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Abstract A gram-stain-negative, aerobic, ovoid or short

rod-shaped, and non-motile strain, designed G7T was iso-

lated from a tidal flat sample collected from the coast of

East Sea in Zhoushan, China. Strain G7T grew at 4–40 �C
and pH 6.0–9.0 (optimum, 28 �C and pH 7.5) and with

0–7% (w/v) NaCl (optimum, 1%). The predominant res-

piratory quinone was Q-10 and the major fatty acids

([10%) identified were C18:1 x7c, C16:0 and summed

feature 3 (C16:1 x7c and/or C16:1 x6c). The polar lipids of

strain G7T consisted of phosphatidylglycerol, phos-

phatidylethanolamine, phosphatidylcholine, and four

unidentified lipids. The genomic DNA G?C content was

56.7 mol%. Phylogenetic analysis based on 16S rRNA

gene sequences showed that strain G7T formed a distinct

lineage belonging to the Roseobacter clade of the family

Rhodobacteraceae. On the basis of morphological, physi-

ological, and chemotaxonomic characteristics, together

with the results of phylogenetic analysis, strain G7T is

described as a novel species in a new genus, for which the

name Aestuarium zhoushanense gen. nov., sp. nov. (type

strain G7T = MCCC 1K03229T = KCTC 52584T) is

proposed.

Introduction

The family Rhodobacteraceae, belonging to the order

Rhodobacterales of the class Alphaproteobacteria, was

established by Garrity et al. [8, 9]. At the time of writing,

the family Rhodobacteraceae comprises 128 genera with

457 validly published species (http://www.bacterio.net/).

The Roseobacter clade, which is the largest group within

Rhodobacteraceae, including over 70 validly named gen-

era and over 170 validly named species [21, 25]. Most

members of the Roseobacter clade are aquatic bacteria that

are frequently found in the marine environment, especially

in coastal and polar oceans, where members of the

Roseobacter clade comprises 15–25% of the total bacteri-

oplankton communities [22]. Isolates of this clade display

diverse physiologies, including such aerobic anoxygenic

photosynthesis, oxidation or degradation of carbon

monoxide, sulfite, methanesulfonic acid, dimethylsulfo-

niopropionate, methylamine, methyl bromide, lignin, aro-

matic compounds, production of allelopathic compounds

and bioactive secondary metabolites, reduction of trace

metals and indication of symbiotic and pathogenic

The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA

gene sequence and WGS whole-genome project of strain G7T are

KX890235 and CP021114-CP021117, respectively. The Digital

Protologue database TaxonNumber for strain G7T is TA00172.
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relationships [2, 20]. This paper describes a novel genus

and species of the Roseobacter clade isolated from a

coastal tidal flat sample, for which the name Aestuarium

zhoushanense gen. nov., sp. nov. is proposed.

Materials and Methods

Strains and Culture Conditions

A tidal flat sample was collected from the coast of East Sea

in Zhoushan, China (Depth of 0 m, 122.1035�E,
29.9522�N) in July, 2016. The isolate was obtained by the

standard dilution plating technique at 20 �C on modified

marine agar 2216 [19] and cultivated routinely on marine

agar 2216 (MA; BD DifcoTM) or in marine broth 2216

(MB; DifcoTM) at 28 �C. Purified strain was maintained on

MA at 4 �C for short-term storage and stored at -80 �C
with 25% (v/v) glycerol and by lyophilization with 20%

(w/v) skimmed milk for long-term preservation.

Cell biomass of the strain for DNA extraction and for

the analyses of isoprenoid quinones and polar lipids was

obtained from cultures grown for 2 days in MB at 28 �C.
For cellular fatty acids analysis, cell mass of the isolate was

harvested from MA plates after incubation for 5 days at

28 �C. Strain G7T has been deposited at the MCCC

(Marine Culture Collection of China) and the KCTC

(Korean Collection for Type Cultures).

