (Saitou and Nei 1987)

with the Jukes-Cantor model and maximum parsimony with a heuristic search.

DNA-DNA Hybridization
Dot-blot hybridization experiments were carried out to see genornic DNA

relatedness among the HTCC strains. A DIG High Prime DNA Labeling and a
Detection Starter kit I (Roche Molecular Biochemicals) were used to prepare probe

DNAs with strains HTCC218OT and HTCC2188T according to the manufacturer's
instructions. Genomic DNA of strains HTCC2 151, HTCC2 1801, HTCC2 178T and
HTCC218OT were denatured by boiling in 6X SSC (1X SSC is 0.15 M NaC1 plus

0.0 15 M sodium citrate) for 10 mm. Nylon membranes were positively charged by

UV-crosslining and DNA samples were transferred onto the membranes.
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Prehybridization was done as indicated in the manufacturer's instruction.
Hybridization was performed at 45°C for both of the probes of strains HTCC2 180T

and HTCC2188T. The temperature for stringency wash was 65°C and the
membranes were washed and detected according to the instructions.

G + C mol% Measurements
A high-performance liquid chromatography (HPLC) method was used to

determine DNA base composition using the Platinum EPS reverse-phase C 18
column (150 mm, 4.6 mm, 5 .tm pore size, Ailtech) (Mesbah et al 1989).

Analysis of Cellular Fatty Acids
Two of the HTCC strains in the 0M182 dade, HTCC2178T and
HTCC2188T, were grown on 1/10 R2A agar at 16°C and their cells were collected

for fatty acid analysis. The other two strains, HTCC2 151 and HTCC2 180T, were
grown in 10 liters of LNHM + 1X MC + 1X Vit medium each at 16°C until early

stationary phase. Their cells were collected by filtration using supor filters with
0.2 .im pore size. Cells of each strain on the filters were resuspended in a tube
containing 20 ml of the same medium used to grow the strains by vortexing
vigorously. Final cell pellets of strains HTCC2 151 and HTCC2 180T were

prepared by centrifugation. The culture samples were analyzed using gas
chromatography by Microbial ID, Inc (Newark, USA).
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RESULTS AND DISCUSSION

Phenotypic Characterizations

Morphology and biovolume
Cell morphology and size of the HTCC isolates in the 0M182 dade were
exhibited using an epifluoroscence microscope after staining with 4', 6-diamidino2-phenylindole (DAPI) and a transmission electron microscope (TEM). Figures 2,
3, 4, and 5 show the images of cells stained with DAPI, and figures 6, 7, 8, and 9
are pictures taken by TEM. It was revealed that all of HTCC strains in the OM 182

dade divided by binary fission and did not have flagella. Table 1 shows sizes and
biovolumes of the HTCC isolates. All of them reduced their sizes during their
growth from exponential to stationary phase.
Strains HTCC2178T and HTCC2188T could be defined as

'ultramicrobacteria' since their lengths were less than 1.0 pm and biovolumes
were less than 0.1

m3 in stationary phase (Shut et al 1993; Eguchi eta! 1996;

Shut et al 1997). These strains can be considered as representatives of the
autochthonous bacterial communities in the marine environment where they were
isolated because of their small sizes (Roszak and Colwell 1987).

Table 1. Cell morphology, size, and biovolume of the HTCC isolates.
Cell

Strain

Marinivirgulafluito
HTCC2 151

Marinivirgulafluito
HTCC218OT

Marinivirgula obesa
HTCC2 178T

Litincolaparvulus
HTCC2188T
a

b

Exponential phasea

Stationary phasea

-

Biovolume

Length (rim)"

Width (im)b

Biovolume (pm3)

Length (pm)b

Width (urn)1'

Short
rods

1.18 ± 0.26

0.61 ± 0.10

0.29 ± 0.09

0.73 ± 0.14

0.55 ± 0.08

0.13 ± 0.06

Short
rods

0.95±0.19

0.53 ±0.07

0.17 ± 0.06

0.71 ± 0.17

0.53 ± 0.08

0.12 ± 0.04

Short
rods

0.87 ± 0.22

0.48 ± 0.07

0.13 ± 0.04

0.60 ± 0.10

0.39 ± 0.07

0.06 ± 0.03

Short
rods

0.68 ± 0.17

0.44 ± 0.09

0.08 ± 0.03

0.55 ± 0.08

0.42 ± 0.07

0.06 ± 0.02

Aberage value ± standard deviation.
Size in diameter

(pm3)

Figure 2. Epifluorescence microscopy images of Marinivirgulafluito HTCC2151
cells stained with DAPI. (a) Size bar, 1 tm. (b) Size bar, 3j.tm.

Figure 3. Epifluorescence microscopy images of Marinivirgulafluito HTCC218OT
cells stained with DAPI. (a) Size bar, 1pm. (b) Size bar, 3.tm.
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Figure 4. Epifluorescence microscopy images of Marinivirgula obesa HTCC2178T
cells stained with DAPI. (a) Size bar, 1 tim. (b) Size bar, 3tm.

Figure 5. Epifluorescence microscopy images of Litincolaparvulus HTCC2188T
cells stained with DAPI. (a) Size bar, 1 m. (b) Size bar, 3tm.

