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Summary

We have analysed 198 fast-growing soybean-nodulating rhizobial strains from four different regions of
China for the following characteristics: generation time; number of plasmids; lipopolysaccharide (LPS),
nodulation factors (LCOs) and PCR profiles; acidification of growth medium; capacity to grow at acid,
neutral, and alkaline pH; growth on LC medium; growth at 28 and 37 °C; melanin production capacity;
Congo red absorption and symbiotic characteristics. These unbiased analyses of a total subset of strains
isolated from specific soybean-cropping areas (an approach which could be called “strainomics”) can be
used to answer various biological questions. We illustrate this by a comparison of the molecular charac-
teristics of five strains with interesting symbiotic properties. From this comparison we conclude, for in-
stance, that differences in the efficiency of nitrogen fixation or competitiveness for nodulation of these
strains are not apparently related to differences in Nod factor structure.

Key words: Soybean-nodulating rhizobia – Nod factors – plasmid profiles – PCR analyses – symbiotic
characteristics

Introduction

Until 1982, soybeans were believed to be nodulated
only by slow-growing bacteria belonging to the genus
Bradyrhizobium. Since then, however, new groups of soy-
bean rhizobia have been isolated and classified, making it
clear that soybeans are nodulated by a wide variety of
rhizobia. Soybean nodulating rhizobia are distributed in
different species belonging to three different genera.
Bradyrhizobium japonicum, B. elkanii, and B. liaonin-
gense: slow-growing bacteria, with generation times over
6 hours; Mesorhizobium tianshanense, generation time is
variable; and Sinorhizobium fredii and S. xinjiangense:
fast-growers, generation time between 1.5 and 4 hours
[10, 44, 45]. We will use the acronyms FSR and SSR to

designate fast- and slow-growing rhizobia, respectively.
Fast- and slow-growing bacteria that nodulate soybean
will be collectively called soybean-rhizobia.

Fast-growing soybean bacteria were first isolated in
the early 1980s [25] and were clustered into the species

Abbreviations: FSR, fast-growing soybean-nodulating rhizobia;
GC-MS, gas chromatography mass spectrometry; HPAEC-PAD,
high performance anion exchange chromatography with pulsed
amperometric detection; IGS-PCR, intergenic spacer PCR; MAS,
most abundant strain; OD, optical density; RAPD, random am-
plified polymorphic DNA; RFLP, restriction fragment length
polymorphism; SSR, slow-growing soybean-nodulating rhizobia



Sinorhizobium fredii. These first soybean isolates are able
to form nitrogen-fixing nodules on Asiatic soybean
(Glycine max) cultivars but fail to nodulate, or are very
poorly effective, with the modern cultivars from North
America [2, 5, 25]. Later, the isolation of new S. fredii
strains that were able to form nitrogen-fixing nodules
with both Asiatic and American soybean cultivars was re-
ported [15]. In addition to their marked soybean cultivar
specificity, S. fredii strains show a very broad host range,
being able to nodulate at least 79 different genera of
legumes [39]. Most of the well-studied strains of S. fredii
are from China [10, 15, 25], other fast-growing soybean
microsymbionts have also been isolated from Panama
[21], Malaysia [49], Taiwan [31], and Vietnam [11].

Taxonomic studies have shown that S. fredii is closely
related to the alfalfa microsymbiont Sinorhizobium
meliloti [13], although their host-ranges and nodulation
factor structures (Nod factors or LCOs) are different [14,
18]. They are also related to Sinorhizobium teranga and
Sinorhizobium saheli, two species isolated from nodules
of West African trees, and to S. medicae [13, 45].

S. fredii strains are potentially valuable because it should
be easier to produce inoculants of fast growing than of
slow-growing rhizobia. Also, to carry out genetic analyses
of fast-growing rhizobia is much easier than that of slow-
growers. These facts, in combination with their exception-
ally broad host range, make S. fredii a very attractive sub-
ject for experimental manipulation aimed at the acquisition
of basic knowledge and also for practical purposes.

Field experiments carried out in Spain showed that
seed yields of plants inoculated with some S. fredii strains
are as high as those obtained with B. japonicum strain
USDA110 or with high levels of nitrogen fertilization, in-
dicating that some S. fredii strains are valid soybean inoc-
ulants [7]. These studies, however, were carried out in al-
kaline soils (pH 8.0) that, as with all European soils, are
devoid of indigenous soybean microsymbionts. Since the
S. fredii inoculants tested are particularly effective in alka-
line soils [7], it remains to be demonstrated that these soy-
bean inoculants are also effective in other types of soil.

Until very recently, most of the basic and agronomic
knowledge on S. fredii strains was concentrated on a
small number of strains that were isolated from just a few
areas of China so that the total number of strains that
were available for scientific or practical purposes was
very limited.

Recently, a report has shown that soil samples from
Honghu county (Hubei province), Zheng Zhou county
(Henan province), Wei Fang county (Shan Dong
province) and Chang Ji county (Xinjiang province) con-
tained FSR and SSR soybean rhizobia [48]. Plasmid and
lipopolysaccharide (LPS) profiles and PCR-RAPD analy-
ses showed that cultivar Jing Dou 19 inoculated with
Xinjiang soil trapped a diversity of FSR strains while
most FSR isolates from cultivar Heinong 33 inoculated
with the same soil sample appeared to be very similar or
identical. In addition, comparisons between the estimated
soybean rhizobia populations by the most probable tech-
nique (MPN) using different soybean cultivars led to the
conclusion that cultivar specificity can affect the estima-

tion of total soybean rhizobia populations indigenous to
the soil, and can also affect the diversity of soybean rhi-
zobial strains isolated from soybean nodules.

Very recently, a study of 33 FSR strains isolated from
Honghu describing different physiological and genetic
characteristics allowed the construction of a phenetic
dendrogram [8]. None of the strains studied showed
identical characteristics, demonstrating the extraordinari-
ly high diversity of S. fredii strains present in a particular
region of China and the interest in continuing the isola-
tion of new strains.

From the experiments carried out to determine soy-
bean-rhizobia populations in soil samples from Hubei,
Shan Dong, Henan, and Xinjiang [48], we have isolated
several hundred fast- and slow-growing bacteria that
nodulate soybean from Asiatic and Western soybean cul-
tivars inoculated with soil samples from four different re-
gions of China. A collection of 203 soybean-rhizobia iso-
lates (198 FSR and 5 SSR strains) was characterised by
studying different physiological, genetic and symbiotic
traits. Here we present a summary of our data that have
been compiled in the first extensive catalogue of fast-
growing rhizobia that nodulate soybeans.

