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Abstract A Gram-stain-negative, rod-shaped and

aerobic bacterium, designated CL12T, was isolated

from roots of Glycine max (Linn. Merr.) collected

from an experimental field in the campus of South

China Agricultural University, PR China (22�58
0
4600S,

110�5101000E). Phylogenetic analysis based on 16S

rRNA gene sequences revealed that strain CL12T

belongs to the genus Rhizobium, closely related to

Rhizobium wuzhouense W44T (99.3%), followed by

Rhizobium rosettiformans W3T (98.0%) and

Rhizobium ipomoeae Shin9-1T (97.9%). The results

of analysis of sequences of four housekeeping genes

(recA, atpD, rpoB and glnA) also revealed strain

CL12T to be closely related to R. wuzhouense W44T

with the similarities 91.0%, 95.0%, 94.2% and 90.5%,

respectively. The major fatty acid of strain CL12T was

Summed Feature 8 (C18:1x7c and/or C18:1x6c). Strain
CL12T had not the nodulation genes (nodC and nodA)

and nitrogenase reductase gene (nifH), and could not

cause formation of nodule on soybean. The draft

genome size of strain CL12T was 4.84 Mbp with a

genomic DNA G ? C content of 61.1 mol%. The

digital DNA–DNA hybridization (dDDH) and average

nucleotide identity (ANI) of strain CL12T and R.

wuzhouense W44T were 27.4% and 84.7%, respec-

tively. Based on genomic, phenotypic and phyloge-

netic analysis, strain CL12T is suggested to represent a

new species of the genus Rhizobium, for which the

The GenBank accession number for the 16S rRNA gene, recA,

atpD, rpoB, glnA and the draft genome sequence of strain

CL12T are MF383489, MN087401, MN087402, MN087403,

MN087404 and VFYP00000000, respectively.
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name Rhizobium glycinendophyticum sp. nov. is

proposed. The type strain is CL12T (=GDMCC

1.1597T = KACC 21281T).

Keywords Rhizobium � Polyphasic taxonomy �
Phylogenetic tree � Comparative genomics � Nitrogen
fixation

Abbreviations

GDMCC Guangdong Microbial Culture Collection

Center

KACC Korean Agricultural Culture Collection

KCTC Korean Collection for Type Culture

CCM Czech Collection of Microorganism

Introduction

A large diversity of endophytic bacteria can help host

plants cope with various biotic and abiotic stresses and

support plant growth and development (Vaishnav et al.

2018; Yaish et al. 2015; Zhao et al. 2016). Rhizobium

strains as endophytes have symbiotic and non-symbiotic

types. Symbiotic Rhizobium strains can fix atmospheric

nitrogen and reduce the need of any exogenous nitrogen

fertilizer (DeLajudie et al. 2019).A large non-symbiotic

Rhizobium strains co-exists with symbiotic strains

represent an ill-studied reservoir of genetic diversity

(Soenens and Imperial 2018). Species of the genus

Rhizobium are widely distributed in various environ-

ments such as soil, legumeplants and non-legume plants

(Gutierrez-Zamora and Martinez-Romero 2001; Yanni

et al. 2016). InRhizobium taxonomic studies, polyphasic

approaches such as phylogenetic analysis, phenotypic

features, digital DDH method and genome-wide aver-

age nucleotide identity (ANI) method were used as

standard criteria for the description of new bacterial

species (Aserse et al. 2017b). At the time of writing, the

genus Rhizobium consisted of 108 species listed in

LPSN (www.bacterio.net/-allnamesac.html).

Glycine max (Linn. Merr.) naturally harbors a

diverse endophytic microbial community within tis-

sues of its interior plant compartments (Guo et al.

2016; Khan et al. 2019; Zhao et al. 2018). During an

investigation on the diversity of endophytic bacteria in

soybean, we characterised a bacterial isolate origi-

nated from roots of soybean and described a novel

species in the genus Rhizobium.

Materials and methods

Isolation and cultivation of strain CL12T

Roots of soybean were collected from the campus of

South China Agricultural University, PR China

(23�9
0
4600S; 113�2101000E). The surface sterilization

of roots was performed according to the protocol

described in previously study (Sun et al. 2008).

