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The aim of the present study was to identify a collection of 35 Cupriavidus isolates at the species level and
to examine their capacity to nodulate and fix N,. These isolates were previously obtained from the root
nodules of two promiscuous trap species, Phaseolus vulgaris and Leucaena leucocephala, inoculated with
soil samples collected near Sesbhania virgata plants growing in Minas Gerais (Brazil) pastures. Phenotypic
and genotypic methods applied for this study were SDS-PAGE of whole-cell proteins, and 16S rRNA and

Keywords: gyrB gene sequencing. To confirm the ability to nodulate and fix N3, the presence of the nodC and nifH
z;}f_f genes was also determined, and an experiment was carried out with two representative isolates in order
16S rRNA to authenticate them as legume nodule symbionts. All 35 isolates belonged to the betaproteobacterium
ZyrB Cupriavidus necator, they possessed the nodC and nifH genes, and two representative isolates were able to

nodulate five different promiscuous legume species: Mimosa caesalpiniaefolia, L. leucocephala, Macroptil-
ium atropurpureum, P. vulgaris and Vigna unguiculata. This is the first study to demonstrate that C. necator
can nodulate legume species.

Betaproteobacteria

© 2012 Elsevier GmbH. All rights reserved.

Introduction

Currently, twelve bacterial genera are able to nodulate and fix N,
in symbiosis with Leguminosae species, including several alphapro-
teobacteria and two genera of betaproteobacteria, Burkholderia
and Cupriavidus [8,30]. Chen et al. [8] isolated betaproteobacteria
strains from root nodules of Mimosa pudica and Mimosa diplotricha
introduced into Taiwan and described the novel species Ralsto-
nia taiwanensis. This species was subsequently transferred to the
genus Cupriavidus [40]. Since then, C. taiwanensis has been isolated
from root nodules of M. pudica, M. diplotricha and Mimosa pigra
introduced into Taiwan [6,7] and from M. pudica in India [43]. C. tai-
wanensis and an undetermined Cupriavidus sp. were also isolated
from nodules of native M. pigra and M. pudica in Costa Rica [4] and
native Mimosa asperata in the USA [1].
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Except for the Cupriavidus sp. nodule bacteria found in Costa
Rica [4] and in the USA [1], there are no reports of the occur-
rence of Cupriavidus species in root nodules of Mimosa in other
regions, such as in Brazil which is the major centre of diversi-
fication for this legume genus [3,34]. Recently, Florentino et al.
[14] obtained isolates with fast-growth alkali-reactions in cul-
ture medium from Phaseolus vulgaris and Leucaena leucocephala
root nodules. The partial 16S rRNA sequences of five of these iso-
lates were similar to members of the Cupriavidus genus. In the
present study, it is shown that four isolates, previously identi-
fied at the genus level [14], and an additional 31 isolates from
the same study [14], belonged to Cupriavidus necator. To con-
firm their ability to nodulate and fix N,, the presence of the
nodC and nifH genes was determined, and an experiment was car-
ried out to authenticate them as legume nodule symbionts, as
well as to verify their symbiotic efficiency with different legume
species.

Materials and methods
Soil sampling and bacteria trapping

The 35 isolates studied in this work (Table 1) were obtained
by Florentino et al. [14] from soil samples collected near Sesbhania
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Table 1
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Origin (plant species) and analysis carried out on the isolates of Cupriavidus obtained from pasture soils collected near Sesbania virgata plants in Minas Gerais, Brazil.

Isolates and
their origin

Gene sequence analysis (GenBank accession number)

Inoculation experiment

16S rRNA gyrB

nifH

nodC

Leucaena leucocephala

UFLA01-657, UFLA01-669/(HQ684033)
UFLAO01-658,
UFLAO01-659,
UFLAO01-660,
UFLAO1-661,
UFLA01-662,
UFLA01-663,
UFLAO1-664,
UFLAO01-665,
UFLAO01-666,
UFLA01-667,
UFLAO1-668,
UFLAO01-669,
UFLAO01-670,
UFLAO1-671,
UFLA01-672,
UFLA01-673,
UFLA01-674,
UFLAO1-675,
UFLAO01-676,
UFLA01-677,
UFLAO1-678
Phaseolus vulgaris:
UFLA02-48,
UFLA02-52,
UFLA02-55,
UFLA02-57,
UFLA02-59,
UFLA02-62,
UFLA02-65,
UFLA02-67,
UFLA02-71,
UFLA02-72,
UFLA02-73,
UFLA02-74,
UFLA02-129