Determination of 16S rRNA Gene Sequence

and Phylogenetic Analysis

The 16S rRNA gene of G7T was amplified using universal

primers 27F/1492R [13]. PCR products were cloned into

pMD-19T vector (TaKaRa) for sequencing [33]. The

nearly complete 16S rRNA sequence (1428 bp) was per-

formed pairwise sequence alignment by the EzTaxon-e

server [12]. Phylogenetic trees were constructed using the

neighbor-joining [24], maximum-parsimony [7] and max-

imum-likelihood [6] methods with the MEGA version 5.0

software package [28]. All bootstrap analyses were based

on 1000 replications. Genome DNA of strain G7T was

extracted using CTAB methods as described by Clarke

et al. [3]. The complete genome was sequenced by

Majorbio Genome Institute (Shanghai) with PacBio plat-

form and assembled by HGAP [1]. Average nucleotide

identity was calculated with OrthoANI [17]. DNA

G?C mol% was calculated from the genomic sequences.

Phenotypic Characterization

Cell morphological characteristics were observed by opti-

cal microscopy (BX40; Olympus) after gram staining and

by transmission electron microscopy (JEM-1230; JEOL)

after uranyl acetate staining. Motility was determined by

microscopic observation and inoculation in semi-solid agar

medium. Cultures incubated for 2 days were used to

determine the optimal growth while those incubated for

14 days were used to determine the growth limits. The

temperature range for growth was determined at 4–50 �C
(4, 10, 15, 20, 25, 28, 30, 35, 37, 40, 42, 45 and 50 �C). The
pH range for growth was measured from 5.0 to 10.0 (at 0.5

pH unit intervals) by supplementing 50 mM buffering

agents, including MES (pH 5.0–6.0), PIPES (pH 6.5–7.0),

Tricine (pH 7.5–8.5) and CAPSO (pH 9.0–10.0). Tolerance

of NaCl (0–15.0%, w/v, at intervals of 1%) was investi-

gated in NaCl-free MB [36].

Antibiotic susceptibility was tested on MA plates with

discs containing the following antibiotics (lg per disc

unless stated otherwise): kanamycin (30), streptomycin

(10), erythromycin (15), rifampicin (5), chloramphenicol

(30), gentamycin (10), tetracycline (30), cephradine (30),

neomycin (30), ciprofloxacin (5) and nalidixic acid (30).

Catalase and oxidase activities were individually deter-

mined using 3% (v/v) hydrogen peroxide solution and

oxidase reagent (bioMérieux). Anaerobic growth was

examined in an anaerobic jar (MGC) with AnaeroPack

(MGC) on modified MA supplemented with potassium

nitrate (0.1%, w/v) as a potential electron acceptor for

30 days. The pigment absorption spectrum analysis was

performed using a DU 800 Spectrophotometer (Beckman;

absorption spectrum from 300 to 1000 nm) based on the

method described by Wu et al. [31]. Tests for nitrate

reduction, hydrolysis of starch, gelatin, skim milk and urea

were performed according to Dong and Cai [4]. Tweens 20,

40, 60 and 80 were examined as described by Sun et al.

[27]. Indole production test was assayed according to

Zhang et al. [37]. Hydrolysis of hypoxanthine and xanthine

were tested as described [10]. Degradation of L-tyrosine

was performed according to Zhang et al. [38]. The uti-

lization of carbon sources was tested in the basal medium

with 0.4% (w/v) of each carbon source as described by Su

et al. [26]. Additional enzyme activities and physiological

characteristics were tested by API 20NE and API ZYM kits

(bioMérieux) according to the manufacturer’s instructions.

Determination of Isoprenoid Quinones, Fatty Acids

and Polar Lipids

For chemotaxonomic studies, cell mass of strain G7T and

three reference strains were cultured under the same con-

ditions unless otherwise stated. Isoprenoid quinones were

extracted as described by Komagata and Suzuki [14] and

analysed by LC–MS (Agilent) [29]. Cellular fatty acids

methyl esters were extracted as described by Kuykendall

et al. [15] and analyzed according to the instructions of the
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microbial identification system (MIDI; Microbial ID). The

polar lipids were extracted and separated by two-dimen-

sional TLC (silica-gel plates 60, Merck 5554) and identi-

fied using standard procedures [5, 18].

