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Abstract A novel aerobic, bacteriochlorophyll-contain-
ing bacteria strain JLT1202r" was isolated from Beibu Gulf
in the South China Sea. Cells were gram-negative, non-
motile, and short-ovoid to rod-shaped with two narrower
poles. Strain JLT1202r" formed circular, opaque, wine-red
colonies, and grew optimally at 34 % NaCl, pH 7.5-8.0
and 28-30 °C. The strain was catalase, oxidase, ONPG,
gelatin, and Voges—Proskauer test positive. In vivo
absorption spectrum of bacteriochlorophyll a presented two
peaks at 800 and 877 nm. The predominant cellular fatty
acid was C;g.; w7c and significant amounts of Cyg.9, Cg.0,
ClO:O 3-OH, C16:0 2-OH, and ll-methyl C18:1 wTc were
present. Strain JLT1202r" contained Q-10 as the major
respiratory quinone and the genomic DNA G+C content
was 76.3 mol%. Phylogenetic analysis based on 16S rRNA
gene sequences of various species with validly published
names showed that strain JLT1202r" fell within the genus
Roseibacterium, family Rhodobacteraceae, sharing the highest
similarity with Roseibacterium elongatum OCh 323" (97.9 %

The GenBank accession number for the 16S rRNA gene sequence of
strain JLT1202r" is JN247667. The pufLM gene sequences of strain
JLT1202r" and R. elongatum OCh 323" has been deposited under
GenBank accession numbers JQ694098 and JQ694099.
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similarity), followed by Dinoroseobacter shibae DFL 127
(95.4 % similarity). The phylogenetic distance of pufM genes
between strain JLT1202r" and R. elongatum OCh 323" was
9.4 %, suggesting that strain JLT1202r" was distinct from the
only strain of the genus Roseibacterium. Based on the vari-
abilities of phylogenetic and phenotypic characteristics, strain
JLT1202r" stands for a novel species of the genus Roseibac-
terium and the name R. beibuensis sp. nov. is proposed with
JLT1202r" as the type strain (=JCM 180157 = CGMCC
1.10994").

Introduction

Aerobic anoxygenic phototrophs (AAPs), a bacterial
functional group containing bacteriochlorophyll a were
first discovered by Shiba et al. [28]. Since then these
bacteria have been isolated from various habitats, such as
hypersaline lake [17], deep-sea hydrothermal vent [37],
acidic environments [10], and dinoflagellates [1] in dif-
ferent categories higher taxa, mainly Alphaproteobacteria,
one known Betaproteobacteria [36] and a newly described
Gammaproteobacteria species [8]. Members of Roseob-
acter clade belonging to the class Alphaproteobacteria are
abundant in oceanic and halophilic environments [35].
During the past two decades, a variety of bacteria in this
clade have been identified, including Roseobacter [26],
Rubrimonas [33], Roseovarius [17], Roseivivax [32],
Roseinatronobacter [30], Roseisalinus [18], Dinoroseob-
acter [1], Roseicyclus [23], and Roseibacterium[31].

The genus Roseibacterium was previously established by
Suzuki et al. [31] and only one recognized species isolated
from sand at Monkey Mia, Shark Bay, located on the west
coast of Australia, with the name of Roseibacterium elong-
atum [27, 31] is included. During the investigation of
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bacterial community diversity in the South China Sea, we
isolated the bacteriochlorophyll-containing bacterium
because of the attractive pink colonies on agar plates, and
then named it as strain JLT1202r" for further studies. Based
on the genetic and physiological similarities and variabilities
with R. elongatum OCh 3237, here we describe a novel
aerobic bacteriochlorophyll-containing species as a new
member of genus Roseibacterium.

Materials and Methods
Isolation and Cultivation

Strain JLT1202r" was previously isolated from surface
water in Beibu Gulf (20°37'35"N, 108°50’'47"E) during the
summer cruise of No. 908 program in July 2006 with
the purpose of surveying bacterial community diversity.
The original seawater salinity, temperature, and pH were
33 %o, 32 °C, and 8.13, respectively. A standard dilution
plating technique on marine agar 2216 (MA, Difco) was
used for isolation and then cultivation was performed on
marine broth 2216 (MB, Difco) at 28 °C for 4 days.