Materials and Methods

Soybean cultivars, bacterial strains, plasmid and media
Glycine max cultivars Heinong 33, Jing Dou 19 (Asiatic) and

Williams (American) were used as trapping-hosts to isolate soy-
bean rhizobia from soil samples from four different locations in
China: Honghu county (Hubei province), Zheng Zhou county
(Henan province), Wei Fang county (Shan Dong province) and
Chang Ji county (Xinjiang province). In addition, the American
soybean cultivars Kochi and Osumi were used in some competi-
tion experiments. Bacterial strains used in this study were isolat-
ed from soybean nodules as previously reported [7, 50] and are
listed in Table 1.

S. fredii strains USDA205 [25], HH103 [15] and its strepto-
mycin-resistant derivative HH103-1 [6], were used as control
strains in different experiments.

Plasmid R68.45 [20] was introduced into S. fredii USDA205
by conjugation (E. coli 1230 R68.45 × USDA205) as described
by Buchanan-Wollaston et al. [4]. Strain USDA205 (R68.45)
was included as a control in all plasmid agarose-gel elec-
trophoretic analyses that were carried out in this study.

The following media were used in the characterization of the
bacteria: TY medium [3], yeast mannitol broth (YMB) medium
[47], B– medium [46], and LC medium which is a variation of
LB medium [42] containing NaCl at a final concentration of 8 g
L–1 and 1 mM Tris. When required, YMB media was solidified
with agar (YMA).

Physiological analyses
Generation time of each bacterial isolate was determined in

4 ml YMB bacterial cultures growing on a rotary shaker at
28 °C. The generation time was estimated from OD540 measure-
ments during the bacterial log-phase and is given to the closest
quarter of an hour. Bacterial growth on solid YMB and LC
media at 28 °C, or 37 °C, was scored 2, 7 and 14 days after in-
oculation.

Acidification of the growth medium was tested in non-
buffered liquid YMB medium after 6 days of bacterial growth at
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28 °C. Bacterial capacity to grow at different pH values was as-
sayed in YMB medium supplemented with the appropriate
buffer: 20 mM MES (2-[N-Morpholino]ethanesulphonic acid)
for pH 5.5 and 20 mM Tris for pH 9. YMB at pH 7 was not
buffered. The approximate size of the inoculum was 4 × 105

bacteria. Results were scored after 6 days of bacterial growth.
Melanin production assays were carried out as described by
Cubo et al. [12].

Plasmid profiles
Plasmid profiles were obtained by agarose gel electrophoresis

as described by Espuny et al [16]. DNA bands that migrated just
below the linearised chromosome were not considered for the
determination of the number of indigenous plasmids, although
in some cases they could be real plasmids.

Cell surface analyses
SDS/polyacrylamide gel electrophoresis (PAGE) of crude

bacterial extracts was performed to determine lipopolysaccha-
ride (LPS) profiles. Bacterial cultures were grown on solid TY
medium. Bacterial cells were resuspended in 0.9% NaCl and
pelleted by centrifugation. The bacterial pellet was resuspended
in 125 µl of 60 mM Tris/HCl (pH 6.8), 2% (w/v) SDS, 1 mM
EDTA, lysed by heating at 100 °C for 5 min and then diluted to
1 ml with the same buffer without SDS. The bacterial crude ex-
tract was treated with RNase, DNase and proteinase K as de-
scribed by Köpling et al. [27]. The electrophoresis of crude bac-
terial extracts was performed on 16.5% (w/v) polyacrylamide
gels with the Tricine buffer system described by Lesse et al. [30].
For the detection of LPS, gels were stained with silver as de-
scribed by Kittelberger and Hilbink [26]. Congo red absorption
was scored after 7 days of growth at 28 °C on solid YMB medi-
um supplemented with the dye at a final concentration of 25 µg
ml–1.

PCR analyses
For random amplified polymorphic DNA (RAPD) analyses

the following primers were used: P5, 5′-TCGGAGTGGC-3′;
P17, 5′-GTTAGCGGCG-3′; P30, 5′-CCGAAGCCCT-3′; P64,
5′-CCAGGCGCAA-3′. PCR reactions were performed in a final
volume of 25 µl containing the following components: 2.5 µl of
10x reaction buffer (10 mM Tris-ClH, 50 mM MgCl2), 50 ng of
the DNA primer, 2.5 µl of 15 mM MgCl2, 2.5 µl of 2 mM
dNTPs, 0.5 µl of Taq DNA-polymerase (5 U µl–1), 1 µl (25 ng) of
DNA template, and 15 µl ddH20. DNA amplification was car-
ried out in a DNA thermal cycler by using the following profiles:
1 cycle at 95 °C for 3 min; 35 cycles at 94 °C for 1 min, 37 °C
for 1 min, and 72 °C for 1 min; 1 cycle at 72 °C for 8 min.

For 16S rDNA PCR analyses the set of primers used were:
pA, 5′-AGAGTTTGATCCTGGCTCAG-3′ and pH, 5′-AAG-
GAGGTCATCCAGCCGCA-3′. PCR reactions were prepared in
a final volume of 50 µl as described above. DNA amplification
was carried out as follows: 1 cycle at 94 °C for 3 min; 28 cycles
at 94 °C for 50 s, 54 °C for 45 s, and 72 °C for 90 s; 1 cycle at
72 °C for 8 min.

For 16S–23S rDNA Intergenic Spacer (IGS) PCR the primers
were: pHr, 5′-TGCGGCTGGATCACCTCCTT-3′ and p23SR01,
5′-GGCTGCTTCTAAGCCAAC-3′. PCR reactions were per-
formed in a final volume of 100 µl. DNA amplification was car-
ried out as follows: 1 cycle at 95 °C for 1 min; 35 cycles at 95 °C
for 1 min, 55 °C for 1 min, and 72 °C for 1 min; 1 cycle at 72 °C
for 7 min.