Results and Discussion

Genotypic Characterization and Taxonomic

Conclusion

On the basis of 16S rRNA gene sequence alignment, strain

G7T exhibited the highest similarity value (95.5%) with

Aestuariihabitans beolgyonensis KCTC 32324T and to

species of genera Donghicola (B95.4%) and Octade-

cabacter (B95.2%). As shown in Fig. 1, phylogenetic trees

constructed using the neighbor-joining, maximum-likeli-

hood and maximum-parsimony algorithms indicated that

strain G7T formed an independent lineage within the

Roseobacter clade of the family Rhodobacteraceae, and

formed a robust cluster with Ketogulonicigenium vulgare

DSM 4025T, K. robustum X6LT, Oceanicola granulosus

KCTC 12145T, and Roseisalinus antarcticus DSM 11466T.

The type species K. vulgare DSM 4025T was not deposited

at any collection institutes. Therefore, A. beolgyonensis

KCTC 32324T [35], O. granulosus KCTC 12145T [2] and

R. antarcticus DSM 11466T [16] were selected as refer-

ences for physiological and chemotaxonomic analysis.

Strain A. beolgyonensis KCTC 32324T and O. granulosus

KCTC 12145T were purchased from Korean Collection for

Type Cultures (KCTC). R. antarcticus DSM 11466T was

obtained from the Deutsche Sammlung von Mikroorgan-

ismen und Zellkulturen GmbH (DSMZ).

The genomic G?C content of strain G7T was deter-

mined to be 56.7 mol%, which was different from the

related type strains, such as A. beolgyonensis KCTC

32324T (62.7%), O. granulosus KCTC 12145T (71.5%), K.

vulgare DSM 4025T (54.0%) [30], R. antarcticus DSM

11466T (67.0%) and the type genus of the family

Rhodobacteraceae ([60 mol%) [34]. The OrthoANI value

between strain G7T and K. vulgare DSM 4025T was cal-

culated to be 69.8%, which was lower than the threshold

value of 95% ANI relatedness for species demarcation

[11, 23]. The WGS whole-genome accession numbers of

strain G7T were CP021114-CP021117. The genotypic and

phylogenetic analyses indicated that strain G7T represented

a novel species of a novel genus of the family Rhodobac-

teraceae within the class Alphaproteobacteria.

Phenotypic Characterization

Cells of strain G7T was observed to be gram-stain negative,

aerobic, non-motile and ovoid or short rod-shaped

(0.6–0.8 lm in width and 1.0–2.5 lm in length). Ultrathin

sections revealed that strain G7T possessed cytoplasmic

membrane and an outer membrane and accumulated PHB

as described in many members of Roseobacter clade

(Fig. 2). Flagellum was not observed. Colonies were

0.5–1.0 mm in diameter, circular, slightly convex and

greyish yellow with entire margins after incubation on MA

Roseovarius gaetbuli YM-20T (KF208688)
Roseovarius marisflavi H50T (KC900366)
Roseovarius lutimaris 112T (JF714703)

Roseovarius tolerans DSM 11457T (Y11551)
Aestuariihabitans beolgyonensis KCTC 32324T (KC577450)

Primorskyibacter sedentarius KMM 9018T (AB550558)
Aestuarium zhoushanense G7T (KX890235)

Ketogulonicigenium vulgare DSM 4025T (AF136849)
Ketogulonicigenium robustum X6LT (AF136850)

Oceanicola granulosus KCTC 12145T (AY424896)
Roseisalinus antarcticus DSM 11466T (AJ605747)

Donghicola eburneus SW-277T (DQ667965)
Poseidonocella pacifica KMM 9010T (AB576005)

Poseidonocella sedimentorum KMM 9023T (AB576006)
Roseivivax lentus S5-5T (FJ875966)

Roseivivax halotolerans OCh 210T (D85831)
Roseivivax jejudonensis CDM-17T (KM058064)