Figure 6. Transmission electron micrographs of negatively stained cells of
Marinivirgulafluito HTCC2151. (a, b) Size bars, lp.m

(a)

(b)

Figure 7. Transmission electron micrographs of negatively stained cells of
Marinivirgulafluito HTCC218OT. (a) Cells, (b) Dividing cell. Size bars, 1pm

(b)
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Figure 8. Transmission elecfron micrographs of negatively stained cells of
Marinivirgula obesa HTCC2 178T (a) Single cell, (b) Dividing cell. Size bars,
1 im

(a)

(b)

Figure 9. Transmission electron micrographs of negatively stained cells of
Litincolaparvulus HTCC2188T. (a) Single cell, (b) Dividing cell. Size bars, lj.tm

(a)

(b)

Table 2. Comparisons of specific growth rates and maximum cell densities of the HTCC strains.
Specific growth rate at 16°C,
Strain

day1

Maximum cell densities at 16°C
(X 106 cells/mi)

LNHM+ lXVit LNHM+ 1X Vit+ 1XMC LNHM+lXVit LNHM+lXVit+ 1XMC
Marinivirgulafluito HTCC2151

1.35

1.75

1.28

4.00

Marinivirgulafluito HTCC218OT

1.23

1.57

0.83

3.49

Marinivirgula obesa HTCC2178T

1.94

1.65

0.64

1.20

Litincolaparvulus HTCC2188T

2.63

1.83

1.32

5.00
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Growth characteristics at different temperatures and carbon
concentrations
Growth curves of the HTCC isolates in the 0M182 dade were determined
at different temperatures and carbon concentrations (Figure 10, 11, 12 and 13).
Their specific growth rates cacluated from their growth in exponential phase, and

maximum cell densities are shown in Figure 14 and Table 2. All of the strains
were psychro-to-mesophilic since strains HTCC2 151, HTCC2180T and
HTCC2178T grew at the highest rates when they were incubated at 16°C

20°C,

and HTCC2188T at 25°C (Figure 14 (a)). None of the strains grew at 30°C and
only HTCC2188T was able to grow at 25°C, but not the other three strains.
The HTCC isolates in the OM1 82 dade showed relatively narrow ranges of

temperature for growth, 4 or 10°C to 20 or 25°C. In addition, their optimum
temperature and the highest temperatures to support their growth were relatively

lower than other marine Gaminaproteobacteria (Yakimov et al 1998; Montanan et
a! 1999; Shieh eta! 2000; Ivanova et al 2001; Romanenko et al 2002; Brettar et al
2003).

All of the HTCC strains showed oligotrophic characteristics (Figure 14 (b)).

They reached the highest cell densities when grown in low nutrient heterotrophic
medium (LNHM) amended with 0.1X to lx of mixed carbon (MC). Strains
HTCC2 151 and HTCC2 180T showed the highest specific growth rates when they

were incubated in LNHM + 1X MC medium. These two strains did not show a
significant difference in their specific growth rates when they grew in the media,
LNHM with no carbon added, LNHM +0. 1X MC, LNHM + lx MC, and LNHM
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Figure 10. Growth characteristics of Marinivirgulafluito HTCC2 151 at different
temperatures (a) and dissolved organic carbon concentrations (b). (LNHM
medium contains 1.0 mg/L of dissolved organic carbon and 1X MC contains 3.5
mgIL of dissolved organic carbon.)
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Figure 11. Growth characteristics of Marinivirgulafluito HTCC2 1801 at different
temperatures (a) and dissolved organic carbon concentrations (b). (LNHM
medium contains 1.0 mgIL of dissolved organic carbon and 1X MC contains 3.5
mgIL of dissolved organic carbon.)
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Figure 12. Growth characteristics of Marinivirgula obesa HTCC2 178T at different
temperatures (a) and dissolved organic carbon concentrations (b). (LNHM
medium contains 1.0 mgIL of dissolved organic carbon and 1X MC contains 3.5
mgIL of dissolved organic carbon.)
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Figure 13. Growth characteristics of Litincola parvulus HTCC2 188T at different
temperatures (a) and dissolved organic carbon concentrations (b). (LNHM
medium contains 1.0 mgIL of dissolved organic carbon and 1X MC contains 3.5
mg/L of dissolved organic carbon.)
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Figure 14. Specific growth rates
and carbon concentrations.

(pb)

of the HTCC isolates at different temperatures
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+ 5X MC. However, specific growth rates of strains HTCC2 178T and
HTCC2 188T were dramatically reduced as carbon concentration increased in the

medium. None of these two strains grew in LNHM + lox MC medium (350 mg
of DOC per liter).

Medium tests
Ability of the HTCC strains to grow on eight different agars and in five

different artificial seawater (ASW) media was tested (Table 3). Strains
HTCC2151 and HTCC218OT did not grow on any agar. Colonies 0fHTCC2178T
were formed on five different agar plates and HTCC2 188T was able to form

colonies on only one agar, 1/10 R2A in aged seawater (AGSW) at 16°C and 20°C.
The sizes of colonies of both of the strains were tiny, 0.3

1.0 mm in diameter,

circular, smooth, convex, entire and light beige in color but when cells of
HTCC2188T were harvested, the color was lightly pinkish orange. Incubation of

cell cultures at 4°C did not enhance ability of the strains to form colonies on agar
plates.

Oligotrophic characteristics of the HTCC strains in the 0MG 4 subclass
was clearly differentiated from the previously characterized oligotrophs
(Vancanneyt et al 2001; Denner et al 2002) by results from this experiment along
with the growth characteristic investigation.
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Table 3. Growth characteristics of the HTCC isolates.