Morphological, Physiological, and Biological Tests

Cell morphology was examined by using a transmission
electron microscopy (H600; Hitachi). Motility test was
performed according to the method described by Dong and
Cai [4]. The gram reaction was determined on cells grown on
MA at 28 °C for 24 h according to standard procedures [9].

Salt requirements for growth were examined in MB
medium with final NaCl concentration from 0 to 12 % at
intervals of 1 % (w/v) (pH 7.8, at 28 °C). pH gradients
were tested by adjusting the final values to 4.5, 5.5, 6.5,
7.5, 8.0, 9.0, 9.5, 10.5, 11.5, and 12.5 (2 % NaCl, 28 °C)
with 2 N HCI and 10 % NaOH (w/v). Studies for tem-
perature ranges were carried out by setting the incubations
at 4, 10, 15, 20, 25, 28, 30, 32, 37, 43, 48, and 55 °C (2 %
NaCl, pH 7.8).

Catalase activity was determined from the formation of
bubbles after adding a drop of 3 % H,O, solution to a fresh
colony [4]. Hydrolysis of casein, starch and Tween 80 were
conducted as described by Dong and Cai [4] on MA amended
with 1 % substrates. Acid production from bp-fructose,
D-glucose, and lactose was tested on ZOF medium [19]
supplemented with 1 % (w/v) carbohydrate source. Sole
carbon sources utilization were carried out (1) using carbon-
free MB as a basal medium with the final carbon source
concentration at 0.1 % (w/v or v/v) and (2) using the com-
mercial API 20E kit (bioMérieux). Other phenotypic and
enzymic characterizations were tested using API 20E, API
20NE, and API ZYM Kkits (bioMérieux) with reference to the

manufacturer’s instructions. The production of polyhy-
droxyalkanoates (PHAs) [2] from bacterial cells were stud-
ied under different incubation conditions with the method
introduced by previous studies [13, 34]. Both strain
JLT1202r" and R. elongatum OCh 323" were incubated in
MB simultaneously and different carbon sources were added
to study the ability of PHAs production for JLT1202r", with
glucose and acetate 2.5 g and glycerol 2 mL/L MB.

Susceptibility to antibiotics of strain JLT1202r" and R.
elongatum OCh 3237 were tested using the routine diffusion
plate method [4]. Disks were pasted with the following anti-
biotics (per piece): penicillin G (10 pg), ampicillin (10 pg),
kanamycin (30 pg), rifampicin (5 pg), streptomycin (10 pg),
neomycin (30 pg), gentamicin (10 pg), tetracycline (30 pg),
chloromycetin (5 pg), erythromycin (15 pg), vancomycin
(30 pg), lincomycin (2 pg), novobiocin (5 ng), and carbeni-
cillin (100 pg). The diameter of the inhibition zone was
determined after incubation at 28 °C for 48 h. The strain was
considered to be strong sensitive when the diameter of the
inhibition circles >15 mm, intermediate at 6-15 mm and
resistant at 5 mm according to Dong and Cai [4].

Both strain JLT1202r" and R. elongatum OCh 323" were
incubated simultaneously on MA at 28 °C under dark for 2,
3, and 4 days in order to compare the variations of cellular
fatty acids. The extraction process was performed according
to the method described by Komagata and Suzuki [15] and
Agilent technologies 6850 Network GC system was used for
the identification of different fatty acids components. Cells
were collected and completely dried after incubation in MB
medium for 48 h for isoprenoid quinones analysis as
described by Hirashi et al. [11], and detection was operated
on Waters Acquity Ultra Performance LC™ (UPLC)-Q-
TOF-MS spectrometer with electrospraying ionization
method (Waters, Milford, USA) [24].

Bacteriochlorophyll a and Photosynthetic Efficiency

Strain JLT1202r" and R. elongatum OCh 3237 were
incubated simultaneously in MB under dark at 28 °C for
48 h. The in vivo absorption spectrum of pigments was
detected by Flexstation3 system with full wavelength
scanning from 350 to 900 nm, using a 1 nm interval. The
photochemical quantum efficiencies (F/Fy,) of fresh cells
were assessed by Satlantic FIRe (fluorescence induction
and relaxation) fluorometer system (Canada), in which blue
and green light-emitted diodes (LEDs) were incorporated.