16 rDNA and 16S–23S rDNA IGS PCR-Restriction Frag-
ment Length Polymorphism (RFLP) analyses were carried out by
digesting the respective PCR products with the endonucleases
HinfI, HaeIII, or MspI. DNA fragments resulting from PCR re-
actions, treated or untreated with endonucleases, were elec-
trophoresed in 1.5% (w/v) agarose gels for 2.5 hours and visu-
alised by ethidium bromide staining.
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Table 1. List of bacterial strains isolated from soybean nodules used to construct the catalogue of soybean-rhizobia strains.

Province of origin Strains Soybean cultivar Remarks1

used as trapping host

Xinjiang 
B1–B20, B46–B50 Jing Dou 19 B41 to B50 are MAS (10–5)
B21–B45 Heinong 33
B51–B55 Williams B51–B55 are SSR strains

Henan
HH1–HH30 Heinong 33
HHG31–HHG35 Heinong 33 MAS (10–3 or 10–4)
WH1–WH10 Williams
WHG11–WHG15 Williams MAS (10–3 or 10–4)

Shan Dong
HW1–HW30 Heinong 33
HWG31–HWG35 Heinong 33 MAS (10–3 or 10–4)
WW1–WW10 Williams
WWG11–WWG15 Williams MAS (10–3)

Hubei
S1–S30, S41 Jing Dou 19
S31–S40, S42, S43, S51 Williams
S44–S47 Jing Dou 19 MAS (10–5)
S48, S49, S50 Williams MAS (10–5)

1 MAS: Most Abundant Strains. They were isolated from soybean plants inoculated with the highest dilution of the soil samples (in-
dicated in brackets) that produced nodulated soybeans [48]. 

The population of indigenous soybean-rhizobia in the four areas studied ranged from 104 to 106 bacteria per gram of soil, as deter-
mined by the Most Probable Number technique [48].



Nod factor (LCO) isolation and profiling
Induction of LCO production by bacterial cultures in the

presence of sterile seed exudate of Glycine max cv. Bragg, their
extraction and analyses by thin layer chromatography (TLC) on
silica-60 (Merck) and reversed phase-C18 (Merck) HP-TLC
plates were carried out as previously described [48]. Production
of LCOs by bacterial cultures in the presence of the inducer
genistein (3.7 µM) and 14C N-acetyl glucosamine, their extrac-
tion and analyses using reverse phase-C18 (Merck) HP-TLC
plates were carried out as described by Spaink et al. [43].

Nod factor (LCO) production
and purification for structural analyses

For the production of Nod factors, the rhizobial strains were
grown in B– medium to a total volume of 3 L containing 3.7 µM
genistein. Nod factors were extracted from the cultures with n-
butanol (300 ml l–1) and dried. Samples were redissolved in ace-
tonitrile: water (60:40 v/v) at 200 rpm overnight. Pre-purifica-
tion was performed by passing the crude extract over a C18 col-
umn (Baker, 1 mg sorbent) from which LCOs were eluted using
60% acetonitrile. The 60% acetonitrile fractions were diluted to
20% acetonitrile and submitted to reversed phase HPLC on a
Jasco PV-980 HPLC pump with a flow rate of 1 ml min–1 and
Jasco MD-910 photodiode array detection (200–600 nm). 4 ml
of sample was injected on to a C18 Sephasil column (5 µm, 4 ×
250 mm, Pharmacia) and elution was performed using a step-
wise gradient of mixtures of acetonitrile:water. The gradient em-
ployed was: 20% acetonitrile for 20 minutes; 30% for 30 min-
utes; 40% for 20 minutes; 42% for 20 minutes; 60% for 20
minutes and 80% for 10 minutes. 3-minute fractions were col-
lected, pooled and dried.

Structural determination of Nod factors (LCOs)
by mass spectrometry

For analysis of Nod factors by matrix assisted laser desorp-
tion/ionisation (MALDI-TOF) mass spectrometry, 1 ml
aliquots of Nod factor-containing HPLC fractions were evapo-
rated to dryness and redissolved in 100 µl of a solution con-
taining 1:1 (v/v) acetonitrile:water incorporating 0.1% formic
acid. A 1 µl aliquot of this solution was mixed with 1 µl of
alpha cyano-4 hydroxycinannmic acid matrix (saturated in
50% aqueous acetonitrile:0.1% triflouroacetic acid). 0.7 µl of
the sample and matrix mixture was spotted on to a stainless
steel target and allowed to air dry. Positive ion MALDI-TOF
mass spectrometry was performed essentially as described
(36). Positive ion mode electrospray mass spectrometry (ES-Q-
oTOF) and collision induced dissociation (CID) tandem mass
spectrometry of Nod factors was performed essentially as de-
scribed (36). 

Carbohydrate composition analysis of Nod factors (LCOs)
For analysis using GC-MS, 2 ml aliquots of the various

HPLC fractions, and 50 nmol aliquots of a range of monosac-
charide standards were evaporated to dryness and composition
analysis carried out essentially as described (32), except that
analysis of the resulting TMS glycosides was carried out using
GC-MS, (HP5890 MSD, Hewlett Packard).

For composition analysis using High Performance Anion Ex-
change Chromatography with Pulsed Amperometric Detection
(HPAEC-PAD) (Dionex), 1 ml aliquots of the various HPLC
fractions and 5 µl aliquots of standard solutions (0.01 mg Ml–1)
of authentic monosacharide standards were evaporated to dry-
ness and hydrolysis carried out in 500 µl of 2 M TFA, at 120 °C
for 1 h. The solutions were evaporated to dryness and 30 µl of
water was added. HPAEC-PAD analysis was carried out using a
Carbopac PA-100 column. An isocratic elution was carried out

using 16% 100 mM NaOH, a GP50 Gradient Pump and a flow
rate of 1 ml min–1. A 5 µl injection volume was used. Detection
was carried out using an ED50 electrochemical detector.
Monosaccharides released from the LCOs were identified on
comparison of their retention times with those of the individual-
ly injected monosaccharide standards.

Linkage analysis of Nod factors (LCOs)
1 ml aliquots of the relevant HPLC fractions were evaporat-

ed to dryness and linkage analysis was carried out essentially as
described (32), except that analysis of the resulting TMS glyco-
sides was carried out using GC-MS, (HP5890 MSD, Hewlett
Packard).

Plant tests
Nodulation tests on Glycine max were carried out on at least

one Asiatic (Jing Dou 19 or Heinong 33) and the American soy-
bean cultivar Williams, as previously described [6, 48].