UFLA01-662/(HQ684038)
UFLA01-669/(HQ684042)

UFLA02-71/(HQ684034) UFLA02-55/(HQ684039)
UFLA02-71/(HQ684043)
UFLA02-73/(HQ684040)

UFLA02-129/(HQ684037)

UFLA01-662/(HQ684055)
UFLA01-669/(HQ684059)

UFLA02-55/(HQ684056)
UFLA02-71/(HQ684060)
UFLA02-73/(HQ684057)

UFLA01-662/(HQ684061)
UFLA01-669/(HQ684065)

UFLA01-657

UFLA02-55/(HQ684062)
UFLA02-71/(HQ684066)
UFLA02-73/(HQ684063)

UFLA02-129

virgata plants growing in distinct pasture areas in the state of Minas
Gerais, Brazil. These areas were located in Nepomuceno (21°14'S
and 45°13’W) and in Ribeirdo Vermelho (21°13’S and 45°02'W).
The isolates were captured from the soil samples by using the trap
legume species L. leucocephala and P. vulgaris. These species are
promiscuous plant species capable of symbiosis with more than
one rhizobia species. The methodologies of trapping and isolation
are described in Florentino et al. [14]. These isolates showed similar
cultural characteristics in culture medium 79 [17] when compared
to the Azorhizobium species (fast growth with alkali reaction), but
they have slightly higher gum production than this species.

SDS-PAGE of whole-cell proteins

All 35 isolates were grown on nutrient agar (CM3; Oxoid)
supplemented with 0.04% (w/v) KH,PO4 and 0.24% (w/v)
Nay;HPO4-12H,0 (pH 6.8), and incubated for 48 h at 28 °C. Prepa-
ration of whole-cell proteins for SDS-PAGE was performed as
described previously [28,31]. Densitometric analysis, normalisa-
tion and interpolation of the protein profiles and numerical analysis
using Pearson’s product-moment correlation coefficient were per-
formed using the GelCompar 4.2 software package (Applied Maths,
Belgium). A database consisting of reference strains of estab-
lished Cupriavidus species was available from previous studies
[7,10,11,19,40,41,P. Vandamme, unpublished data, 2009]. A den-
drogram based on numerical analysis of the protein profiles was
constructed. The reference taxa included those with the most

similar 16S rRNA gene sequences, as determined using the EzTaxon
database [9].

16S rRNA and gyrB gene amplification and sequencing

The near entire 16S rRNA gene sequences were determined
for two isolates (Table 1). The DNA was prepared using the
alkaline lysis procedure [2]. The nearly complete sequences
of the 16S rRNA gene (corresponding to positions 8-1541 in
the Escherichia coli numbering system) were amplified by PCR
using conserved primers (5'-AGAGTTTGATCCTGGCTGAG-3' and
5-AAGGAGGTGATCCAGCCGCA-3’) [10]. For the gyrB PCR amplifi-
cation, six isolates and thirteen reference strains from established
Cupriavidus species [37,40] were studied (Table 1). The PCR reac-
tion was performed using the primers gyrB1F (5-GAC AAC GGC
CGC GGS ATT CC-3’) and gyrB2R (5-CAC GCC GTT GTT CAG GAA
SG-3') [37]. Sequencing was performed using an ABI Prism 3130xI
capillary sequencer according to the manufacturer’s instructions
(Applied Biosystems). The sequencing primers for the 16S rRNA
gene were those given by Coenye et al. [10], whereas the primers
for gyrB were the same primers used for amplification.