Briefly, the entire soybean plant was washed with

tap water; then the roots were cut and surface-

sterilized with 70% ethanol for 1 min, 2% sodium

hypochlorite for 10 min and finally rinsed five times

with sterile distilled water. Tissues (1 g in 9 mL of

sterile water) were ground in a sterile mortar and the

extracts were further diluted with sterile water up to

10–4 and aliquots of 0.1 mL of the last three dilutions

were plated onto R2A agar. Among the appeared

colonies on plates, bacteria with different colony

morphologies were picked up and purified by repeated

streaking, and these bacteria were preserved as

glycerol suspensions (20%, v/v) at -80 �C and/or as

lyophilized powder in inclosed ampoules at 4 �C. We

used the 16S rRNA gene sequence analysis to screen

all of the isolates of endophytes, and the strain CL12T

was chosen for further taxonomic analyses because of

its low similarity with the defined species. The strain

CL12T was routinely cultivated on R2A plates at

30 �C for 2–3 days.

Phylogenetic analysis based on 16S rRNA gene

and four housekeeping genes

Genomic DNA of strain CL12T was extracted accord-

ing to improved CTAB method (Chen and Ronald

1999) and 16S rRNA gene was amplified using the

extracted genomic DNA as template with the universal

primers 27F and 1492R (Lane 1991). PCR products

were sequenced in Majorbio, China. Four housekeep-

ing genes (recA, atpD, rpoB and glnA) were obtained

from the draft genome of strain CL12T (mentioned

subsequently). 16S rRNA gene and four hosekeeping

genes were aligned in EzBioCloud (https://eztaxon-e.

ezbiocloud.net/) and GenBank (www.ncbi.nlm.nih.

gov), repectively. Maximum-likelihood (ML), neigh-

bour-joining (NJ) and maximum evolution (ME) trees

were constructed using MEGA7.0 software (Kumar

et al. 2016) with bootstrap values of 1000 resamplings.
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Evolutionary distances were generated using

Kimura’s two-parameter model (Kimura 1980).

Genome sequencing and Comparative genomic

analysis

The genomic DNA of strain CL12T was sequenced

with the Illumina Hiseq platform in Personalbio, Ltd.

A draft genome with a mapped coverage of

206 9 was assembled using A5-MiSeq v20150522

(Coil et al. 2015) and had been submitted to the

National Centre for Biotechnology Information

(NCBI) database (www.ncbi.nlm.nih.gov/genome)

under the accession number VFYP00000000. The

genomic features were annotated using the Prokary-

otic Genome Annotation Pipeline (PGAP) at Gen-

Bank. The predicted coding sequences were translated

and used as queries to search the COG database.

Based upon the close relationship with the test

strain in phylogenetic analyses, the draft genome

sequence of R. wuzhouense W44T was obtained from

NCBI database under the accession number

QJRY00000000. Digital DNA-DNA hybridization

(dDDH) and average nucleotide identity (ANI) values

between strain CL12T and R. wuzhouense W44T were

calculated by Genome-to-Genome Distance Calcula-

tor (GGDC) (https://ggdc.dsmz.de/) and OrthANIu

(www.ezbiocloud.net/tools/ani) (Yoon et al. 2017),

respectively. Shared orthologous protein clusters

between the genomes of strain CL12T and R. wuz-

houense W44T were identified using the web-based

tool InteractiVenn (Wang et al. 2015) as described

previously (Aserse et al. 2017a).

Phenotypic characterisation

Three closely related type strains, R. wuzhouense

W44T, R. rosettiformansW3T and R. ipomoeae Shin9-

1T, were obtained from Guangdong Microbial Culture

Collection Center (GDMCC), Czech Collection of

Microorganism (CCM) and Korean Collection for

Type Culture (KCTC) for comparison studies of

phenotypic characterization and chemotaxonomic

analysis. Growth on MacConkey agar, brain–heart

infusion agar (BHI), trypticase soy agar (TSA),

nutrient agar (NA) and 272 agar (Wang et al. 2018)

was observed after incubation for 7 days at 30 �C. The
following phenotypic characteristics were tested on