Competition experiments between FSR strains on Glycine
max cultivars Jing Dou 19, Williams, Kochi or Osumi and the
determination of nodule occupancy were carried out as previ-
ously described [48]. Nodule occupancy in competition studies
between the reference strain S. fredii HH103-1 (StrR) and the
different FSR strains used was determined by plating bacterial
nodule-isolates on YMA media supplemented with strepto-
mycin (400 µg ml–1). Those isolates being able to grow in the
presence of the antibiotic were considered as HH103-1. For the
competition experiment between strains B15 and HH17, a
spontaneous streptomycin-resistant derivative of the former
was used.

Results

Rhizobial strains

Serial dilutions of watery suspensions of soil samples
collected from soybean fields from Wei Fang (Shan Dong
province, Central-East China), Zheng Zhou (Henan
province, Central-East China), Honghu (Hubei province,
Central China) and Chang Ji (Xinjiang province, Western
China) counties were used as inoculants of Asiatic
(Heinong 33 and Jing Dou 19) and Western (Williams)
soybean cultivars.

Bacteria were isolated from nodules of all plants and
stored in 40% (w/v) glycerol at –80 °C. A total of 203
nodule isolates, representing each region and trapping-
soybean cultivar, were chosen for further characteriza-
tion. These strains are listed in Table 1. All of them, ex-
cept for five strains from Xinjiang province (isolates B51
to B55), were FSR on solified YMB media. 

Construction of a catalogue of soybean-rhizobia
strains

Different bacterial traits were studied to characterise
the bacteria: plasmid content, surface properties
(lipopolysaccharide profiles and Congo red absorption),
growth characteristics (generation time, acidification of
YMB medium, ability to grow at pH 5.5, 7.0 and pH 9.0,
capacity to grow on LC medium and capacity to grow at
28 and 37 °C on solified YMB and LC media), melanin
production, PCR finger-printing analyses [16S rDNA
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PCR; 16S rDNA PCR-Restriction Fragment Length Poly-
morphism (RFLP); 16-23S rDNA Intergenic Spacer
(IGS)-PCR; 16S–23S rDNA IGS-PCR-RFLP and Ran-
domly Amplified Polymorphic DNAs (RAPD)], symbiotic
properties (ability to nodulate Asiatic and Western soy-
bean cultivars, competition capacity to nodulate soy-
beans), and Nod factor (LCO) analysis. All these aspects
will be discussed in more detail below.

Plasmid profiles

Plasmid agarose-gel electrophoresis showed a wide
variability in the number of indigenous plasmids that are
present in the 198 FSR strains analysed (Table 2). Al-
though the number of plasmids can range from one to
six, bacterial strains carrying two, three or four plasmids
are predominant. Figure 1 shows examples of plasmid
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Table 2. Number of plasmids, growth characteristics, melanin production and Congo Red absorption of FSR isolated from soil sam-
ples from soybean cropping areas of Xinjiang, Henan, Shan Dong and Hubei Chinese provinces.

Bacterial trait Number Origin of the soybean nodule isolate Total (%)
of strains ––––––––––––––––––––––––––––––––––––––––––––––
analysed Xinjiang Henan Shan Dong Hubei

Number of plasmids 1 198 4 1 19 1 25 (12.6)
2 9 4 16 13 42 (21.2)
3 9 23 3 24 59 (29.8)
4 25 14 10 10 59 (29.8)
5 1 6 2 1 10 (5.1)
6 0 2 0 1 3 (1.5)

Acidification of YMB medium A + 186 11 9 27 47 116 (62.4)
± 23 19 17 1 60 (32.3)
– 9 0 0 1 10 (5.4)

Growth at pH 5.5 192 1 1 6 5 13 (6.8)
different pH B pH 7.0 43 50 50 49 192 (100)

pH 9.0 9 30 16 6 61 (31.8)

Growth on LC medium ++ 198 0 8 1 2 11 (5.6)
at 28 °CC + 9 2 1 4 16 (8.1)

± 4 4 4 3 16 (8.1)
– 34 36 44 41 155 (78.3)

Growth on YMB medium ++ 196 0 5 0 0 5 (2.6)
at 37 °CC + 0 1 0 1 2 (1.0)

± 0 1 1 1 3 (1.5)
– 48 41 49 48 186 (94.9)

Growth on LC medium ++ 196 0 7 1 1 9 (4.6)
at 37 °CC + 0 0 3 1 4 (2.0)

± 0 2 1 1 4 (2.0)
– 48 39 45 47 179 (91.3)

Melanin productionD + 198 44 30 5 35 114 (57.6)
– 4 20 45 15 84 (42.4)

Congo red absorptionE + 198 1 2 1 2 6 (3.0)
± 5 24 16 11 56 (28.3)
– 42 24 33 37 136 (68.7)

Generation time 1.5–2.5 h 193 14 8 3 14 39 (20.2)
2.5–3.5 h 33 41 38 32 144 (74.6)
3.5–4.5 h 1 1 6 2 10 (5.2)
4.5–5.0 h 0 0 1 1 2 (1.0)

A + pH shift higher than 0.5 pH units; ± pH shift of 0.1–0.5 pH units; – pH shift of 0–0.1 pH units. Results were scored after 6 days
of incubation.

B Numbers after pH values indicate the number of bacterial cultures that became more turbid than the uninoculated controls after
6 days of incubation.

C ++ growth after 2 days; + growth after 7 days; ± intermediate growth after 7 days; – no growth after 7–14 days.
D + bacterial patches produced a diffusible dark-brown pigment; – bacterial patches did not change their colour.
E + colonies accumulated Congo red; ± weak or very weak Congo read accumulation; – no accumulation.



profiles of different strains. Some strains, such as
WHG14, HH12 or B40, harbour small plasmids that mi-
grate faster than the linearized chromosome (observable
as a broad band) (Fig. 1, lanes 7, 8 and 9).