HTCC218OT

Marinivirgula obesa
HTCC2178T

Litincola parvulus
HTCC2188T

MA

-

G

-

R2A

-

G

-

1/1OR2AinAGSW

-

G

G

1/1OR2AinASWP

-

-

-

1/1OR2AinASWZ

-

G

-

1/1OR2AinASWD

-

G

-

1/1OR2AinASWS1

-

-

1/1OR2AmASWS2

-

-

-

MA

-

-

-

R2A

-

G

-

1/1OR2A1nAGSW

-

G

G

-

G

G

ASWP

-

-

-

ASWZ

-

G

G

ASWD

G

G

G

ASWS1

-

-

-

ASWS2

-

-

-

Marinivirgulafluito
Agar media
16°C

20°C

1/l0R2Abrothin
AGSW

Liquid ASW

mediaa

aCultures were incubated at 16°C
G: Growth
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Strains HTCC2178T and HTCC2188T showed growth in 1/10 R2A broth

made with 100% AGSW.
Strains HTCC218OT, HTCC2178T and HTCC2188T were able to grow in

the liquid medium ASWD and strains HTCC2178T and HTCC2188T also showed

growth in ASWZ medium. Strain HTCC2151 was not able to grown in any liquid
ASW media tested (Table 3).

Medium test using various ASW media was momentous because ability to
grow of a strain in any ASW medium would make it possible for us to perform a
lot more researches to investigate their physiological characteristics by

manipulating composition of ASW medium. For example, pH or salinity of ASW
can be changed freely and modified ASW media can be used to study ranges of pH

and salinity of newly isolated strains. Carbon source test also can be done using
an ASW medium by adding a sole carbon source in it.

Ranges and optima of pH and salinity for growth
pH ranges for growth of strains HTCC2151, HTCC218OT, HTCC2178T and
HTCC21 881 were pH 7.0

8.5, pH 7.5

10.0, pH 7.0

11.0 and pH 7.5

10.0

and their optimal pH values were pH 7.5, 8.5, 9.0 and 8.0, respectively (Table 4).
HTCC2178T showed the broadest range of pH for growth, pH 7.0

11.0, and the

optimum pH was the highest among all the strains.
Ranges of NaC1 concentrations for growth of strains HTCC2 180T,
HTCC2178T and HTCC2188T were 1.5

3.3%, 1.0-3.3%, and 2.0-3.3% and

the optimal salinity values were 2.8%, 1.5%, and 3.3%. HTCC2178T showed the
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widest ranges for salinity among the strains and HTCC2 188T had the highest
optimum of NaC1 concentration.

Table 4. Ranges and optima of pH and salinity for growth of the HTCC isolates.
(DSMZ liquid medium was used for the pH and salinity tests for strains
HTCC218OT, HTCC2178T and HTCC2188T and LNTIM + 1X MC + 1X Vit
medium was used for the pH test for strain HTCC2151)

Marinivirgulafluito
Marinivirgula obesa
HTCC2 151 HTCC21 80T
HTCC2 1 78T
Growth at pH
4.0-6.5
7.0

+

7.5

0

8.0
8.5

Litincola parvulus
HTCC21 88T

+
+

+

+

+

+

+

0

+

0

+

+

+

0

+

+

+

+

9.0
10.0
11.0
12.0

+

Growth with NaC1 (w/v)

0-0.75%
1.0%

+

1.5%

+

0

+

2.0%
2.8%
3.3%
4-20%

+

+

+

0

+

+

+

+

0

+: Growth,

: No growth, and 0 : Optimum
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Antibiotic susceptibility
Susceptibility of the HTCC strains to antibiotics is shown in Table 5. All
the strains were sensitive to chloramphenicol, streptomycin, puromycin,

erythromycin, vancomycin and nfampicin. Only strain HTCC2188T was resistant
to nalidixic acid, kanamycin and ampicilin, and HTCC2
Growth of strains HTCC2

180T

and HTCC2

188T

180T

to benzylpenicillin.

was inhibited by tetracycline but

not HTCC2 151 and HTCC2 178T Sensitivity to carbenicillin was observed from

strains HTCC2151 and HTCC2178T, but not HTCC

2180T and HTCC2188T.

Two of the HTCC isolates, HTCC2151 and HTCC2178T, were sensitive to

all the antibiotics tested except only one for one strain and strain HTCC2

180T

was

resistant to only two of the antibiotics tested. Even though strains HTCC2 151 and
HTCC2 180T were proposed as the same species, they were resistant to different

antibiotics. Strain HTCC2 188T, considered belonging a different genus from the
other three strains, showed resistance to four antibiotics and three of those
antibiotics inhibited growth of the other strains.

Table 5. Susceptibility to antibiotics of the HTCC isolates.

Antibiotics (/ml)

Marinivirgulafluito
HTCC2 151

HTCC2 1801

Marinivirgula obesa

Litincola parvulus

HTCC2 1781

HTCC2 1881

Carbenicillin (25 jig)

S

R

S

R

Ampicillin (10 jig)

S

S

S

R

Benzylpenicillin (100 U)

S

R

S

S

Vancomycin (30 jig)

S

S

S

S

Tetracycline (30 jig)

R

S

R

S

Nalidixic acid (25 jig)

S

S

S

R

Kanamycin (30 jig)

S

S

S

R

Streptomycin (30 jig)

S

S

S

S

Chioramphenicol (25 jig)

S

S

S

S

Puromycin (25 jig)

S

S

S

S

Erythromycin (15 jig)

S

S

S

S

Rifampicin(30 jig)

S

S

S

S

S: Susceptible, R: Resistant
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Oxygen requirement
Colonies were not formed on 1/10 R2A plates inoculated with strains
HTCC2 178T and HTCC2 188T under anaerobic condition, and therefore they

should be defined as obligate aerobes.