R2A agar in parallel with three reference strains under

the same conditions. Cell morphology of the strains

cultured at 30 �C for 2 days was observed by both

light microscopy (DM6/MC190) and transmission

electron microscopy (H7650, Hitachi). The range of

growth temperature was assessed at 10, 15, 25, 30, 37,

40, 42 and 45 �C for up to 7 days. pH tolerance was

determined from pH 4.5 to pH 10.0 at intervals of 0.5

pH unit according to previously described method (Lv

et al. 2016). Salt tolerance was evaluated at NaCl

concentration range of 0–4.5% (w/v) at intervals of

0.5%. Gram-staining reaction was determined by a

Gram-stain kit (bioMérieux) according to the manu-

facturer’s instruction. Oxidase activity was tested by

oxidase test strips with 1% (w/v) tetramethyl-p-

phenylenediamine (HKM). Catalase activity was

determined by bubble production after mixing a

loopful of cells with 3% (v/v) H2O2. Hydrolyses of

starch, CM-cellulose, chitin, casein, Tween 20, 40 and

80 were tested on R2A agar with starch (1%, w/v),

cellulose (1%, w/v), chitin (1%, w/v), Tween 20 (1%,

v/v), Tween 40 (1%, v/v) and Tween 80 (1%, v/v),

respectively. Cell motility was tested by the hanging-

drop method with 0.2% agar. Some other phenotypic

characteristics were determined using API 20NE, API

ZYM kits (bioMérieux) and Biolog GENIII Micro-

Plate according to the manufacturer’s instructions.

Analysis of cellular fatty acid profiles

The fatty acids of strain CL12T and its closely related

reference strains, R. wuzhouense W44T, R. rosettifor-

mans W3T and R. ipomoeae Shin9-1T, were extracted

from logarithmically growing cells cultured on R2A

agar at 30 �C for 2 days. Fatty acid methyl esters were

prepared according to the protocol of Sherlock

Microbial Identification System (MIDI), analysed

via gas chromatography (modei 7890A, Hewlett

Packard) and identified using the Sherlock Aerobic

Bacterial Database (TSBA 6.1) (Miller 1982).

Results

Phylogenetic analysis

In database of EZBioCloud, the 16S rRNA gene

sequence of strain CL12T shared highest identity with

R. wuzhouense W44T (99.3%), followed by R. roset-

tiformans W3T (98.0%) and R. ipomoeae Shin9-1T
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(97.9%), and it exhibited less similarities than 97.4%

with other members of the genus Rhizobium. In

GenBank database, four housekeeping gene of strain

CL12T, recA, atpD, rpoB and glnA, had similarities of

91.0%, 95.0%, 94.2% and 90.5%, respectively, with

their analogues in R. wuzhouense W44T. In the ML

tree, strain CL12T was clustered together with R.

wuzhouense W44T and R. ipomoeae Shin9-1T with a

bootstrap value of 61% (Fig. 1). Similar results were

also obtained from NJ and ME trees (Fig. S1 and S2).

Compared with the low resolution and confidence of

trees based on 16S rRNA genes, the NJ tree based on

concatenated housekeeping genes clearly showed that

strain CL12T was most related to R. wuzhouense

W44T, and peripherally to R. rosettiformans W3T and

R. ipomoeae Shin9-1T, successively (Fig. 2). There-

fore, R. wuzhouenseW44T, R. rosettiformansW3T and

Rhizobium wuzhouense W44T (MG857114)
Rhizobium glycinendophyticum CL12T (MF383489)

Rhizobium ipomoeae shin9-1T (HE866935)
Rhizobium rosettiformans W3T (EU781656)

Rhizobium aggregatum IFAM 1003T (X73041)
Rhizobium pakistanense BN-19T (AB854065)

Rhizobium naphthalenivorans TSY03bT (AB663504)
Rhizobium selenitireducens ATCC BAA-1503T (JAEG01000027)

Rhizobium daejeonense KCTC 12121T (AY341343)
Rhizobium nepotum 39/7T (JWJH01000079)

Rhizobium skierniewicense Ch11T (HQ823551) 
Rhizobium larrymoorei ATCC 51759T (JADW01000071)

Rhizobium radiobacter ATCC 19358T (AJ389904)
Rhizobium pusense LMG 25623T (NR116874)

