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Abstract A novel strain, YIM 100770T, was isolated

from Rhinoceros unicornis faeces collected from

Yunnan Wild Animal Park, China. The taxonomic

status was determined based on the physiological,

biochemical and phylogenetic characteristics. Strain

YIM 100770T was observed to be rod-shaped, non-

motile, Gram-stain negative and aerobic. The G?C

content of the genomic DNA was determined to be

68.5 mol%. The cells of strain YIM 100770T contain

ubiquinone Q-10 as the respiratory quinone. The

major fatty acids ([1%) were identified as Summed

feature 8 (C18:1 x7c and/or C18:1 x6c; 78.1%),

Summed feature 4 (iso-C17:1-I and/or anteiso-C17:1-

B; 12.9%), C19:0 cyclo x8c (2.8%), C16:0 (2.2%) and

C18:0 (2.2%). Comparison of 16S rRNA gene

sequences revealed the strain show high similarities

with the members of the genera Psychroglaciecola

(94.5%), Methylobacterium (90.5–94.1%) and Mi-

crovirga (92.0–93.3%) in the family Methylobacteri-

aceae. In addition, the strain also showed high

similarities with the members of the genera Chelato-

coccus (93.7–94.0%) and Pseudochelatococcus

(93.1–93.7%) in the family Beijerinckiacea, and the

genus Bosea (93.1–93.8%) in the family Bradyrhizo-

biaceae. The phylogenetic analysis, combined with

the chemical characteristics, suggest that the strain

represents a novel genus in the order Rhizobiales of the

class Alphaproteobacteria, for which the name En-

terovirga rhinocerotis gen. nov., sp. nov. is proposed.

The type strain of E. rhinocerotis is YIM 100770T

(=DSM 25903T = CCTCC AB 2012048T).

Keywords Enterovirga rhinocerotis gen. nov., sp.

nov. � 16S rRNA gene � Faeces

Introduction

The order Rhizobiales in the class Alphaproteobacte-

ria contains ten families (David 2005) and, in addition

to these families, Cohaesibacteraceae (Hwang and

Cho, 2008), Roseiarcaceae (Kulichevskaya et al.

2014) and Xanthobacteraceae (Lee et al. 2005) were

later identified. Some species in the order Rhizobiales

can accumulate intracellular granules of poly-b-
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hydroxybutyrate (PHB) (Kim et al. 2003; Thomsen

et al. 2006; Zhang et al. 2009). Large numbers of

bacteria reside in animal intestines, either temporarily

or for long periods, and can be beneficial to their hosts;

faecal bacteria represent the bacteria of the intestine

bacteria to a certain extent (Ley et al. 2008; Qin et al.

2010; Ellis et al. 2013). During an exploration of the

faecal bacteria of some mammals, a novel PHB

accumulating isolate, designated YIM 100770T, was

isolated from a sample of Rhinoceros unicornis faeces

collected from Yunnan Wild Animal Park in Yunnan

province, south-west China. Here we describe the

phenotypic, chemotaxonomic and phylogenetic char-

acters of the strain, and conclude that it represents a

novel genus in the order Rhizobiales of the class

Alphaproteobacteria, for which the name Enterovirga

rhinocerotis gen. nov., sp. nov. is proposed.

Materials and methods

Isolation and maintenance of strains

After a R. unicornis defecated, fresh faecal samples

from the middle of the stool were taken using a sterile

plastic bag and stored at 4 �C. Air-dried samples were

mixed with 0.8% NaCl solution, and then the suspen-

sion was spread onto mycose-proline agar (Cao et al.

2012) and incubated at 28 �C for 7 days. After

purification, the strain was maintained on yeast

extract-malt extract agar (International Streptomyces

Project medium no. 2, ISP 2; Shirling and Gottlieb

1966) at 28 �C and stored in glycerol suspensions

(20%, v/v) at -80 �C.
Methylobacterium organophilum DSM 18172T and

Microvirga subterranea DSM 14364T were obtained

from DSMZ as reference strains for comparative

testing.