Sole carbon source utilization
Ability of HTCC strains to utilize carbon sources as sole carbon is

described in Table 6. Strain HTCC2151, unable to grow in ASWD amended with
lx MC, showed no growth in any wells containing carbon sources as expected.

Thirty four different carbon sources were utilized by strain HTCC2180T, fourteen
by HTCC2178T and fifteen by strain HTCC2188T among forty seven different

carbon sources. Strain HTCC218OT utilized all kinds of hexoses and sugar

alcohols tested, most of pentoses, oligosaccharides and organic acids, some of
amino acids, and one of amino sugars as sole carbon sources. Most of pentoses
and hexoses, some of oligosaccharides and organic acids, and one of sugar
alcohols and amino acids each were utilized by strain HTCC2 178T; however this
strain used none of amino sugars. Strain HTCC2188T utilized most of hexoses,
some of pentoses, oligosaccharides and sugar alcohols, and one of amino acids and
amino sugars each, but none of organic.
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Table 6. Utilization of sole carbon of the HTCC strains.
Marinivirgulafluito Marinivirgula obesa
HTCC2178T

Litincola parvulus
HTCC2188T

+
+

+
+

+

+
+
+
+
+
+
+

+

+

+
+
+
+

+
+
+
+

-

+
+
+
+
+
+
-

+
+

-

HTCC218OT

D,L-glyceraldehyde
D-ribose
D-arabinose
D-xylose
D-glucose
D-galactose
D-fructose
D-rhamnose
D-mannose
L-sorbose
Myo-inositol
Sucrose
13-lactose

D-trehalose
D-cellobiose
D-maltose
D-melibiose
D-raffinose
D-melezitose
D-mannitol
D-sorbitol
Adonitol
Methanol
Ethanol
Glycerol
Pyruvic acid
Succinic acid
Itaconic acid
Citric acid
Gluconic acid
D-malic acid
Malonic acid
Formic acid
Propionic acid
Lactic acid
L-glutarnicacid
D-glucosamine

+
+
+
+
+
+
+
+
+
+

+

+
-

L-arinine
+: Positive,

: Negative

+
+
+
+
+
-

+

-

-

+

+

-

+
+
+
+

+
+
-

N-acetyl-D-giucosarnine±
L-omithine
L-proline
L-lysine
L-alanine
L-serine
L-leucine
L-isoleucine
Glycine

-

-

-

±

+
+

+

+

-

-

+
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Enzymatic activity
Dilution of substrates contained in wells of the API ZYM strips enhanced
the result of this experiment and the reasonability of the result could be confirmed

by using a positive control, Pseudomonas aeruginosa, which was also inoculated
and incubated in the same way with the HTCC strains. Strains HTCC2 151 and
HTCC2 180T showed positive results in five wells at the second trial, while only

three were weakly positive at the first trial. Strain HTCC2

178T

showed one more

positive reaction at the second time compared to the first trial. Strain HTCC2

188T

showed even four more positive results after dilution of substrates.
Results from the second trial of enzymatic activity assay are shown in

Table 7. All the strains in the OM1 82 dade showed positive reactions for alkaline
phosphatase, esterase, esterase lipase and naphthol-AS-BI-phosphohydrolase.
Presence of acid phosphatase and naphthol-AS-BI-phosphohydrolase were
detected from strains HTCC2 151 and HTCC2

180T

Only one strain, HTCC2 188T,

exhibited positive results for leucine arylamidase, a-chymotrypsin and N-acetyl-f3glucosaminidase.

This experiment elucidated that levels of concentration of substrates in
commercial kits might be too high for oligotrophic microorganisms, and the kits
can be used for enzymatic assays of oligotrophs, after appropriate dilution of the
substrates in them and when performed with a proper positive control.
Presence of alkaline phosphatases and naphthol-AS-BI-phosphohydrolases,

revealed by their hydrolysis of 2-naphthyl phosphate and naphthol-AS-BIphosphate, was detected in all the HTCC strains showing their possible ability to
hydrolyze compounds containing phosphates including ATP in their habitat

Table 7. Enzyme activity of the HTCC strains.
Marinivirgula obesa
HTCC2 1781

Litincola parvulus
HTCC2 1881

+

++

++

Marinivirgula fluito
HTCC2 151 RTCC2 1801
Alkaline phosphatase

+

Esterase

++

++

++

++

Esterase lipase

++

++

++

++

Lipase

Leucine arylarnidase

+

Valine arylamidase

-

Cystine arylamidase

-

-

Trypsin

a-chymotrypsin

-

+

Acid phosphatase

++

++

-

-

Naphthol-AS-BIphosphohydrolase

++

++

++

++

-

-

a-galactosidase
-galactosidase
-glucuronidase

a-glucosidase

-

f3-glucosidase

-

N-acety1--

+

glucosaminidase

a-mannosidase

-

a-fucosidase

++: Positive, +: Weakly positive, -: Negative

-

-
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(Dixon and Webb 1979). Strains HTCC2151 and HTCC218OT contained acid

phosphatases also, and this shows that these two strains were capable of broader

usage of organic and inorganic compounds containing phosphates. Esterases and
esterase lipases were detected in all the strains by their hydrolysis of 2-naphthyl
butyrate and 2-naphthyl caprylate, and this explained that they were able to
hydrolyze esters.
Strain HTCC2 188T showed three more positive results, leucine

arylamidase, a-chyrnotrypsin, and N-acetyl-f3-glucosaminidase. Hydrolysis of L-

leucyl-2-naphthylamide showed that the strain contained the enzyme, leucine
arylamidase, and an activity towards peptides with an L-leucine residue at the N-

terminal end, with a free a-amino group (Dixon and Webb 1979). Presence of achymotrypsin, revealed by hydrolysis of N-glutaryl-phenylalanine-2-

naphthylamide, showed its ability to break down amides and esters as well as

peptides. Ability of strain HTCC2 188T to uptake terminal, non-reducing 2actamido-2-deoxy- 3-D-g1ucose residues in chitobiose and higher analogues and in
glycoproteins was exhibited by a positive reaction of the enzyme N-ac etyl-J3-

glucosaminidase (Dixon and Webb 1979). From the result of this assay, it can be
concluded that this strain can hydrolyze and use various organic and inorganic
compounds present in marine environments.
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Phylogeny. DNA Composition and DNA Relatedness