Surface characteristics

The LPS profiles shown by most of the isolates from
soil samples of Hubei, Henan and Shan Dong provinces
are very similar to those previously reported for other
S. fredii isolates from Hubei province [8] and for S. fredii
HH103, another isolate from the same province [19].
This profile consists of a ladder with variable numbers of
bands which probably correspond to the complete LPS
molecules (LPS-I region, as defined by Kannenberg et al.
[24] and one or two faster migrating bands that could
correspond to the lipid-A plus core and one, or zero, O-
antigen subunits (LPS-II region), respectively. Although
most of these strains share this LPS electrophoretic pat-
tern, subtle differences in the mobility of the stained
bands can be observed (Fig. 2). Isolates from Xinjiang
showed two different LPS patterns, as previously de-
scribed [48]. Basically, Xinjiang strains isolated from
nodules of soybean cultivar Heinong 33 showed typical
S. fredii LPS profiles (Fig. 2, lane 3), while those isolated
from cultivar Jing Dou 19 have the tendency of produc-
ing a large smearing spot, or poor staining, in the LPS-I
and/or LPS-II regions [48].

Congo red dye has been found to bind many types of
bacterial polysaccharides and it has been widely used as
an easy marker for the detection of differences among
bacterial polysaccharides [9]. Only six isolates of the in-
vestigated collection showed positive Congo red absorp-
tion, whereas many strains weakly bound the colorant
(Table 2).

Physiological characteristics

Most of the isolates showed generation times ranging
between 21/2 and 31/2 hours (Table 2). All rhizobia grew on
YMB medium at 28 °C. Bacterial growth on LC medium
at 28 °C was found in 27 strains, 13 of them (such as, for
instance, S16, HH2 or HH28) being able to grow on LC
medium, at 37 °C (Table 2). The growth speed of several

458 J. Thomas-Oates et al.

Fig. 1. Plasmid profiles of FSR strains isolated from soil samples of Xinjiang, Henan, Shan Dong and Hubei Chinese provinces.
Lanes: 1) B33; 2) HH1; 3) HH17; 4) WW10; 5) HWG35; 6) S30; 7) WHG14; 8) HH12; 9) B40; M, S. fredii USDA205 carrying plas-
mid R68.45; M’, S. fredii USDA205. Plasmid R68.45 is indicated by a black arrow. The low molecular weight plasmids of strains
WHG14, HH12, and B40 are indicated by white arrows.

Fig. 2. Lipopolysaccharide profiles of FSR strains isolated from
soybean cropping areas of Xinjiang, Henan, Shan Dong and
Hubei Chinese provinces. Lanes: 1) HH1; 2) HH17; 3) B33; 4)
S30; 5) WW10; 6) HWG35. M, Salmonella typhimurium LPS
(Sigma) was used as a reference.

Fig. 3. LCO profiles of different FSR strains isolated from soy-
bean cropping areas of Xinjiang, Henan, Shan Dong and Hubei
Chinese provinces. Lanes: 1) S. fredii HH103; 2) HH1; 3)
WW10; 4) HH17; 5) S30; 6) B33; 7) HWG35.



strains (such as HH28) was even faster on LC medium
than on YMB medium.

Most of the bacterial cultures in YMB medium (initial
pH value of 7.0) showed a final pH ranging from 5.0 to
6.8 (Table 2), meaning that they acidified the growth
medium. Only a few strains (such as HHG34 and HW29)
produced a final pH that was lower than 5.0.

Many bacterial strains were able to grow at pH values
of 4.5 and/or 9.0 if the YMB medium was not buffered
(data not shown). When the YMB medium was buffered
with 20 mM Tris at pH 9.0, only one third (61) of the
strains tested were able to grow at this alkaline pH (Table
2). Half of the strains (30) that were able to grow at pH 9
in buffered YMB were isolated from Henan province.
Only a few strains (13) were able to grow at pH 5.5 in
YMB buffered with 20 mM MES. Interestingly, six of
these strains were also able to grow at pH 9.0 (such as
S40, HH28 and WW10).

Melanin producers were found among isolates from
the four regions analysed (Table 2). Although 57% of the
analysed isolates produced the pigment, this characteris-
tic was rare (10%) among isolates from Shan Dong.

The catalogue that it is available at http://www.
soybeanrhizobia.net also shows additional data that are
not presented in this report (such as carbon and nitrogen
utilisation and intrinsic antibiotic resistance). This infor-
mation should be considered as “preliminary data that
requires further confirmation” and, for this reason, has
not been included in the present report.

PCR analyses

16S rDNA and 16S–23S rDNA Intergenic Spacer (IGS)
PCR analyses of all strains from Shan Dong and Henan
and those tested from Xinjiang and Hubei provinces
showed the amplification of a 1.5 kb or a 2.0 kb band,
respectively (Fig. 87 of the catalogue is an example).
Three enzymes, HaeIII, MspI and HinfI were used to
carry out restriction-fragment length polymorphism
(RFLP) of DNA fragments amplified by 16S rDNA PCR
or 16S–23S rDNA IGS-PCR. All isolates from Henan and
Shan Dong, and those tested from Hubei soil samples
showed no observable differences in their 16S rDNA-
PCR RFLP, and it was that predicted from the 16S rDNA
sequence reported for S. fredii USDA205T [38]. Although
most of the bacterial isolates from Xinjiang also showed
the characteristic 16S rDNA-PCR RFLP of S. fredii
strains, some of them (such as strain B7 with HinfI and
HaeIII and B11 with HinfI and MspI) gave RFLP patterns
that were different from those predicted from the 16S
rDNA sequences reported [30] for S. fredii and S. xinjian-
gense strains (the accession numbers for the S. fredii and
S. xinjiangense 16S rDNA sequences are x67231 and
AF250354). Interestingly, strain B11 is able to use dulci-
tol as the only carbon source, a capacity that, to our
knowledge, is absent from all fast-growing soybean rhi-
zobia studied so far [10, 40].

RFLP of the 16S–23S rDNA IGS-PCR fragments
showed differences between some strains. For instance,
strain WW10 was different from strains B33, HH1,

HH17, HWG35, and S30 when the endonucleases HaeIII
and MspI were used. No differences among the strains
were found when the endonuclease HinfI was used (see
Fig. 87 of the catalogue).

Randomly Amplified Polymorphic DNA analyses
(RAPD) using different primers showed differences in
RAPD profiles among strains isolated from the four re-
gions analysed (see catalogue). There are clear differences
in RAPD between strains from Hubei (S-strains) and
those from Xinjiang (B-strains) and also among strains
from the same region (see Figs. 88 and 89 of the cata-
logue).