Molecular analysis

For 16S rRNA gene sequence analyses, DNA was

extracted and was amplified using primers 27F and

1523R. Sequencing of the fragment was performed as

described by Cui et al. (2001). Sequence data for

phylogenetic trees were retrieved from GenBank/

DDBJ/EMBL databases using the EzTaxon-e server

(http://eztaxon-e.ezbiocloud.net/; Kim et al. 2012) and

aligned by CLUSTAL_X (Thompson et al. 1997).

Phylogenetic analysis was carried out using the soft-

ware MEGA version 6.0 (Tamura et al. 2013). Phy-

logenetic trees were constructed using the neighbour-

joining (Saitou and Nei 1987), maximum-likelihood

(Felsenstein 1981) and maximum-parsimony (Fitch

1971) algorithms with bootstrap values based on 1000

replications (Felsenstein 1985). Distance matrices

were calculated with Kimura’s two-parameter model

(Kimura 1980). Procedures described by Bouthinon

and Soldano (1999) and Akutsu (2000) were used to

examine the secondary structures of nine variable

areas (V1–V9) of the 16S rRNA gene. The 16S rRNA

gene sequences were cut using the program CLUS-

TAL_X and the secondary structures were evaluated

and viewed via the program RNA structure 5.3. The

G?C content of genomic DNA was determined as

described previously (Marmur 1961; Mesbah et al.

1989).

Chemotaxonomy

Analysis of the fatty acids of strain YIM 100770T was

performed as described by Sasser (1990) using the

Microbial Identification System (MIDI) (Sherlock

Version 6.1; MIDI database: TSBA6). Isoprenoid

quinones were extracted with chloroform/methanol

(2:1, v/v), the type and length were determined using

an HPLC according to the method described by

Minnikin et al. (1984) and Kroppenstedt (1982). Polar

lipids were extracted and analysed as described by

Minnikin et al. (1984) using two dimensional TLC

(silica gel 60 plates; Merck). The cells for detection of

the fatty acids were havested from TSA after incuba-

tion at 28 �C for 3 days, and for other chemotaxo-

nomic characteristics after incubation for 7 days.

Morphological, cultural, physiological,

biochemical characteristics

The Gram reaction was performed using the KOH

lysis test method (Cerny 1978). Cells morphology,

motility and flagella were examined via transmission

electron microscopy using a JEM-2100 microscope

after incubation on trypticase soy agar (TSA; Difco) at

28 �C (2.5, 5 and 7 days, respectively). Growth under

anaerobic conditions was tested on ISP 2 agar medium

at 28 �C using the anaeropack system. Growth was

also tested under a variety of conditions: 5–45 �C, pH
4.0–10.0 (at intervals of 1.0 pH units) and NaCl
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concentrations from 0 to 7% (w/v, at intervals of

0.5%). The buffer system described by Xu et al. (2005)

was used in media of different pH values. Phenotypic

tests performed including the following were tested as

described previously (Smibert and Krieg 1994):

carbon and nitrogen source utilisation; oxidase (oxi-

dase reagent; bioMérieux) and catalase (3% H2O2)

activities; starch, gelatin, Tween 20, Tween 40 and

Tween 80 hydrolysis; nitrate reduction; milk coagu-

lation and peptonisation; cellulase and urease activi-

ties. Other phenotypic and biochemical features were

determined using API 20NE, API ZYM (bioMérieux)

strips following the manufacturer’s instructions.