Phylogenetic analysis based on 16S rRNA gene sequences
1 6S rRNA gene sequence similarity values between the HTCC strains were

calculated (Table 8). Strains HTCC2151 and HTCC218OT showed the highest

similarity, 99.7%, with each other, and these strains had 96.5% and 96.7% of
sequence identity with strain HTCC2 178T Strain HTCC2 188T showed low

sequence similarity with the other three HTCC strains, 90.9%

9 1.1%.

Phylogenetic tree based on 1 6S rRNA gene sequences of the HTCC

isolates shows the position of the 0M182 dade with the other four clades in the
0MG group (Figure 15) (Cho and Giovannoni, unpublished data). The 0MG
group is placed distantly from previously cultivated genera in

Gammaproteobacteria such as Vibrio, Pseudoalteromonas, Oceanospirillum,
Pseudomonas and Marinobacter (Figure 15) and the HTCC strains showed only
83% - 90% of 16S rRNA sequence similarity with those genera. The 0M182

dade also contains sequences of 0M182 and 0M185 (partial sequences) (Rappé et
al 1997), more closely related to strain HTCC2188T than the other three HTCC

strains in the 0M182 dade.
Strains HTCC2 151 and HTCC2 180T are most closely related to each other and

strain HTCC2178T is tightly positioned to those strains. Uncultured bacterium
clone ARKDMS-58 from Arctic pack ice (Brinkmeyer and Helmke, unpublished
data) and clone ZA34 1 2c from a transatlantic cruise (Fuchs et al, unpublished

data) had the most similar gene sequences to strains HTCC2151, HTCC2 178T and

Table 8. Levels of similarity of 1 6S rRNA gene sequences of the HTCC isolates

% Sequence similarity

Marinivirgulafluito
IITCC2151

HTCC218OT

Marinivirgula obesa

Litincola parvulus

HTCC2178T

HTCC2 188T

Marinivirgulafluito
HTCC2151

100

Marinivirgulafluito
HTCC218OT

99.7

100

96.5

96.7

100

90.9

91.1

90.9

Marinivirgula obesa
HTCC2178T

Litincola parvulus
HTCC2188T

100
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Figure 15. Phylogenetic tree based on 1 6s rRNA gene sequences showing the
relationships and positions of the HTCC strains (in bold) in the OM 182 dade with
the other strains in the 0MG group and previously cultivated genera in
Gammaproteobacteria (Cho and Giovannoni, unpublished data)

HTCC218OT by BLAST search (Altschul eta! 1997) of National Center for

Biotechnology Information (NCBI). Strain HTCC2 188T was revealed to be most
closely related to the uncultured bacterium clone, Arctic96B-1 and Arctic97A-1 1
from Arctic pack ice (Bano and Hollibaugh 2002).

G + C contents of DNA

DNA base composition of the HTCC isolates in the OM 182 dade was
determined by a high performance liquid chromatography (HPLC) method (Table

9). G + C contents of the HTCC strains were in the range of 36.2

54.2 mol%,

respectively. The values of DNA G + C contents of strains HTCC2 151 and
HTCC218OT were 36.2 mol% and 41.0 mol%. These values differed by 4.8 mol%

and satisfied the criterion that DNA G + C contents of two strains in the same
species should not differ in more than 5 mol% (Schleifer and Stackebrandt 1983).
The G + C content of HTCC2178T and HTCC2188T were 54.2 mol% and 49.3
mol%.

44

Table 9. DNA base compositions and levels of genomic DNA relatedness (%) of
strains HTCC2 180T and HTCC2 188T to the other strains

G+C

Source of labeled DNA

Content
(mol%)

Marinivirgulafluito

Litincola parvulus

36.2

89.6

8.3

HTCC2 180T

41

100

6.2

Marinivirgula obesa
HTCC2 178T

54.2

27.4

12.1

49.3

8.3

100

Strain

HTCC2 180T

HTCC21 88T

Marinivirgulafluito
HTCC2151

Marinivirgulafluito

Litincola parvulus
HTCC21 88T

DNA-DNA hybridization
DNA-DNA hybridization data are primarily important for investigating

relationships within and between species (Owen and Pitcher 1985). Genomic
DNA relatedness levels of strain HTCC2 180T, revealed by a dot-blot hybridization
method, were 89.6% with strain HTCC2151, 27.4% with HTCC2178T and 8.3%

with HTCC2188T (Table 9). The genomic DNA relatedness values of
HTCC2188T with HTCC2151, HTCC218OT, and HTCC2178T were 8.3%, 6.2%,

and 12.1%.
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Strains HTCC2 151 and HTCC2 180T showed high enough genomic DNA

relatedness to define them as the same species (Schleifer and Stackebrandt 1983;

Wayne et al 1987). Strain HTCC2178T showed genomic DNA relatedness higher
than 20% with HTCC2 1801 and should be considered as the same genus, but

different species. None of the HTCC strains showed genomic DNA relatedness
higher than 20% with strain HTCC2 1881; this result indicates that the strain is
different from the other HTCC strains at the genus level.