16S rRNA Gene, pufLM Gene Sequencing
and Phylogenetic Analysis

Genomic DNA was extracted with reference to the method

of Marmur [21] from cells grown in MB medium for
18-24 h at 28 °C, washed and re-suspended in the buffer
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Fig. 1 Electron micrography
of negatively stained cells

of strain JLT1202rT observed
by transmission electron
microscope. Bar 1 pm

1um

for 16S rRNA gene, pufLM gene sequence analysis and
genomic G+C content detection. The purity of the final
obtained DNA was assessed by A,go/Azso and Ajzg/Azeo
values with NANODROP 2000 spectrophotometer [12].
The 16S rRNA gene was amplified with universal bacterial
primers 27F (5-AGAGTTTGATCCTGGCTCAG-3’) and
1492R  (5-GGTTACCTTGTTACGACTT-3') [6]. The
pufLM genes of strain JLT1202r" and R. elongatum OCh
323" were PCR-amplified using primers pufL forward
(5'-CTKTTCGACTTCTGGGTSGG-3') and pufM reverse
(5'-CCATSGTCCAGCGCCAGAA-3') [14, 22]. The 16S
rRNA gene and pufLM gene sequences of strain JLT1202r"
and R. elongatum OCh 323" were compared with those
related available at the GenBank database by using the
BLAST program online (http://www.ncbi.nlm.nih.gov/,
NCBI), the EzTaxon server 2.1(http://147.47.212.35:8080/)
[3] and the LPSN website (http://www.bacterio.cict.fr/) to
determine its approximate phylogenetic affiliation. Phylo-
genetic trees were constructed based on 16S rRNA gene
and pufM gene sequences by using the neighbor-joining
[25] and maximum-parsimony algorithms methods [5, 7]
with the MEGA software package [16].

The genomic DNA G+C content was determined by the
midpoint value (7,,,) of the thermal denaturation curve [20],
using DNA from Escherichia coli K-12 as a standard.

Results and Discussion

Colonies of strain JLT1202rT were wine-red, uniformly
opaque, circular and 0.7-1.1 mm in diameter after culti-
vation on MA at 28 °C for 3 days. The strain was gram-
negative, non-motile, without flagella, short-ovoid to
rod-shaped and two narrower poles. Single cell was 1.0- to
2.2-um long and 0.7- to 0.9-um wide, divided by binary
fission (Fig. 1). The salinity, pH and temperature range for
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Fig. 2 FTIR spectra from dry cells of strain JLT1202r" incubated
with acetate (above), glucose (middle), and glycerol (below) with MB
as a basal medium. The signal peak (1,732.3 cm™") indicated the
formation of PHA

growth of JLT1202r" were 0-10 % (optimum 3-4 %),
6.5-9.5 (optimum 7.5-8.0) and 15-43 °C (optimum
28-30 °C), respectively.

Strain JLT1202r" showed positive reactions of aerobic
nitrate reduction and Voges—Proskauer test, while hydro-
lysis of starch, Tween 80 and casein were negative. No acid
was produced from p-glucose or lactose except p-fructose.
A variety of substrates could be used as sole carbon sources
for JLT1202r", such as acetate, glycerol, and glucose.
Strain JLT1202r" could not produce PHAs in MB aerobi-
cally in the dark, but strong ability of PHAs formation was
found in MB with additional acetate compared to glucose
and glycerol (Fig. 2). Strain JLT1202r" was sensitive to
rifampicin, chloromycetin, vancomycin, novobiocin and
carbenicillin, and resistant to penicillin G, streptomycin,
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Table 1 Differentiation of physiological and biochemical charac-
teristics between strain JLT1202r™ and R. elongatum strain OCh 3237