Roseivivax sediminis YIM D21T (HQ615878)
Youngimonas vesicularis CC-AMW-ET (KC169815)

Pseudodonghicola xiamenensis Y-2T (DQ120728)
Hyphomonas polymorpha DSM 2665T (AJ227813)
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Fig. 1 Neighbour-joining

phylogenetic tree of strain G7T

and some closely related taxa,

based on 16S rRNA gene

sequences (1428 bp). Numbers

at branching points represent

bootstrap values (%) from 1000

replicates; only values C50%

are shown. Solid circles indicate

that the corresponding nodes

were also recovered in

maximum-likelihood and

maximum-parsimony trees.

Hyphomonas polymorpha DSM

2665T (AJ227813) was used as

an outgroup. Bar, 0.01

substitutions per nucleotide

position
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at 28 �C for 3 days. Under the optimal growth conditions,

cells reached the logarithmic phase in MB at the third day

and on MA at the fifth day. Extracts of bacteriochlorophyll

a (Bchl a) did not show absorption maxima in the visible

and in the infrared range (Supplementary Fig. S1); extracts

of the reference strain R. antarcticus DSM 11466T showed

a larger absorption peak at 870 nm and smaller peaks at

800–801 and 590–592 nm [16]. Optimum growth occurred

at 1% (w/v) NaCl, 28 �C and pH 7.5. Strain G7T grew well

without NaCl, which differed from the reference strains A.

beolgyonensis KCTC 32324T, O. granulosus KCTC

12145T, and R. antarcticus DSM 11466T that could not

grow without NaCl (Table 1). The isolate was susceptible

to kanamycin, streptomycin, erythromycin, rifampicin,

chloramphenicol, gentamycin, cephradine, neomycin and

ciprofloxacin, and was resistant to tetracycline and nali-

dixic acid. Other physiological and biochemical charac-

teristics were given in Table 1 and in the species

description.

Isoprenoid Quinones, Fatty Acids and Polar Lipids

Characterization

The predominant respiratory quinone detected in strain

G7T was Q-10 ([99%), which was typical of the vast

majority of the class Alphaproteobacteria [32]. The cel-

lular fatty acid profiles of strain G7T and the reference

strains A. beolgyonensis KCTC 32324T, O. granulosus

KCTC 12145T and R. antarcticus DSM 11466T are com-

pared in Table 2. As listed in Table 2, C18:1 x7c (51.6%),

C16:0 (20.3%) and summed feature 3 (C16:1 x7c and/or

C16:1 x6c) (12.6%) were the major fatty acids ([10%)

detected in strain G7T. These data were similar with other

three reference strains, and all the four strains possessed

C18:1 x7c as the most abundant fatty acid. However, the

profiles of strain G7T were distinguishable from the three

reference strains by differences in the proportions of some

fatty acids. For example, C16:0 and summed feature 3 were

the major fatty acids of strains G7T, but they were strik-

ingly lower detected in reference strains A. beolgyonensis

KCTC 32324T (5.3 and 0.7%, respectively), O. granulosus

KCTC 12145T(11.8 and 1.2%, respectively) and R.

antarcticus DSM 11466T(14.5% and not detected, respec-

tively). The polar lipids detected in strain G7T were

phosphatidylglycerol (PG), phosphatidylethanolamine

(PE), phosphatidylcholine (PC) and four unidentified lipids

(L1-4) (Supplementary Fig. S2). Two polar lipids PG and

PC were also presented in A. beolgyonensis KCTC 32324T,

O. granulosus KCTC 12145T and R. antarcticus DSM

11466T as major polar lipids, but the moderate component

PE and two minor amounts (L1 and L4) were not found in

other three reference strains (Supplementary Fig. S2).

On the basis of the phylogenetic, physiological and

chemotaxonomic distinctiveness and other differential

properties, strain G7T is considered to represent a novel

species of a novel genus within the family Rhodobacter-

aceae, for which the name Aestuarium zhoushanense gen.

nov., sp. nov., is proposed.

Description of Aestuarium gen. nov

Aestuarium (Aes.tu.a.ri’um. L. n. aestuarium, an estuary,

tidal flat).