Cellular Fatty Acid Profiles
The fatty acid patterns of the HTCC strains in the OM 182 dade were
analyzed by gas chromatography (Table 10). Dominant fatty acids of strain
HTCC2151 were 2-OH i15:0 + 16:1 &c as 22.14%, 16:0 as 15.76%, and 18:0 as
15.29%. Strain HTCC218OT showed very similar fatty acid composition to strain
HTCC2151, where 16:0 accounted for 22.63%, 18:0 for 22.11%, and 2-OH i15:0 +

16:1 o7c for 16.34%. Both of these strains showed the highest percentage values
for saturated acids with 43.06% for strain HTCC2151 and 57.23% for strain
HTCC21 80T

Table 10. Cellular fatty acid composition (%) of the HTCC strains
Fatty acid composition (%)
Fatty acids
Saturated acids
9:0
10:0
12:0
13:0
14:0
16:0
17:0
18:0

Subtotal
Branched acids
ilO:0

ill:0
i12:0
i16:0
i17:0

i17:1 o9c
i18:0
i19:0
Subtotal
Unsaturated acids
17:1 o8c
17:1 o)6c

18:3 o6c (6, 9, 12)
18:1 o9c
17:1 w7c

20:4w6,9,12,15c
20:1 w7c
Subtotal
Hydroxy acids
3-OH 10:0
3-OH 11:0

3-OHill:0
3-OH 12:1
3-OH 12:0
3-OH i12:0
Subtotal

Other acids
N alcohol 16:0

lOmethyll7:0
2-OH i15:0+ 16:1 w7c

19:ho6c+19:Ocywl0c
Unknown 11.799
Subtotal
Total

HTCC215 la

HTCC21 80T a

HTCC2 178T b

HTCC21 88T b

0.61

-

-

1.13

-

0.59

0.59

-

3.1

-

3.67
0.85
6.09
15.76
0.79
15.29

43.06

-

7.27
22.63
1.53

22.11
57.23

1.99

22.96
4.03
2.93
32.5

-

-

-

-

0.69

0.45

-

0.45

5.52

3.85

-

-

-

1.15

7.48
9.65

4.87
9.35

2.01
0.75
1.11

-

7.32

-

1.49
2.43

-

1.6

16.71

1.86
0.64

35.31
0.94

1.6

40.08

1.99
14.19

1.33

-

52.43

-

-

22.65

19.22

0.86
46.37

3.88
0.67

2.6

3.9

1.26

-

-

2.76

-

-

-

5.99

4.16

-

-

1.9

2.76
4.24

0.85

-

-

-

-

1.23

10.54

6.76

10.9

8.0

0.92

-

-

-

-

-

22.14

16.34

4.34

-

-

-

-

23.06
100

-

-

1.48
18.07
0.31

16.34

3.95
8.29

19.86

100

99.99

99.99

Culture samples were grown in LNHM+1X MC + lx Vi
b
Culture samples were grown on 1/10 R2A agar
a

-

2.99

1.93
1.93

-

0.69

-

-

-

-

1.86

-

47

The fatty acid 17:1 co7c was the predominant cellular fatty acid component
of strain HTCC2 178T, accounting for 40.08%. This strain also showed a relatively

high percentage value, 22.96%, for 16:0. The subtotal value of unsaturated acids
was 46.37%, which was the highest among the five categories (saturated acids,

branched acids, hydroxyl acids, other acids and unsaturated acids). This was
because the percentage value of 17:1 w7c was very high. However, the value for
the subtotal of saturated acids of the strain HTCC2178T was also high, 32.5%.
Strain HTCC21 88T showed a quite different profile of cellular fatty acids

from the other members in the OM 182 dade. 17:1 w8c was the predominant
element accounting for 35.31%, and the next two dominant components were 2OH i15:0 + 16:1 co7c (18.07%) and 17:1 co7c (14.19%). Unsaturated acids

accounted for 52.43% in this strain, while the subtotal value for saturated acids

was only 2.99%. Noticeable difference of cellular fatty acid composition of strain
HTCC2 188T from the other three HTCC strains was that it showed much higher

value, 16.71%, for branched acids than the others. All the other three HTCC
strains had only one component in the branched acid category. i12:0 was found in
strains HTCC2 151 and HTCC2 180T, and the percentage values were less than

0.7% for both them, and strain HTCC2178T exhibited 1.93% for i19:0.
Even though there were two kinds of media which were used to grow
cultures of the HTCC strains and it could have affected the composition of fatty
acids in them, it did not cause a significant problem when comparing results

between two strains grown in the same medium. Two of the HTCC strains,
HTCC2 151 and HTCC2 180T, grown in the same liquid medium based on LNHM,

showed high similarity in cellular fatty acid compositions, and this phenomenon

agrees with the result of DNA-DNA hybridization experiment and phylogenetic
analysis. The other two strains, HTCC2178T and HTCC 2188T, grown on 1/10
R2A agar, had cellular fatty acid compositions that were quite different; this was
not surprising because other experiments also indicated that they are different
genera.

Careful interpretation of cellular fatty acid profiles of strains HTCC2 178T
and HTCC2188T with strains HTCC2151 and HTC218OT was necessary.

Comparisons of fatty acid compositions of four of the HTCC strains were done
with the idea that culture conditions, such as cultivation period, temperature,
media and culture age, do not change cellular fatty-acid components of a
bacterium but affects the composition of cellular fatty acids (Oliver and Colwell
1973; Komagata and Suzuki 1987).