Characteristics JLT1202cT OCh 3237

Cell size (um)* 0.7-0.9 x 1.0-2.2 0.5-0.8 x 1.6-10.0

Colony color Wine-red Pink

NaCl range (%)* 0-10 0.5-7.5

DNA G+C 76.3 68.1
content (mol%)*

Nitrate reduction® + -

v-p?* + —

PHA in MB - w

Bchl a in vivo 800, 877 802, 878
peaks (nm)

Fy/Fn 0.67 0.72

Hydrolysis of*
Gelatin + —

Utilization of

D-Glucose + w
Maltose + w
Acetate + -
Pyruvate w —

Enzyme activities (API ZYM)
Aklaline phosphatase w
Esterase (C4)

Esterase lipase (C8)
Cystine aminopeptidase
p-Glucosidase

Acid production from*

£ £ £ +

p-Fructose

+
|

Antibiotic sensitivity
Penicillin G

Streptomycin

£ 4+ +
=

Neomycin

Chloromycetin
Novobiocin -

Carbenicillin —

£ £ £ =

Vancomycin -

Roseibacterium elongatum OCh 3237 was described as p-glucose
utilization negative and Bchl a in vivo peaks at 800 and 879 nm by
Suzuki et al. [31]

2 Data of strain OCh 323" from Suzuki et al. [31]. Other data were all
from this study. Both the strains were urease, catalase, oxidase and
ONPG reaction positive, indole and H,S production negative.
Hydrolysis of starch and Tween 80 and acid production from p-glu-
cose and lactose were negative of the strains. p-arabinose, bL-malate,
citrate, succinate and ethanol could not be used as sole carbon source
for two strains. Both strains showed positive reaction of leucine
aminopeptidase, while lipase (C14), trypsin, chymotrypsin, a-galac-
tosidase, f-galactosidase, f-glucuronidase, a-mannosidase, f-fucosi-
dase, and N-acetyl-f-glucosaminidase were reactions were negative.
Antibiotic sensitivity of ampicillin, kanamycin, gentamicin, tetracy-
cline, and erythromycin were weak, rifampicin negative and linco-
mycin positive. Both strains contained Q-10 as the major respiratory
quinone. + positive, — negative, w weak reaction, ND not determined

and lincomycin. Details for biochemical and physiological
characteristics are given in Table 1.

The predominant cellular fatty acids were C;g.; @w7c for
strain JLT12021'T, and C16:0, Cl8:0’ ClO:O 3-OH, C16:0 2-OH,
and 11-methyl C;g.; @7c were also present. The relative
content of major fatty acid components changed under
different cell growth phases. The cellular fatty acids
comparison between strain JLT1202r" and the related
strain R. elongatum OCh 323" were shown in Table 2.

Cells of JLT1202r" grown aerobically under dark had
absorption peaks in the near-infrared region at 800 and
877 nm while strain R. elongatum OCh 323" presented two
peaks at 802 and 878 nm (Fig. 3). The 800- to 802-nm
band indicated the presence of light-harvesting complex 2
(LH2) and the 877- to 878-nm band suggested the exis-
tence of light-harvesting complex 1 (LHI1), which is
common in other phototrophic bacteria [14]. Bacterio-
chlorophyll a of strain JLT1202r" were completely
inhabited under full exposure to light (~ 10,000 lux),
which was consistent with former studies by Shioi and Doi
[29] in Roseobacter denitrificans and other AAPs [35]. A
sudden rise in fluorescence in vivo from an initial value
(Fp) to the maximum value (F,) following the FIRe

Table 2 Fatty acid compositions (%) of strain JLT1202r" and the
related strain OCh 3237

Fatty acid JLT1202r" OCh 3237

Day Day Day Day Day Day

2 3 4 2 3 4
Cio:0 - - - - - 0.9
Cizo - - - - - 12
Cia0 0.7 - 1.6 0.8 - 1.8
Cis:0 85 102 176 123 144 194
Ci7.0 - - 1.1 - - 0.8
Cis.0 4.8 36 162 2.3 1.7 8.3
Cio:0 - - 1.6 - -
Cao0 - - 62 - - -
Cig.1 @7c 81.7 797 455 738 743 57.0
Cig.1 w9¢ - - 2.9 - -
Cio.0 3-OH 1.8 44 1.2 33 32 1.4
Ci6.0 2-OH 1.2 2.1 14 2.5 2.5 2.2
10-Methyl C,7.9 - - 0.6 - - -
11-Methyl Cig.4 1.4 - 1.0 1.3 1.1 1.5

wTc

Cjo.0 cyclo w8c - - 2.3 - - 2.0
Summed feature 3 - - 0.7 2.3 2.8 2.5
Summed feature 7 - - - 1.5 - 1.0