Symbiotic characteristics

Most of the isolates from Henan were able to form ni-
trogen-fixing nodules with the Asiatic soybean cultivar
Heinong 33 and/or the American cultivar Williams (76%
and 80%, respectively), regardless of whether they were
isolated from nodules of Asiatic or American cultivars.
Similarly, bacterial strains from Henan that are poorly ef-
fective on Heinong 33 or Williams were originally isolat-
ed from both Heinong 33 and Williams cultivars. Similar
results were obtained with isolates from Shan Dong, most
of them being effective with Heinong 33 (86%) and
Williams (92%). Only two strains from Shan Dong soil
samples were ineffective with both soybean cultivars. All
isolates from Hubei formed nitrogen-fixing nodules with
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Table 3. Nodulation tests of isolates from Henan, Shan Dong,
and Hubei provinces with the American soybean cultivar
Williams and the Asiatic cultivars Heinong 33 or Jing Dou 19.

Province of Soybean cultivar Soybean Symbiotic 
origin used  as trapping cultivar phenotype

hosta tested –––––––––––––––
Fix+ Fix–

Henan Heinong 33 (35) Heinong 33 27 8
Williams 29 6

Williams (15) Heinong 33 11 4
Williams 11 4

Shan Dong Heinong 33 (35) Heinong 33 31 4
Williams 31 4

Williams (15) Heinong 33 12 3
Williams 15 0

Hubei Jing Dou 19 (34) Jing Dou 19 34 0
Williamsb 28 3

Williams (16) Jing Dou 19c 16 0
Williamsd 12 1

a Number in brackets refer to the total number of strains isolat-
ed from that particular cultivar that were subsequently tested
on soybean cultivars Heinong 33 (or Jing Dou 19) and on cul-
tivar Williams.

b Strains S44, S45, and S47 were not tested with cultivar
Williams.

c Strain S49 was not tested with cultivar Williams.
d Strains S48, S50 and S51 were not tested with cultivar

Williams.



Jing Dou 19. The degree of effectiveness of those strains
that were able to form nitrogen-fixing nodules varied
from “poor” to “highly effective”, as judged by plant
dry-weight and/or colour of leaves. Only four strains out
of 44 tested on soybean Williams were ineffective with
this cultivar. Nodulation ability of isolates from Xinjiang
has already been reported [48]. Table 3 summarises the
results obtained in plant tests with bacterial isolates from
Henan, Shan Dong, and Hubei.

Forty-three different competition experiments were
carried out between different FSR strains, between FSR
strains and SSR strains, or between FSR strains and the
reference strain S. fredii HH103 (results are listed in the
catalogue presented at the Web address given above).
Table 4 illustrates two examples from which conclusions
can be obtained: a) although strains B15 and HH103
were equally competitive for nodulation of cultivar Jing
Dou 19 and the former was less competitive than strain
HH17, strain HH103 outcompeted strain HH17. The re-
sults showed that it is not possible to predict how a par-
ticular strain will compete with a second strain from the
results of competition experiments between the first and
a third or the second and the third strains. b) soybean cul-
tivar specificity not only exerted a strong influence on the
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Table 4. Competition experiments among FSR strains to nodu-
late different soybean cultivars.

Pairs of  com- Soybean Number Nodule occu-
petitors (A/B) a cultivar of nodules pancy  (%)b

tested ––––––––––––––
A B

B15/HH103-1 Jing Dou 19 125 50 50
B15 StrR/HH17 Jing Dou 19 123 39 61
HH103/HH17 Jing Dou 19 125 72 28
S18/HH103-1 Williams 146 34 66
S18/HH103-1 Kochi 150 45 55
S18/HH103-1 Osumi 145 79 21
S30/HH103-1 Williams 125 46 54
S30/HH103-1 Osumi 143 71 29
S30/HH103-1 Kochi 148 80 20

a The ratio of competitors was 1:1, which approximately corres-
ponds to 2 × 108 cells per competitor.

b Numbers indicate the percentage of nodules occupied by each
competitors.

Nodule occupancy was determined 6–7 weeks after inoculation
by assessing the presence of the streptomycin-resistance marker.
Strains B15 StrR and HH103-1 are streptomycin-resistant deriva-
tives of B15 and HH103, respectively.

Fig. 4. Fragmentation scheme and ES-Q-oTOF collision induced dissociation product ion spectrum of LCO IV(C18:0,MeFuc) pro-
duced by strain B33. The ion at m/z 429 arises as a result of BnYn double cleavage. 



outcome of competition experiments between FSR and
SSR (as reported by Yang et al. [48]), but also between
FSR strains. For instance, the reference strain HH103
(FSR) was more competitive than S18 (FSR) for nodula-
tion of Williams, equally competitive with cultivar Kochi,
but less competitive in cultivar Osumi. Another FSR
strain, S30, was as competitive as HH103 in Williams but
it outcompeted the reference strain in cultivars Kochi and
Osumi.

Lipochitin-oligosaccharides (LCOs)

LCO profiles of all strains in the whole bacterial col-
lection were analysed on silica (TLC) and reversed-phase-
C18 thin layer chromatography (RP-TLC). It was very
surprising to observe that LCO profiles of all strains were
indistinguishable from that of the control strain S. fredii
HH103 (Fig. 3). From the slow-growing strains B51 to
B55 and strain HW30 LCO production was not detected
under the experimental conditions used.

Strains B33, WW10 and HH1 (high nitrogen-fixing
capacity in greenhouse experiments), and HWG35 and
HH17 (high competition ability versus SSR strains) were
selected for further study of their LCO structures. The se-
lected strains were isolated from three different regions:
Xinjiang (B33), Shan Dong (HWG35, WW10) and
Henan (HH1 and HH17). LCO samples were produced
and purified using reversed-phase HPLC with photodiode
array detection. The structure of each of the LCO compo-
nents in each of the fractions from each of the strains was
determined using MALDI-TOF, ES-Q-oTOF and CID-
tandem mass spectrometry. In this experiment, electro-
spray-generated ions may be isolated and activated on
collision with nitrogen, causing the ion to fragment in a
structurally-diagnostic manner. The product ions that re-
sult from this collision induced dissociation allow the
structure of the LCO, including the length of the carbo-
hydrate backbone, the type of lipid and the nature and lo-
cation of the backbone substituents to be assigned (e.g.
Fig. 4). Furthermore, the carbohydrate composition of
the Nod factors was determined and linkage analysis was
performed. The LCO structures identified from the com-

bined results of these analyses, from each strain are sum-
marised in Table 5. From these data it is very noticeable
that strain HH17 produces a very much wider range of
LCO structures than the other strains examined in this
way. Because such a large number of different structures
was somewhat surprising, the culture of strain HH17 was
repeated, and LCOs were once again extracted and frac-
tionated using reversed-phase HPLC. The new HPLC
fractions were once again analysed using MALDI-TOF,
ES-Q-oTOF and CID-tandem mass spectrometry. The
LCO structures identified from the newly-produced frac-
tions from strain HH17 were almost indistinguishable
from those identified from the first LCO preparation
from this strain, demonstrating that this strain repro-
ducibly produces a wider range of LCO structures under
the culture and isolation conditions used in our study.