Differences of subtotal values of unsaturated acids in strains HTCC2 151
and HTCC218OT, and strain HTCC2178T were higher than 23.72% and this was a

significant disagreement among the strains. There was also a clear difference in
fatty acid composition between strains HTCC2151, HTCC2 1801 and HTCC2 1781,
and HTCC2 1881. While strain HTCC2 188T contained seven different kinds of

branched acids accounting for 16.71%, the other three strains, HTCC2 151,
HTCC2 180T and HTCC2 1781, had only one kind for one strain accounting for

0.45% - 1.93%. The percentage value of unsaturated acids for strain HTCC2188T
(52.43%) was almost as twice as it of strains HTCC2151 and HTCC218OT
(22.65% and 19.22%).

Analysis of fatty acid compositions of marine bacteria has been studied by
many research groups and become an important factor for identification of isolates

because it has given results in agreement with DNA-DNA hybridization data

(reviewed by Bertone et al 1996). It was revealed that 16:0, 16:1, and 18:1 were
commonly detected as major fatty acids in genera Vibrio, Oceanospirillum, Deleya,
and Alteromonas (Oliver and Colwell 1973; Lambert et al 1983; Bertone et al

1996). Even though different media, such as an artificial seawater medium,
Trypticase soy agar, and marine agar, used to grow the bacterial strains in their
studies, there were only slight differences in fatty acid compositions of them
without changing dominant fatty acids.
The HTCC strains in the OM1 82 dade showed high values, 15.76 -22.96%,
for 16:0, except HTCC2 188T (1.86%). Four of the strains exhibited 4.34

22.14%

for 2-OH i15:0 + 16:1 o7c and 1.6 -7.48% for 18:1. Interestingly, 17:1 w7c was
the predominant fatty acid in strain HTCC2 178T and one of the major fatty acids in

the other three strains accounting for 9.35% - 14.19%. 17:1 w8c was found as the
predominant fatty acid in strain HTCC2188T and this fatty acid was also present in

the other HTCC strains. These two fatty acids, 17:1 o7c and 17:1 ü8c were rarely
observed as a major fatty acid in the other genera in Gaminaproteobacteria in
previous studies (Oliver and Coiwell 1973; Lambert eta! 1983; Bertone et al 1996).
The HTCC isolates in the OM1 82 dade can be distinguished from the other

marine Gammaproteobacteria by possessing 17:1 w7c and 17:1 o8c as one of
dominant fatty acids while they persist in characteristics of ce!lular fatty acids of

marine Gammaproteobacteria.

Taxonomic Conclusions
Based on experimental results of phylogenetic analysis based on l6S rRNA
sequences, DNA-DNA hybridization, DNA base composition and fatty acid
profiles, it was revealed that three of the strains, HTCC2 151, HTCC2 1801 and
HTCC2 1781, and strain HTCC2 1881 fell into two separate novel genera in the

OM1 82 dade.
It was concluded that strains HTCC2 151 and HTCC2 1801 should be placed

within the same species with findings that show 89.6% of DNA-DNA relatedness
with each other, 4.8% of difference in DNA compositions, and similar fatty acid
profiles. Strain HTCC2 1781 was revealed to fall into the same genus with strains
HTCC2151 and HTCC218OT, but a different species, and this was supported by

96.5% - 96.7% of 16S rRNA sequence similarity with the two strains, and 27.4%
of genomic relatedness between strains HTCC2178T and HTCC218OT. Strain
HTCC2 1881 exhibited very low similarity of 16S rRNA sequence with the other
three strains ranging from 90.9% to 9 1.1% and its genomic DNA relatedness with
them was also low, 6.2% - 12.1%, thus strain HTCC2 1881 should be considered as
a different novel genus.
1 6S rRNA sequence similarity of the HTCC strains with previously

cultivated genera in Gammaproteobacteria ranged only from 83% to 90% and this
difference resulted in the placement of the 0MG group distantly from those genera

on the phylogenetic tree. Phenotypic characteristics of the HTCC strains, such as
being very oligotrophic and slow growing, also supported that the HTCC strains in
the OM1 82 dade should be proposed as novel strains.
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From polyphasic evidence described above, the HTCC strains in the
OM1 82 dade could not be situated in any known genera and we propose the

names Marinivirgulafluito gen. nov., sp. nov. for strains HTCC2151 and
180T),
Marinivirgula obesa gen. nov., sp. nov.
HTCC2 180T (type strain is HTCC2

for the type strain HTCC2178T and Litincolaparvulus gen. nov., sp. nov. for the
type strain HTCC2188T.

Descriptions of the HTCC Strains in the OM 182 Clade

Description of Marinivirgula gen. nov.
Marinivirgula (ma.ri.ni.vir'.gu.la. L. adj. marinus of the sea; L. fern. n.
virgula. a small rod; L. fern. n. Marinivirgula a small rod of the sea).

Cells are Gram-negative, rod-shaped, and 0.60 1.18 jLrn long and 0.39 - 0.61 tm
wide. Dividing by binary fission. Psychro-to-mesophilic and no growth without
salt in the medium. Growth at 10°C

20°C, but no growth at 25°C - 30°C.

Growth in LNHM amended with OX to 5X MC (1 mg to 176 mg of DOC/L), but

no growth with lox MC (350 rng of DOC/L). No colony formation on 1/10 R2A
agar in ASWP, ASW1 and ASW2, and no growth in ASWP, ASWS 1 and ASWS2

liquid media. Susceptible to chloramphenicol, nalidixic acid, kanamycin,
streptomycin, ampicillin, puromycin, erythromycin, vancomycin and rifampicin.