Rhizobium azooxidifex Po 20/26T (LN832063)
Rhizobium subbaraonis JC85T (OBQD01000060)

Rhizobium halophytocola YC6881T (GU322905)
Rhizobium oryziradicis N19T (KX129901)

Rhizobium zeae CRZM18RT (KX932068)
Rhizobium wenxiniae 166T (KR610521)

Rhizobium helianthi Xi19T (JQ032629)
Rhizobium capsici CC-SKC2T (HQ113369)

Rhizobium tarimense RL-41T (HM371420)
Rhizobium aquaticum SA-276T (KM083136)

Rhizobium vallis CCBAU 65647T (FJ839677)
Rhizobium leucaenae USDA 9039T (AUFB01000074)

Rhizobium bangladeshense BLR175T (JN648931)
Rhizobium lentis BLR27T (JN648905)

Rhizobium indigoferae CCBAU 71042T (AF364068)
Rhizobium altiplani BR10423T (LNCD01000038)

Burkholderia graminis C4D1MT (U96939)

98

84

92

89

78

81

89

86

97

0.020

Fig. 1 Maximum-likelihood tree based on 16S rRNA gene

sequences revealing the relationship between strain CL12T and

other species of the genus Rhizobium. Burkholderia graminis

C4D1MT was used as an out-group. GenBank accession

numbers are shown in parentheses. Bootstrap values [ 70%

are shown. Bar, 0.02 substitutions per nucleotide position

123

150 Antonie van Leeuwenhoek (2020) 113:147–154



R. ipomoeae Shin9-1T were used as references for

further taxonomic studies.

Genomic characteristics and comparative

genomics analysis

The draft genome of strain CL12T contained 16

contigs with an N50 value of 2,995,531 bp and an N90

value of 166,916 bp. The genome size was 4.84 Mbp.

The genomic DNA G ? C content was 61.1 mol%,

which was lower than the G ? C contents of R.

wuzhouense W44T and R. rosettiformans W3T (61.6

and 62.3 mol%) (Kaur et al. 2011), but higher than the

G ? C content of R. ipomoeae Shin9-1T (58.3 mol%)

(Table 1) (Sheu et al. 2016). Genes for nodulation

(nodC and nodA) and nitrogen fixation (nifH) were not

detected in the draft genome of strain CL12T, indicat-

ing that strain CL12T has no ability to form nodules

and fix atmospheric nitrogen. The nodulation and

nitrogen fixation genes were also not detected in the

three reference strains except that R. rosettiformans

W3T contained nifH gene (Table 1). The distribution

of genes into COG functional categories revealed that

the highest percentage of genes were assigned to

function unknown (25.90%), transcription (7.49%),

amino acid transport and metabolism (7.32%) and

inorganic ion transport and metabolism (6.36%)

(Table S1).

The dDDH and ANI values between strain CL12T

and R. wuzhouense W44T were 27.4% and 84.7%,

respectively, which were lower than the threshold

values of 70% and 95–96% for species discrimination

(Chun et al. 2018; Goris et al. 2007). The genomic

differences of strain CL12T and R. wuzhouense W44T

were shown in Table S2 and Fig. S3. Strain CL12T and

R. wuzhouense W44T had 4699 and 4599 proteins,

respectively, of which 917 and 906 were singletons.

The orthologous clusters were shown in a Venn

diagram (Fig. S3). 3700 and 3683 homologous protein

clusters were identified in the genomes of strain

CL12T and R. wuzhouense W44T, respectively, with

3638 clusters shared in both the two genomes. In the

genomes of strain CL12T and R. wuzhouense W44T,

66 and 45 protein clusters respectively, were identified

as unique clusters with no detectable homologous in

each other.