From the results, it is clear that most LCOs identified
as being produced by these five selected strains have
structures in line with those expected to be produced by
strains of S. fredii [18]. However, strain HH17 showed
two interesting features in its LCO production ability.
Firstly, this strain produces a large number (39) of differ-
ent LCO structures, most of which are variants of the
structures normally produced by strains of S. fredii. Sec-
ondly, it produces LCOs carrying N-methyl substituents
on the non-reducing N-acetylglucosamine residue and
also LCOs bearing an acetyl substituent, in place of the
fucosyl residue, on the reducing N-acetylglucosamine
residue. Such structures have not, to our knowledge, pre-
viously been reported as being produced by strains of S.
fredii. 

Discussion

This work summarises physiological, genetic, struc-
tural and symbiotic traits of 198 fast-growing soybean
rhizobia (FSR) isolated from soil samples from four dif-
ferent soybean-cropping areas of China. The data ob-
tained in the characterization of this collection are com-
piled in a catalogue that is available on internet at the ad-
dress given above.
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Table 5. Structural assignment for LCOs from Chinese fast-growing soybean rhizobial strains.

Strain LCO Structure assigned

B33 V(C18:1,MeFuc); V(C18:0,MeFuc); IV(C18:1, MeFuc); IV(C18:0, MeFuc); III(C18:1, MeFuc); III(C18:0, MeFuc)

HWG35 V(C18:1, MeFuc); V(C18:0, MeFuc); IV(C18:1, MeFuc); IV(C18:0, MeFuc); IV(C18:1, Fuc); III(C18:1, MeFuc)

WW10 V(C18:1, MeFuc); V(C18:0, MeFuc); IV(C18:1, MeFuc); IV(C18:0, MeFuc); III(C18:1, MeFuc)

HH1 V(C18:1, MeFuc); V(C18:0, MeFuc); IV(C18:1, MeFuc); IV(C18:1, Fuc)

HH17 V (C18:1, NMe, MeFuc); V (C20:1, MeFuc); V (C16:1, MeFuc); V (C16:1, Fuc); IV (C20:0, MeFuc); IV (C18:1 NMe, MeFuc);
IV (C18:1 NMe, Fuc); III (C18:0, NMe, MeFuc); III (C18:0, MeFuc);III (C18:1, NMe, MeFuc); IV (C16:1, MeFuc); IV (C16:1,
Fuc); III (C16:1, MeFuc); III (C16:1, Fuc); III (C16:0, MeFuc);V (C16:0, MeFuc); V (C16:0,Fuc); V (C18:0 NMe, MeFuc); V
(C18:1, MeFuc); V (C18:1, Fuc); V(C18:1); IV (C16:0, MeFuc); IV (C16:0, Fuc); IV (C18:1, Ac); V (C18:1, MeFuc); IV (C18:1,
MeFuc); IV (C18:1, Fuc); IV (C18:1, MeFuc); IV(C18:1); III (C18:1, MeFuc); III (C18:1, Fuc); V (C18:0, MeFuc); V (C18:0, Fuc);
IV (C18:0, MeFuc); IV (C18:0, NMe, MeFuc); IV (C18:0, NMe); IV (C18:0, Fuc); IV (C20:3, Ac); III (C18:1, MeFuc)

Ac – acetate ; Fuc – fucose; MeFuc – methyl-fucose.



Fast-growing bacteria that nodulate soybean (FSR
strains) have been isolated from soil samples from soy-
bean cropping areas of four different regions, indicating
that FSR strains are widely present in Chinese fields dedi-
cated to soybean cultivation, regardless of their geo-
graphical location. The 16S rDNA RFLP pattern of the
strains analysed from Henan, Shan Dong and Hubei
provinces was that expected for S. fredii. Surprisingly,
none of the strains investigated from Xinjiang region
gave the 16S rDNA RFLP (MspI) pattern that would be
predicted from the 16S rDNA sequence reported [38] for
S. xinjiangense, another fast-growing soybean nodulating
bacterium isolated from soils of Xinjiang province [10].
Instead, most of them presented the pattern of S. fredii,
the exception being some strains, such as B7 and B11,
that showed 16S rDNA RFLP patterns that were distinct
from those of both S. fredii and S. xinjiangense. Although
most of the strains investigated appear to belong to S.
fredii¸ RFLP of DNA fragments amplified by 16S–23S
rDNA IGS-PCR and RAPD analyses proved to be effi-
cient techniques for discriminating among strains, even if
they were isolated from the same soil sample. Although
all the strains grew much faster than those belonging to
the genus Bradyrhizobium (generation time of strains
B51 to B55 varied from 8 h to 8 h 45 min), there are clear
differences in their generation times, that range from 2 h
to 4 h 45 min. Most of the isolates analysed show genera-
tion times between 2 h 30 min and 3 h 30 min which is in
line with data presented in previous reports on fast-grow-
ing soybean nodulating rhizobia isolated in China [15,
25] but slower than the generation time of strain SMH12
(1 h 30 min), a soybean-nodulating baterium isolated
from Vietnamese soils [40].

The ability to grow on LB medium at 37 °C had been
already reported in some strains belonging to S. meliloti
[35] and R. tropici [34]. Strains able to grow at 37 °C on
LC medium (which it is very similar to LB medium) were
found in soil samples from Henan, Shan Dong and Hubei
but not from Xinjiang region. 