All data were from this study

Summed feature 3 Ci6.y w6c and Ciq.; w7c, summed feature 7 un
18.846 and Co.; w6c, — not detected
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operating instructions. F, was proposed as the balance of
F,, and F,. The maximum photochemical quantum effi-
ciency (F\/F,) of photosystem II for strain JLT1202r" and
R. elongatum OCh 3237 were 0.67 and 0.72, respectively,
suggesting that strain R. elongatum OCh 323" possessed
higher light energy conversion efficiency under dark
incubation (Fig. 3).

The 16S rRNA and pufM gene sequences of strain
JLT1202r" were determined as 1,389 and 726 bp after
cutting off the exogenous sequences for phylogenetic
analyses. 16S rRNA gene sequence of strain JLT1202r"
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Fig. 3 In vivo absorption spectrum of photosynthetic apparatus and
pigmentation in aerobically grown cells of strain JLT1202r" and
R. elongatum OCh 323". a Strain JLT1202r™ (bold line, left y axis),
b R. elongatum OCh 3237 (thin line, right y axis)

Fig. 4 Neighbor-joining
phylogenetic tree for strain

93

was aligned with those of related species in the family
Rhodobacteraceae and the strain was related most closely
to R. elongatum OCh 323" (97.9 % similarity) [31], fol-
lowed by Dinoroseobacter shibae DFL 12" (95.4 % simi-
larity) [1], and quite far from other species, such as
Roseisalinus antarcticus EL-88T (94.5 % similarity),
Jannaschia helgolandensis Hel 10T (94.4 % similarity),
and Salinihabitans flavidus ISL-46" (93.1 % similarity)
based on neighbor-joining and maximum-parsimony
methods with high coherence and stability (Fig. 4). The
pufM gene sequence of strain R. elongatum OCh 323" was
750 bp after slicing the nucleotide sequences of the for-
ward pufL gene. Nucleic acid sequences alignment of pufM
genes between strain JLT1202r" and R. elongatum OCh
323" was 90.6 % similarity with Jannaschia sp. CCS1
(80.6 % similarity) and Dinoroseobacter shibae DFL 12"
(80.0 % similarity) based on the two treeing algorithms
methods (Fig. 5). According to the 6 and 15 % average
distance for species and genus level determination by pufM
gene proposed by Zeng et al. [38], strain JLT1202r" and
R. elongatum OCh 323" are considered to be two separate
species in one genus. The G+C content of strain
JLT1202r" is 76.3 mol%.

Based on the data present, strain JLT1202rT is consid-
ered to represent a novel species of the exist genus
Roseibacterium, belonging to Roseobacter clade of the
family Rhodobacteraceae, and for which the name
R. beibuensis sp. nov. is proposed.

Leisingera methylohalidivorans MB2' (AY005463).
Phaeobacter gallaeciensis ATCC 700781" (Y13244)

JLT1202r", based on 16S rRNA
gene sequence analysis.
Bootstrap values were based on

66

97

Pelagicola litoralis CL-ES2" (EF192392)
Sulfitobacter pontiacus DSM 10014 (Y13155)

1,000 replications and 90

percentages (above 50 %) from
neighbor-joining (above nodes),
and maximum-parsimony

80

(below nodes) are shown. Filled 65
circles indicate nodes recovered
reproducibly by using the two
treeing methods. Bar 0.01
nucleotide substitutions per

nucleotide position

65 99

96
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68
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86

88 |

Oceanibulbus indoliflex Hel 45" (AJ550939)
Roseobacter litoralis Och 149" (X78312)