Utilization of carbon sources is described in Table 6. Alkaline phosphatase,
esterase, esterase lipase, and naphthol-AS-BI-phosphohydrolase detected, but not
lipase, leucine arylamidase, valine arylamidase, cystine arylamidase, trypsin, achymotrypsin, a-galactosidase, 3-ga1actosidase, 3-glucuronidase, a-glucosidase, iglucosidase, N-acetyl-f3-glucosaminidase, a-mannosidase, and a-fucosidase.
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There are two species in the genus, Marinivirgula obesa (type species) and
Marinivirgulafluito.

Description of Marinivirgula fluito sp. nov.
Marinivirgulafluito (flu.i'.to. L. adj.fluito to float).
In addition to the characteristics that define the genus, the species is unable to

grow at 4°C. No colony formation on agar tested (Table 3), and only strain
HTCC2 180T grow in ASWD, but not HTCC2 151. Strain HTCC2 151 grows at pH
7.0

8.5 with optimum pH 7.5. HTCC2 1801 grows at pH 7.5

10.0 with

optimum pH 8.5, and in the range of NaC1 concentration, 1.5% - 3.3%, with

optimum salinity 2.8%. HTCC2 151 is susceptible to carbenicillin and
benzylpenicillin, but resistant to tetracycline. HTCC2 1801 is susceptible to

tetracycline, but resistant to carbenicillin and benzylpenicillin. Acid phosphatase

present. G + C contents in HTCC2151 and HTCC218OT are 36.2 mol% and 41
mol%. Dominant fatty acids were 16:0, 18:0, and 2-OH i15:0 + 16:1 &c. No 16S
rRNA sequences of bacterial species with validly published names show more than

90% similarity. The type strain is HTCC2 1801, isolated from the surface at the
southern jetty in Newport, Oregon, a depth of 1 Om at a station (NH5) 27.6 km off

the coast of Oregon (48° 39.1'N, 124° 24.7'W).

Description of Marinivirgula obesa sp. nov.
Marinivirgula obesa (o.be'.sa. L. adj. obesus fat).
In addition to the characteristics that define the genus, the species is able to grow
at 4°C. Beige colored tiny colony formation, 0.3

1,0 mm in diameter, on MA,
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R2A, and 1/10 R2A agar in AGSW, ASWZ, and ASWD. Growth in 1/10 R2A

broth in AGSW. Growth in ASWZ and ASWD liquid media. Growth at pH 7.0
11.0, with optimum pH 9, and in the range of NaCI concentration, 1.0% - 3.3%,

with the optimum salinity 1.5%. Resistant to tetracycline and carbenicillin, but

susceptible to benzylpenicillin. Acid phosphatase absent. 54.2 mol% of G + C
content. Predominant fatty acid is 17:1 o7c s and dominant fatty acids are 16:0 and

2-OH i15:0 + 16:1 w7c. No 16S rRNA sequences of bacterial species with validly
published names show more than 90% similarity. The type strain is HTCC2 178T,
isolated from the surface at the southern jetty in Newport, Oregon, a depth of 1 Om

at a station (NH5) 27.6 km off the coast of Oregon (48° 39.1'N, 124° 24.7'W).

Description of Litincola gen. nov.

Litincola (li.ti'n.co.la. L. n. Litus the sea-shore; L. masc. n. incola an
inhabitant; L. masc. n. Litincola an inhabitant of the sea-shore).
Cells are Gram-negative, rod-shaped, and 0.55

0.68 .xm long and 0.42 - 0.44 m

wide. Dividing by binary fission. No growth without salt in the medium. The
temperature range for growth is 4°C

25°C, and no growth at 30°C. Growth in

LNHM amended with OX to 5X MC (1 mg to 176 mg of DOC/L), but no growth

with lOX MC (350 mg of DOC/L). Susceptible to chloramphenicol, tetracycline,
streptomycin, puromycin, erythromycin, vancomycin, rifampicin, and
benzylpenicillin, but resistant to nalidixic acid, kanamycin, carbenicillin, and

ampicillin. Utilization of carbon sources is described in Table 6. Alkaline
phosphatase, esterase, esterase lipase, leucine arylamidase, a-chymotrypsin,
naphthol-AS-BI-phosphohydrolase, and N-acetyl-f3-glucosaminidase detected, but
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not lipase, valine arylamidase, cystine arylamidase, trypsin, ct-galactosidase, 3galactosidase, 3-g1ucuronidase, a-glucosidase, J3-glucosidase, a-mannosidase, and

a-fucosidase. The type and only species of the genus is Litincola parvulus.

Description of Litincola parvulus sp. nov.
Litincola parvulus (par.vu'.lus. L. adj. parvulus very small).
In addition to the characteristics beige colored tiny colony formation, 0.3

1.0 mm

in diameter, on 1/10 R2A agar in AGSW. Growth in 1/10 R2A broth in AGSW.

Growth in ASWZ and ASWD liquid media. Growth at pH 7.5

10.0, with

optimum pH 8, and in the range of NaC1 concentration, of 1.5% 3.3%, with the

optimum salinity, 3.3%. 49.3 mol% of G + C content. Predominant fatty acid is
17:1 o)8c and dominant fatty acids are 2-OH i15:0 + 16:1 &c and 17:1 w7c. No l6S

rRNA sequences of bacterial species with validly published names show more than

90% similarity. The type strain is HTCC2188T, isolated from the surface at the
southern jetty in Newport, Oregon, a depth of lOm at a station (NH5) 27.6 km off

the coast of Oregon (48° 39.1'N, 124° 24.7'W).
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