Cells are Gram-stain negative, aerobic, ovoid or short

rod-shaped and non-motile. Catalase- and oxidase-positive.

The major isoprenoid quinone is Q-10. The principal cel-

lular fatty acids ([10%) are C18:1 x7c and summed feature

3 (C16:1 x7c and/or C16:1 x6c). The major polar lipids

include phosphatidylglycerol, phosphatidylethanolamine,

phosphatidylcholine and four unidentified lipids. The G?C

content of the genomic DNA of the type strain of the type

species is 56.7 mol% (by genome). The phylogenetic

Fig. 2 Transmission electron

micrographs showing the cell

morphology and ultrastructure

of strain G7T. Bars 0.5 lm (a),
100 nm (b). CM cytoplasmic

membrane, OM outer

membrane, PHB poly-b-
hydroxybutyrate
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Table 1 Differential phenotypic characteristics of strain G7T and representatives of some phylogenetically related taxa

Characteristic 1 2 3 4

Source Tidal flat Tidal flata Sea waterb Lake waterc

Flagella Not found Not founda Not foundb Not foundc

Motility - - - ?c

Colony colour Greyish yellow Greyish yellow Faint yellow Red

Type of metabolism Aerobic Aerobica Aerobic to microaerophilicb Aerobic to microaerophilicc

Optimum temperature (�C) 28 30a 28b 16–26c

Growth at 4 �C ? ?a ?b ?c

Growth at 37 �C ? -a ?b -c

Growth at 0% NaCl

(w/v)

? -a -b -c

Bchl a production - NDa NDb ?c

PHB Accumulation ? NDa ?b ?c

Hydrolysis of

Gelatine ? ? - -c

Tween 40 ? ? - ?c

Tween 60 ? ? W NDc

Tween 80 - - - ±c

L-Tyrosine - - ? NDc

Nitrate reduction - - - Wc

Utilization of

Acetate ? - - ?

D-Fructose ? - - ?

D-Galactose ? - ? ?

D-Glucose ? - ? ?

Succinic acid - - ? ?

API ZYM

Esterase (C4) ? - ? ?

Valine arylamidase W ? ? W

Cysteine arylamidase - - W W

Acid phosphatase ? W W ?

Napthol-AS-Bi-phosphopydrase ? W W W

a-galactosidase - - - ?

b-galactosidase - - ? ?

a-glucosidase ? - W ?

b-glucosidase ? - ? ?

N-acetyl-b-glucosami-nidase - - ? ?

a-mannosidase - - - W

b-fucosidase - - ? W

API 20NE

Hydrolysis of

Urea ? - ? -

Esculin ? - ? ?

b-galactosidase W - ? ?
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Table 1 continued

Characteristic 1 2 3 4

DNA G ? C content (mol%) 56.7 62.7a 70.9–71.5b 67.0c

Strains: 1, G7T; 2, Aestuariihabitans beolgyonensis KCTC 32324T; 3, Oceanicola granulosus KCTC 12145T; 4, Roseisalinus antarcticus DSM

11466T. All data are obtained from this study unless indicated

? positive

- negative

W weakly positive

ND no data available
a Data from Yoon et al. [35]
b Data from Cho and Giovannoni [2]
c Data from Labrenz et al. [16]

Table 2 Cellular fatty acid profile (%) of strain G7T and the type strains of related species

Fatty acid 1 2 3 4

Straight-chain

C16:0 20.3 5.3 11.8 14.5

C17:0 tr 18.4 tr –

C18:0 1.1 1.1 1.0 1.6

Unsaturated

C16:1 x11c – – – 4.5

C17:1 x8c – 1.7 tr –

C18:1 x7c 51.6 43.6 66.8 66.3

11 methyl C18:1 x7c 4.8 3.8 2.1 6.5

C19:0 cyclo x8c – tr 8.8 –

Hydroxy

C10:0 3OH 7.7 3.2 1.8 2.4

C11:0 3OH – 1.4 tr –

C12:0 3OH – – 1.8 –

C12:1 3OH – – – 1.7

C15:0 2OH – 7.8 – –

C16:0 2OH – 4.6 – –

C17:0 2OH – 2.0 – –

Summed featuresa

1 – 1.9 – –

3 12.6 tr 1.2 –

7 tr – 2.6 1.2

Strains: 1, G7T; 2, A. beolgyonensis KCTC 32324T; 3, O. granulosus KCTC 12145T; 4, R. antarcticus DSM 11466T. Fatty acids that represented