Results and discussion

The analysis of its nearly complete 16S rRNA sequence

(GenBank accession number KC992737) indicated that

strain YIM 100770T showed high similarities with the

members of the genera Psychroglaciecola (94.5%),

Methylobacterium (90.5–94.1%) and Microvirga

(92.0–93.3%) in the familyMethylobacteriaceae, Che-

latococcus (93.7–94.0%) and Pseudochelatococcus

(93.1–93.7%) in the family Beijerinckiacea, and Bosea

(93.1–93.8%) in the family Bradyrhizobiaceae. Phylo-

genetic analysis using the neighbor-joining method

(Fig. 1) revealed that strain YIM 100770T formed a

cluster with the members of the genera Chelatococcus,

Camelimonas and Pseudochelatococcus in the family

Beijerinckiaceae with a bootstrap value of 57. The

topological relationshipof this clusterwasmaintained in

themaximum-likelihood tree but with a lower bootstrap

value of 43 (Fig. S1). However, strain YIM 100770T

formed a cluster with the members of the genera

Methylobacterium and Psychroglaciecola in the family

Methylobacteriaceaewith a bootstrap value of 47 when

a maximum-parsimony tree was constructed (Fig. S1).

In addition, the topologies of the trees were variable

when the strains were added or removed. Thus, the

family level affiliation of strain YIM 100770T remains

unclear. Secondary structures of the V1 and V3 regions

in the 16S rRNA gene are similar in patterns to those of

the type species (exceptChelatococcus caeniEBR-4-1T

for the sequence of the type species is short) in closely

related genera, but the structures of the V2, V4 and V9

regions are unique to strain YIM 100770T (Fig. S2).

Yarza et al. (2014) proposed a threshold of 94.5%

sequence identity for delineation of a new genus based

on 16S rRNA gene analyses. Thus, strain YIM 100770T

can be considered to represent a novel genomic genus in

the order Rhizobiales of the class Alphaproteobacteria.

The G?C content of genomic DNA of strain YIM

100770T was determined to be 68.5 mol%.

Ubiquinone 10 was detected as the predominant

respiratory quinone, which in accordance with the

characteristics of closely related genera. The polar

lipids profile was determined to contain diphos-

phatidylglycerol (DPG), phosphatidylglycerol (PG),

phosphatidylcholine (PC), phosphatidylethanolamine

(PE), phosphatidylmonomethylethanolamine (PME),

four unidentified phospholipids (PL1–4) and seven

unidentified polar lipids (L1–7). The polar lipids were

similar to those of the type species of closely related

genera in the family Methylobacteriaceae, but the

amounts of the unidentified polar lipids and phos-

pholipids were different from each other (Fig. S3; Qu

et al. 2014). The presence of DPG, PE and PME, and

the presence of unidentified phospholipids and

absence of unidentified glycolipid and unidentified

aminolipids in the strain YIM 100770T lipid profile

could distinguish the strain from the type species of

the genera Chelatococcus, Pseudochelatococcus and

Camelimonas of the family Beijerinckiacea, respec-

tively (Yoon et al. 2008; Kämpfer et al. 2010, 2015).

The presence of PE, PL1–4 and L1–7, and the absence

of unidentified aminolipids in strain YIM 100770T

can differentiate it from the members of the genus

Bosea (Das et al. 1996). The cellular fatty acids

([1.0%) of strain YIM 100770T were found to

contain Summed feature 8 (C18:1 x7c and/or C18:1

x6c; 78.1%), Summed feature 4 (iso-C17:1-I and/or

anteiso-C17:1-B; 12.9%), C19:0 cyclo x8c (2.8%),

C16:0 (2.2%) and C18:0 (2.2%). The fatty acid profiles

of strain YIM 100770T and members of closely

related genera are given in Table 1. Notably, the

presence of Summed feature 4 (iso-C17:1-I and/or

anteiso-C17:1-B; 12.9%) is a discriminative charac-

teristic compared with the type species of closely

related genera. This characteristic supports the

Fig. 1 Neighbour-joining tree based on nearly full-length 16S

rRNA gene sequences showing the phylogenetic position of

strain YIM 100770T among type strains of closely related

genera. Numbers before genus names indicate numbers of type

strains included in the clusters, otherwise including all the type

strains in the genera. Bootstrap values ([50%) based on 1000

resamplings are showing at the branch. Sphingomonas psychro-

lutea MDB1-AT, Sphingomonas paucimobilis GIFU 2395T and

Sphingomonas naasensis KIS18-15T were used as outgroups

b
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conclusion that strain YIM 100770T represents a

novel genus.