98‘ Citricella thiooxidans DSM 10146" (AY639887)
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Pelagibaca bermudensis HTCC2601" (DQ178660)
Salinihabitans flavidus ISL-46" (FJ265707)

g

95
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Roseivivax halodurans OCh 239" (D85829)
Roseibacterium elongatum JCM 11220 (AB601471)
Roseibacterium beibuensis JLT1202r" (JN247667)
Dinoroseobacter shibae DFL 12" (AJ534211)
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Loktanella salsilacus LMG 21507 (AJ440997)

gs{ Roseicitreum antarcticum ZS2-28" (FJ196006)
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Roseinatronobacter thiooxidans DSM 13087" (AF249749)

99; Gemmobacter aquatilis DSM3857" (FR733676)

Rhodobacter capsulatus ATCC 11 166T(D1 6428)
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Fig. 5 Neighbor-joining tree
for strains JLT1202r",

R. elongatum OCh 3237 and
other related taxa based on pufM
gene sequences available from
GenBank database. Bootstrap
values were based on 1,000
replications and percentages
(above 50 %) from neighbor-
joining (above nodes) and

100

62

100+ Roseobacter sp. BS36 (EU009367)

100% Roseobacter sp. BS90 (EU009368)
Roseivivax halodurans NBRC16685 (DQ915718)
Roseivivax halotolerans NBRC16686 (DQ915719)
1004 Roseobacter denitrificans DSM 70017 %
1007 Roseobacter denitrificans NBRC15277 (DQ915721)

100 | Roseobacter litoralis DSM 6996" %
1 +

74

100
95

100
100

maximum-parsimony (below
nodes) are shown. Black star
symbols represented the pufM
gene sequences from whole
genome sequences. Filled
circles indicate nodes recovered
reproducibly by using the two

99

» Roseobacter litoralis NBRC15278 (DQ915722)
Roseibacterium beibuensis JLT1202r (JQ694098)
Roseibacterium elongatum OCh 323" (JQ694099)
Jannaschia sp. CCS1 %

Dinoroseobacter shibae DFL 12" %

1001

Roseovarius tolerans NBRC16695 (DQ915720)

treeing methods. Bar 0.1

91
g

97

Roseobacter sp. CCS2 %

nucleotide substitutions per
nucleotide position

90

Loktanella vestfoldensis SKA53 %
?{Erythrobacter sp. NAP1 %
7|
100 Erythrobacter sp. COL13 (AY326261)

100 10

0 Erythrobacter sp. MG22 (AY326263)
Erythrobacter sp. NJ3Y (AY326264)

100

98
98

Congregibacter litoralis DSM 17192" %

Marine gamma proteobacterium HTCC2080 *
100 Chloroflexus aggregans DSM 9485" %

0.1

Description of Roseibacterium beibuensis sp. nov.

Roseibacterium beibuensis (beibu.en’sis. N.L. masc. adj.
beibuensis pertaining to Beibu Gulf in the South China Sea,
the place where the type strain was isolated).

Cells are gram-negative, non-motile, short-ovoid to rod-
shaped, no flagella. Wine-red, smooth, opaque colonies
form on MA at 28 °C after incubation aerobically for
3 days. The strain is nitrate reduction, catalase, oxidase,
urease, and Voges—Proskauer reaction positive, negative
for indole production, hydrolysis of starch and Tween 80.
Growth occurs at 15-43 °C, 0-10 % NaCl, pH 6.5-9.0
with optimal growth at 28-30 °C, 3-4 % NaCl, pH
7.5-8.0. Bacteriochlorophyll is synthesized under aerobic,
dark condition with two in vivo absorption peaks at 800
and 877 nm. Several regular carbon sources can be used as
sole substrate, such as p-glucose, acetate, glycerol, and
maltose. The major cellular fatty acids were C;g.; w7c,
Ci6:0, Cis:0, Ci0:0 3-OH, Cyg,0 2-OH, and 11-methyl Cs.,
w7c. The major respiratory quinone is Q-10 and genomic
DNA G+C content is 76.3 mol%.

The type strain, JLT1202r" (=JCM 18015" = CGMCC
1.10994T) was isolated from the surface water of the Beibu
Gulf in the South China Sea.

100 Chloroflexus aurantiacus J-10-fl %
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