\1.0% in all strains were not shown. All data are from this study (cellular fatty acids of R. antarcticus DSM 11466T were extracted after

incubation on MA at 20 �C for 10 days)

Summed feature 1 comprises iso-C15:1 H and/or C13:0 3OH

Summed feature 3 comprises C16:1 x7c and/or C16:1 x6c

Summed feature 7 comprises C19:1 x6c and/or x7c and/or C19:0 cyclo

tr, trace (\1.0%); –, not detected
a Summed features represent one or more fatty acids that cannot be separated by GLC with the MIDI system
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analysis based on 16S rRNA gene sequence indicates that

the novel taxon forms a distinct lineage belonging to the

Roseobacter clade of the family Rhodobacteraceae. The

type species is Aestuarium zhoushanense.

Description of Aestuarium zhoushanense sp. nov

Aestuarium zhoushanense (zhou.shan.en’se. N.L. neut. adj.

zhoushanense referring to the Zhoushan city in China, from

which the type strain was isolated).

Cells are gram-stain-negative, aerobic, non-motile and

ovoid or short rod-shaped, approximately 0.6–0.8 lm in

width and 1.0–2.5 lm in length without flagella. Accu-

mulate PHB granules. Colonies are 0.5–1.0 mm in diam-

eter, circular, slightly convex and greyish yellow with

entire margins after incubation on MA at 28 �C for 3 days.

Growth occurs at 4–40 �C (optimum, 28 �C), pH 6.0–9.0

(optimum, pH 7.5) and with 0–7% (w/v) NaCl (optimum,

1%). NaCl is not necessary for growth. Does not produce

Bchl a. Positive results in tests for catalase and oxidase

activities, hydrolysis of Tween 40, Tween 60, urea and

gelatin. Negative for nitrate and nitrite reduction, indole

production, and hydrolysis of Tween 20, Tween 80, starch,

skim milk, L-tyrosine, hypoxanthine and xanthine. Acetate,

D-galactose, D-fructose and D-glucose are utilized as sole

carbon and energy sources, but succinic acid is not utilized.

In API ZYM tests, production of alkaline phosphatase,

esterase (C4), esterase lipase (C8), leucine arylamidase,

acid phosphatase, napthol-AS-BI-phosphohydrase, a-glu-
cosidase and b-glucosidase are positive; production of

valine arylamidase is weakly positive. In API 20NE tests,

fermentation of glucose and hydrolysis of urea, esculin and

gelatin are positive; weakly positive for b-galactosidase.
All negative properties tested using API ZYM and API

20NE strips are presented in Supplementary Table 1.The

predominant respiratory quinone is Q-10. Principal cellular

fatty acids ([10%) are C18:1 x7c, C16:0 and summed fea-

ture 3 (C16:1 x7c and/or C16:1 x6c). The polar lipids

comprise phosphatidylglycerol, phosphatidylethanolamine,

phosphatidylcholine and four unidentified lipids. The G?C

content of genomic DNA of the type strain is 56.7 mol%.

The type strain, G7T (=MCCC 1K03229T = KCTC

52584T), was isolated from a tidal flat sample collected

from the coast of East Sea in Zhoushan, China. The Gen-

Bank/EMBL/DDBJ accession numbers for the 16S rRNA

gene sequence and WGS whole-genome project of strain

G7T are KX890235 and CP021114-CP021117, respec-

tively. The DPD TaxonNumber for strain G7T is TA00172.
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Döbler I, Ulbrich M, Klenk H-P, Schomburg D, Petersen J, Göker
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