The ability to grow at pH 5.5 in buffered YMB was
observed in only 13 strains, which is in accordance with a
previous report showing that the percentage of fast-grow-
ing soybean rhizobial strains able to grow at pH 5.5 is
low [8]. Six of them also grew at pH 9.0. Only one strain
(HH28) was able to grow in the pH range of 5.5–9.0 and
also at 37 °C. The data presented here show that these
pH and temperature conditions usually reduce or inhibit
the growth of fast-growing soybean rhizobia. Hence,
strain HH28 might be an interesting potential soybean
inoculant in those environmental conditions that could
pose a pH or temperature stress for the bacterial inocu-
lant albeit that its competitiveness still should be tested. 

Previous reports on S. fredii strains have shown that
they carry at least one plasmid and that, only with the ex-
ception of S. fredii USDA208, at least one of their indige-
nous plasmids hybridises to nod and/or fix probes [1, 6].
None of the FSR isolates investigated in this work was de-
void of indigenous plasmids. Four strains (B50, S5, S44,
and HWG35) were investigated for the presence of symbi-
otic plasmids. All of them contained a plasmid that com-

plemented a pSym-cured derivative of S. fredii USDA193
for soybean nodulation and nitrogen fixation (data not
shown). Hence, the presence of symbiotic plasmids in the
bacterial collection appears to be the general rule.

Twelve strains (such as WHG14, HH12 and B40) har-
bour plasmids that, according to their mobility in agarose
gels, have molecular weights clearly lower than those cur-
rently reported for rhizobial strains [22]. Two other S.
fredii strains carrying small plasmids have already been
reported [8]. Hence, at least in S. fredii strains the pres-
ence of small plasmids is not an extremely rare phe-
nomenon. Some of them, such as those found in strains
WHG14 and HH12 (Fig. 1, lanes 7 and 8) might become
suitable rhizobial cloning vectors. It is reasonable to ex-
pect that cloning vectors based on indigenous rhizobial
plasmids could be highly stable in these bacteria.

It was surprising to observe that none of the LCO pro-
files investigated on TLC, or RP-TLC, showed any clear
difference from that of the control strain S. fredii HH103.
However, the determination of LCO structures produced
by five different strains that were selected for their capaci-
ty to fix nitrogen or to compete for nodulation on soy-
beans, showed that strain HH17 produced 39 different
LCOs. To our knowledge, this is the largest number of dif-
ferent LCOs produced by any Sinorhizobium strain re-
ported. Most of the LCOs produced by HH17 (and all the
LCOs determined for the other four strains analysed) have
been already described for the wild-type strain, or mutant
derivatives of S. fredii HH103 [18, 29, 33]. In addition,
HH17 produces new LCOs never described before for S.
fredii, such as those carrying N-methyl substituents on the
non-reducing glucosamine residue or those bearing an
acetyl substituent (instead of the fucosyl residue) on the
reducing N-acetylglucosamine residue. An N-methyl sub-
stituent on the non-reducing glucosamine residue is due to
the expression of the nodS gene [17, 23] which is inactive
in the only S. fredii strain (USDA257) in which this gene
has been isolated and sequenced [28]. Transfer of the Rhi-
zobium sp. NGR234 nodS gene to S. fredii USDA257 pro-
duced transconjugants that had gained the ability to
nodulate Leucaena leucocephala [28]. Since strain HH17
failed to nodulate Leucaena leucocephala (our own un-
published results), we conclude that only the presence of a
N-methyl substituent on the non-reducing glucosamine
residue of the LCOs produced by strain HH17 is not suffi-
cient to confer nodulation ability on this legume.

In addition, the presence of acetyl residues directly
linked to the reducing terminal glucosamine residue of
the LCOs from strain HH17 suggests the presence of a
nodulation gene having the same function as nodX (en-
coding an acetyltransferase), a nodulation gene only re-
ported in R. leguminosarum strains [37]. 

The first report on S. fredii [25] described that only
one out of 14 isolates was able to form nitrogen fixing
nodules on American cultivars. Although the isolation of
effective S. fredii strains was later reported [8, 15, 41], it
was generally believed that most of the S. fredii strains
were generally unable to establish nitrogen-fixing associ-
ations with advanced soybean cultivars. Here we show
that 87.5% of the bacterial isolates studied in this work
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form nitrogen-fixing nodules with soybean cultivar
Williams. These results clearly show that although it is
easy to isolate S. fredii strains that fail in effectively nodu-
lating American soybean cultivars they represent the ex-
ception rather than the general rule, at least in the areas
investigated in this report. However, very few of the in-
vestigated S. fredii strains fix nitrogen at a level compara-
ble to B. japonicum USDA110, a highly effective strain
with American soybean cultivars [7, 41].

S. fredii strains show marked soybean-cultivar speci-
ficity [5, 15, 25, 48]. Results presented here show that
this cultivar specificity is also reflected in the bacterial
ability to compete for nodule formation in different soy-
bean cultivars. Plant tests carried out on different soy-
bean cultivars led to the identification of different bacte-
rial strains that were highly effective for a particular culti-
var, such as Jing Dou 19 or Williams. However, due to
the cultivar specificity phenomenon, it is probable that
those strains showing high nitrogen fixation with a par-
ticular soybean cultivar will not be the best inoculant in
the whole collection for another soybean cultivar. Strain
S18 is a clear example: it is highly effective with soybean
cultivar Williams and a mediocre nitrogen-fixer with cul-
tivar Osumi (our own unpublished results).

Since at present it is not possible to predict which
strain out of the whole collection is the best nitrogen-
fixer with any particular soybean cultivar, the whole col-
lection of rhizobia should be tested for symbiotic nitro-
gen fixation with any new soybean cultivar. This time-
consuming task is however, worthwhile, since, once a
subset of strains has been identified as promising inocu-
lants for a specific soybean cultivar, information on many
different bacterial characteristics that could be relevant to
their use as inoculants, or for carrying out further investi-
gations, is already available. Additionally, strains present-
ed in the catalogue that show peculiar characteristics
among soybean-nodulating bacteria, such as the ability to
grow on high salt media, such as LC medium, at 37 °C,
could be helpful for different research purposes. At pre-
sent we are carrying out an EU-funded project that will
allow the isolation of soybean rhizobia from another ten
traditional soybean-cropping regions of China, and also
from locations where it is expected that soybean will be
cultivated for the first time. The catalogue has been con-
structed in such a way that allows the creation of up-
dated versions containing new information on the exist-
ing strains as well as the addition of new soybean-nodu-
lating bacteria that may be isolated.
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