 Rhizobium wuzhouense W44T (MF140329, MF140330, MG099697, MF140331) 

Rhizobium glycinendophyticum CL12T (MN087401, MN087402,MN087403, MN087404) 

Rhizobium rosettiformans W3T (MF537311, GU559878, KM491529, MG869896) 

 Rhizobium ipomoeae Shin9-1T (LN890297, LN890298, LN890299, MG869897) 

Rhizobium pusense NRCPB10T (KP284164, HQ114263, FR871204, FR870245) 

 Rhizobium nepotum 39/7T (KP172489, HE646681, FR871201, FR870242) 

 Rhizobium skierniewicense LMG 26191T (MF537313, HE646684, FR754363, FR754362) 

Rhizobium undicola LMG 11875T (HE610313, AM418784, AM295391, FR754361) 

Rhizobium galegae  LMG 6214T (AM182127, KF206641, AM295389, AM182941) 

Rhizobium huautlense LMG 18254T (AM182128, AM418782, AM295390, AM182942) 

Rhizobium tropici USDA9039T (AJ294372, AM418789, AM295354, AF169569) 

Rhizobium miluonense HAMBI 2971T (HM047131, KF206602, JN580752, KF206689) 

 Rhizobium etli CFN 42T (CP000133) 

Rhizobium leguminosarum LMG 14904T (AM182125, AJ294405, AM295352, AM182939) 

 Rhizobium pisi DSM 30132T (DQ431676, DQ431673, JQ795190, JQ771758) 

 Rhizobium favelukesii LPU83T (HG916852) 

Rhizobium borbori DN316T (GQ289385, HQ735087, HQ823557, GQ289384) 

Bradyrhizobium japonicum USDA6T (AM168341, AM418753, LC167354, AF169576) 

78 
100 

100 

95 
97 

97 

100 

99 

99 

92 

72 

0.020 

Fig. 2 Neighbor-joining tree based on the concatenated recA,

atpD, ropB and glnA gene sequences revealing the phylogenetic

relationships between strain CL12T and strains of related

Rhizobium species. Bradyrhizobium japonicum USDA6T was

used as an out-group. Numbers at nodes represent bootstrap

values ([ 70% are shown) based on 1000 resamplings. Bar, 0.02

substitutions per nucleotide position
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Phenotypic characteristics

Strain CL12T was Gram-stain-negative, rod-shaped,

aerobic, and motile bacterium. After incubation on

R2A agar for 2 days at 30 �C, the colonies of strain

CL12T was cream-coloured and circular; and the cells

were 1.4–2.9 lm in length and 0.6–0.8 lm in width

(Fig. S4). Strain CL12T was found to oxidase-positive,

catalase-positive and grew well on NA, BHI and 272

agar, but didn’t grow on MacConkey and TSA agar.

Phenotypic characteristics were examined and com-

pared between strain CL12T and its closely relatives,

R. wuzhouense W44T, R. rosettiformans W3T and R.

ipomoeae Shin9-1T (Table 1). Strain CL12T could be

distinguished from its closely relatives by the activity

of arginine dihydrolase, assimilation of arabinose and

GC content (mol%).

Fatty acid profiles

The predominant fatty acids of strain CL12T ([ 5% of

the total amounts) comprised Summed Feature 8

(C18:1x7c and/or C18:1x6c) (72.9%), Summed Feature

2 (iso-C16:1I and/or C14:03-OH) (6.3%) and C18:0

(5.7%). This profile was consistent with other species

in the genus Rhizobium. The minor differences

between strain CL12T and its closely relatives, R.

wuzhouense W44T, R. rosettiformans W3T and R.

ipomoeae Shin9-1T, were shown in Table 2. The

presence of C20:1x7c could be used to distinguish

strain CL12T from its related type strains (Table 2).

In summary, our polyphasic taxonomy results

especially the dDDH and ANI values, genomic GC

content, the presence of C20:1x7c, the activity of

arginine dihydrolase and assimilation of arabinose,

showed conclusively that strain CL12T represents a

novel species of the genus Rhizobium, for which the

name Rhizobium glycinendophyticum is proposed.

Table 1 Differential phenotypic characteristics of strain

CL12T and its closely related species of the genus Rhizobium

Characteristic 1 2 3 4

pH range for growth 5.0–9.5 5.0–9.5 5.0–9.5 6.0–9.5

Growth at 42 �C ? – ? –

Growth on TSA – – ? ?

Nitrate reduction – – ? ?

Nitrite reduction – – – ?

Assimilation of

Arabinose – ? ? ?

Malic acid ? ? – w

Stachyose – ? – –

a-D-Lactose ? – ? ?