Novel sequences and selected sequences of reference strains
were aligned using ClustalX. Subsequently, the aligned sequences
were imported into the BioNumerics version 5.1 (Applied Maths,
Belgium) software for phylogenetic analyses and bootstrap analy-
sis (1000 replicates). Phylogenetic trees were constructed using the
neighbour-joining, maximum likelihood and maximum parsimony
methods.
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nodC and nifH gene amplification and sequencing

Five isolates were examined for the presence of the nodC and
nifH genes (Table 1). The nodC DNA sequence was amplified using
the primers nodCF (5'-AYGTHGTYGAYGAACGGTTC-3’) and nodCl
(5'-CGYGACAGCCANTTCKKCTTATTG-3")[22]. For nifH, the DNA was
amplified using the primers 19F (5'-GCIWTYTAYGGIAARGGIGG-3')
and 407R (5’-AAICCRCCRCAIACIACRTC-3') [39]. The PCR products
were directly sequenced on both strands using the same primers
utilised in the PCR amplification. Sequencing was performed in a
3730xI sequencer.

The sequences obtained were translated to amino acids to check
if the residues were conserved, and they were aligned with refer-
ence strains using ClustalW [38]. Phylogenetic trees were inferred
using the neighbour-joining method, as implemented in the MEGA
4.1 package [36]. A bootstrap confidence analysis was performed
with 1000 replicates.

Glasshouse experiment

The present study used two isolates previously tested regarding
their ability to nodulate legume species (following Koch’s postu-
lates). Isolate UFLAQ1-657 was tested in L. leucocephala, and isolate
UFLAO2-52 was tested in P. vulgaris [unpublished data]. In this
work, a glasshouse experiment examined the symbiotic abilities
of two bacterial isolates from C. necator (UFLA02-129 and UFLAO1-
657) and one from C. taiwanensis (LMG 194247), with six legume
species: Mimosa caesalpiniaefolia and L. leucocephala (subfamily
Mimosoideae); and S. virgata, Macroptilium atropurpureum, P. vul-
garis and Vigna unguiculata (subfamily Papilionoideae). Seeds of M.
caesalpiniaefolia, L. leucocephala, and M. atropurpureum were scari-
fied in sulphuric acid (98.8%) for 5, 35, 40 and 50 min, respectively.
For P. vulgaris and V. unguiculata, the seeds were sterilised with
sodium hypochlorite (2%). Seeds of the six species were germi-
nated in Petri dishes with wet cotton and filter paper and then
transplanted into sterilised Leonard pots [44], with sand and ver-
miculite 1:1 (v:v) in the top part and Jensen solution without
nitrogen, diluted four times and sterilised [20], in the bottom part.
Seeds (four seeds per pot) were inoculated with bacterial isolates
and strains were cultivated in liquid medium 79 [17] contain-
ing 10° cellsmL~! (1 mLseed~!). For each species, three control
treatments were applied. The first control was an efficient and/or
inoculant strain as a positive control: Sinorhizobium fredii BR 827
(for L. leucocephala) [16,29], Azorhizobium doebereinerae BR 54017
(for S. virgata) [16,27], Bradyrhizobium sp. isolate UFLA04-0212 (for
M. atropurpureum), Rhizobium tropici CIAT 8997 (for P. vulgaris) [26],
and Bradyrhizobium sp. UFLA03-84 (for V. unguiculata) [21,35]. The
reference strain Burkholderia sabiae BR 3405, which is known to
nodulate the species M. caesalpiniaefolia [5], was used as a positive
control. The other controls, without inoculation, received or not,
mineral nitrogen (210 mg N-NH4NO3 kg~ substrate). The experi-
ment was carried out in a completely randomised design with three
replicates. After 60 days, the plants were harvested, and the number
of nodules and shoots were evaluated, with respect to dry mat-
ter weight. The data were analysed statistically using the SISVAR
programme, version 4.3 [13], with the effects from the treatments
evaluated by the Scott-Knott test [33] with a 5% significance.

Nucleotide sequence accession numbers

The 16S rRNA, gyrB, nodC and nifH gene sequences were
deposited in the EMBL/GenBank database. The accession numbers
are shown in Table 1.