Strain YIM 100770T was determined to be aerobic,

negative short rod-shaped cells lacking flagella that

can accumulate PHB granules (Fig. S4). However, the

PHB accumulation was only observed after 2.5 days

culture. The colonies of strain YIM 100770T were

observed to be milk-white with a diameter of

0.5–1.5 mm on both ISP2 and TSA. Strain YIM

100770T was found to be able to grow at 8–37 �C
(optimum 28 �C) but no colonies were observed at

5 �C or 40 �C. The absence of flagella distinguishes

strain YIM 100770T from the members of genera

Psychroglaciecola, Methylobacterium, Bosea and

Microvirga; the colony colour (milk-white rather than

pink, pink to red or light pink) of strain YIM 100770T

Table 1 Cellular fatty acid content (%) of strain YIM 100770T and type strains of closely related genera

Cellular fatty acid 1 2 3 4 5 6 7 8

Unidentified – – – – – – – 0.8

Iso-C13:0 – – – – – – 0.2 –

C14:0 – – – – – – 0.3 –

Summed feature 1 – – – – – – 0.4 –

iso-C15:0 – – – – – – 0.6 –

anteiso-C15:0 – – – – – – 0.4 –

C15:0 – – – – 2.3 – – –

Summed feature 2 0.5 1.2 1.3 4.0 – 4.8 1.7 4.6

Summed feature 3 0.2 22.1 0.6 1.1 3.7 – 2.5 0.6

C16:0 2.2 6.4 4.1 8.5 7.6 4.3 7.9 7.9

Sum feature 4 12.9 – – – – – – –

C15:0 3-OH – – – – 0.5 – 0.7 –

C16:0 3-OH – – – – 3.3 – – –

C17:1 x8c – – – – 3.5 – 1.9 0.8

C17:1 x6c – – – – – – 1.1 –

C17:0 0.5 – – 0.4 4.8 – 7.9 –

C17:0 cyclo – – – 3.2 2.1 – – –

C17:0 3-OH – – – – 0.9 – – –

C18:1 x9c – 1.0 – – – – 0.2 –

Summed feature 8 78.1 64.3 86.2 47.4 61.6 86.0 66.9 11.5

C18:0 2.2 5.0 6.3 0.9 0.7 – 3.4 1.3

11-Methyl C18:1 x7c 0.3 – – – – – – 1.4

C19: 0 cyclo x8c 2.8 – – 29.6 8.3 4.9 3.2 67.3

10-Methyl C19:0 – – – – 0.7 – 0.4 1.0

C18:1 2-OH – – – 0.9 – – – –

C18:0 3-OH – – 1.6 0.8 – – 0.3 1.7

C20:1 x7c 0.4 – – 1.4 – – – –

C20:2 x6,9c – – – – – – – 1.0

(1) Enterovirga rhinocerotis YIM 100770T; (2) Psychroglaciecola arctica M6-76T (Qu et al. 2014); (3) Methylobacterium

organophilum DSM 18172T; (4) Chelatococcus asaccharovorans DSM 6462T (Yoon et al. 2008); (5) Bosea thiooxidans DSM 9653T

(Das et al. 1996); (6) Pseudochelatococcus lubricantis MPA 1113T (major; Kämpfer et al. 2015); (7) Microvirga subterranea DSM

14364T; (8) Camelimonas lactis M 2040T (Kämpfer et al. 2010). – Not detected or no data available. Data in 1, 3 and 7 are from this

study

In MIDI analyses, Summed feature 2 contains iso-C15:1-H and/or C13:0 3-OH; Summed feature 2 contains C14:0 3-OH and/or iso-