D-Fucose ? – ? –

L-Arginine ? – ? –

Enzyme activities

Acid phosphatase w – – –

b-Glucosidase ? ? ? w

Arginine dihydrolase ? – – –

nifH gene – – ?a –b

GC content (mol%) 61.1 61.6 62.3a 58.3b

Strains: 1, strain CL12T; 2, Rhizobium wuzhouense W44T; 3,

Rhizobium rosettiformans W3T; 4, Rhizobium ipomoeae Shin9-

1T. All data are from this study unless indicated otherwise. ? ,

positive; -, negative; w, weakly positive reaction. Data from:
aKaur et al. (2011); bSheu et al. (2016)

Table 2 Cellular fatty acids of strain CL12T and its closely

related species of the genus Rhizobium

Fatty acid 1 2 3 4

C16:0 4.3 3.0 2.3 2.0

C18:0 5.7 3.4 6.3 3.5

C18:0 3-OH 1.8 1.6 1.9 1.9

C18:1x7c11-methy1 4.5 7.1 4.5 –

C20:1x7c 1.5 – – –

Summed feature 2a 6.3 6.2 5.8 5.3

Summed feature 3a 2.1 2.0 1.0 1.2

Summed feature 8a 72.9 74.8 76.4 83.4

Strains: 1, strain CL12T; 2, Rhizobium wuzhouense W44T; 3,

Rhizobium rosettiformans W3T; 4, Rhizobium ipomoeae Shin9-

1T. All data are from this study. All strains were incubated on

R2A agar for 2 days at 30 �C. Values are percentages of the

total fatty acids. Fatty acids that make up\1% of the total are

not shown. – Not detected or\ 1.0%
aSummed features are groups of two or three fatty acids that are

treated together for the purpose of evaluation in the MIDI

system and include both peaks with discrete equivalent chain

lengths (ECLs) as well as those where the ECLs are not

reported separately. Summed feature 2 comprises iso-C16:1 I

and/or C14:03-OH. Summed feature 3 comprises C16:1x7c and/
or C16:1 x6c. Summed feature 8 comprises C18:1x7c and/or

C18:1x6c
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Description of Rhizobium glycinendophyticum sp.

nov.

Rhizobium glycinendophyticum (gly.cin.en.do.-

phy’ti.cum. L. fem. n. Glycine generic name of the

soy bean; Gr. pref. endo within; Gr. n. phyton plant; L.

masc. suff. -icus adjectival suff. used with the sense of

belonging to; N.L. masc. adj. endophyticus within

plant, endophytic; N.L. neut. adj. glycinendophyticum

an endophyte of soybean).

Grow well on NA, BHI and 272 agar, but not on

MacConkey and TSA agar. After 2 days of incubation

at 30 �C on R2A agar, colonies are cream and circular;

and cells are Gram-stain-negative, oxidase-positive,

catalase-positive, aerobic, motile, rod-shaped and

approximately 1.4–2.9 lm long and 0.6–0.8 lm wide

(Fig. S4). The temperature range for growth is

10–42 �C (optimum, 30 �C). The pH range for growth

is pH 5.0–9.5 (optimum, pH 7.0). Growth occurs at a

NaCl concentration of 0–4.5% (optimum, 2.0%). It

could not hydrolyse starch, CM-cellulose, casein,

chitin, Tween 20, 40 and 80. It does not contain the

nodulation genes (nodC and nodA) and nitrogenase

reductase gene (nifH). The predominant fatty acids

([ 5% of the total amounts) include Summed Feature

8 (C18:1x7c and/or C18:1x6c, 72.9%), Summed Fea-

ture 2 (iso-C16:1 I and/or C14:0 3-OH, 6.3%) and C18:0

(5.7%).

The type strain, CL12T (=GDMCC 1.1597T

= KACC 21281T), was isolated from roots of G. max

(Linn. Merr.). The genome size is 4.84 Mbp with a

high genomic DNAG ? C content of 61.1 mol%. The

GenBank accession numbers of 16S rRNA, recA,

atpD, rpoB, glnA gene sequences and the whole

genome sequence of strain CL12T are MF383489,

MN087401, MN087402, MN087403, MN087404,

and VFYP00000000, respectively.
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