C16:1-I; Summed feature 3 contains C16:1 x7c and/or C16:1 x6c; Summed feature 4 contains iso-C17:1- I and/or anteiso-C17:1-B;

Summed feature 8 contains C18:1x7c and/or C18:1 x6c
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is different from that of members of the genera in the

familyMethylobacteriaceae. Oxidase was found to be

negative for strain YIM 100770T but the members of

the genus Chelatococcus, Pseudochelatococcus and

Camelimonas are positive. Differences in phenotypic

traits between the strain YIM 100770T and the type

species of the closely related genera are shown in

Table 2. In addition, strain YIM 100770T was found to

be able to utilise raffinose, glucose, arabinose, man-

nose, mannitol, N-Acetyl-glucosamine, maltose, glu-

conate, malic acid and citrate, but not methanol,

ethanol, capric acid, adipic acid or phenylacetic acid.

Strain YIM 100770T was found to be positive for

catalase, alkaline phosphatase, esterase lipase (C8),

leucine arylamidase, valine arylamidase, cystine ary-

lamidase, trypsin, a-chymotrypsin, acid phosphatase,

a-glucosidase and naphthol-AS-BI-phosphohydro-

lase, but negative for oxidase, esterase (C4), lipase

(C14), a-galactosidase, b-galactosidase, b-glu-
curonidase, b-glucosidase, N-acetyl-b-glu-
cosaminidase, a-mannosidase and a-fucosidase.

In conclusion, the results of examination of the

phylogenetic, chemotaxonomic and some morpho-

logic and physiological properties of the isolate, and

the low levels of 16S rRNA gene sequence similarity

with its close relatives, suggest that strain YIM

100770T represents a novel genus in the order

Rhizobiales of the class Alphaproteobacteria, for

which the name Enterovirga rhinocerotis gen. nov.,

sp. nov. is proposed.

Description of Enterovirga gen. nov

Enterovirga (En.te.ro.vir’ga. Gr. n. enteron,

intestine; L. fem. n. virga, twig, rod; Enterovirga

intestinal rod-shaped bacterium)

Cells stain Gram-stain negative, are non-motile,

and lack flagella. Aerobic. Nitrate reduction is posi-

tive. Catalase positive and oxidase negative. Respira-

tory quinone is Q-10. The polar lipids are

diphosphatidylglycerol, phosphatidylglycerol, phos-

phatidylcholine, phosphatidylethanolamine, phos-

phatidylmonomethylethanolamine, four unidentified

phospholipids and seven unidentified polar lipids. The

main cellular fatty acids are Summed feature 8 (C18:1

x7c and/or C18:1 x6c) and Summed feature 4 (iso-

C17:1- I and/or anteiso-C17:1-B). The G?C content of

the DNA of the type strain of the type species is

approximately 68.5 mol%. Enterovirga belongs to the

order Rhizobiales of the class Alphaproteobacteria

and the type species is Enterovirga rhinocerotis.

Description of Enterovirga rhinocerotis sp. nov

Enterovirga rhinocerotis (rhi.no.ce.ro’tis, L. masc.

gen. n., rhinocerotis referring to the isolation

of the organism from Rhinoceros unicornis faeces)

In addition to the properties given in the genus

description, cells are small, rod-shaped, can accumu-

late poly-b-hydroxybutyrate granules and produce

milk-white colonies. Growth occurs at 8–37 �C, and
the pH range for growth is pH 6–8 and the NaCl range

is 0–3% (w/v). Negetive result for indole production;

hydrolyses gelatin, Tween 20 and aesculin, but not

Tween 40, Tween 80, starch, cellulose or urea. The

type strain YIM 100770T (=DSM 25903T = CCTCC

AB 2012048T) was isolated from R. unicornis faeces.

The partial 16S rRNA gene sequence (1472-bp) of

strain YIM 100770T was deposited in GenBank with

the accession number of KC992737.
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