Results
Species level identification of isolates

All isolates had virtually identical whole-cell protein profiles
(Fig. 1). In general, strains with highly similar whole-cell pro-
tein profiles have been shown to represent the same species [42],
as a high level of whole-cell protein pattern similarity correlates
with a high DNA-DNA hybridisation level. In the genus Cupri-
avidus, in particular, this was confirmed for all species examined by
comparative protein profiling and DNA-DNA hybridisation studies
[7,10,11,19,40,41]. For this reason, the random selection of a limited
number of isolates for further species level confirmation purposes is
taxonomically valid. When compared with protein profiles of type
strains of all established Cupriavidus species [7,10,11,19,40,41, P.
Vandamme, unpublished data] the highest similarity levels were
obtained with the C. necator type strain [40]. In order to confirm
this tentative identification, firstly, almost complete 16S rRNA gene
sequences were determined for two randomly selected isolates
(UFLAO1-669 and UFLAO2-71). The two sequences were 99.9-100%
similar and shared 99.5-99.7% of their 16S rRNA sequence with the
C. necator type and reference strains LMG 8453T and LMG 1199,
respectively. In the neighbour-joining phylogenetic tree, the two
isolates were grouped with the C. necator strains with a high boot-
strap support (Fig. 2), and this clustering was supported by the
maximum likelihood and maximum parsimony treeing algorithms
(datanot shown). Secondly, the gyrB sequences of the same two and
four additional isolates were compared with the gyrB sequences of
Cupriavidus reference strains characterised in previous taxonomic
studies [40] (Fig. 3). The six isolates had gyrB sequences that were
99.9-100% similar, and the highest similarity levels were again
determined against C. necator reference strains (range 95.6-96.8%
similarity). The diversity of gyrB sequences observed among the
type and seven additional reference strains of C. necator was in the
range of 97.6-98.1%.

nodC and nifH sequencing

nodC genes were detected in the isolates studied in this work.
The evolutionary tree for the deduced amino acid sequences of iso-
lates with published sequences showed that the isolates grouped
with Cupriavidus taiwanensis LMG 194247 (Fig. 4). The nifH gene
was also detected, and in the amino acid phylogenetic tree the iso-
lates were close to C. taiwanensis and Burkholderia strains (Fig. 5).
It was verified that the amino acid sequences of nodC and nifH
genes of Cupriavidus isolates had conserved regions found in other
alpha- and beta-rhizobia. These results indicated the genetic ability
of these isolates to nodulate legumes and fix nitrogen.

Glasshouse experiment

The symbiotic relationship of the six legume species with the
two representative strains is presented in Table 2. Treatment with-
out inoculation did not present nodules, indicating the absence of
contamination. It was also possible to verify that the experimen-
tal conditions were adequate for the expression of symbiosis, as
efficient nodules were found in many treatments. The two strains
and the type strain of C. taiwanensis were able to nodulate five
of the six legume species tested. They were not able to nodulate
S. virgata, corroborating the specificity of this plant species with
A. doebereinerae. There was high variability among the number of
nodules induced by the Cupriavidus isolates in the different hosts.
[solate UFLAO1-657 induced a higher number of nodules in a higher
number of species: M. atropurpureum (73 nodules), P. vulgaris (203
nodules) and V. unguiculata (165 nodules). The other isolate and
the type strain (UFLA02-129 and LMG 19424") also induced a



178

£91J1I7plll%0flllqoill.“|po

K. da Silva et al. / Systematic and Applied Microbiology 35 (2012) 175-182

kw0 UFLAOQ1-665
AN § @ UFLAQ2-72
= e
L e :u - L[_ﬁg‘l ggg
(LR - 7
[T TN o = UFLA8 gg
. 5 & UFLAQ2-59
rmee g wme UFLA01-661
Lae @ W FLA81-2 57
ree @rs m UFLAO1
| nge e W UFLAQ2- g
i rw G W UFLAQ1-658
e g W UFLAQ2-52
e @t @ UFLAQ1-676
T ‘N I & LAQ2-57
aame @0 UFLAQ1-664 5 s
e 80 e UFLAQ1-675 L Cupriavidus necator
a9 UFLAQ2-48
e @ FLAQ2-6.
|ienuee §or @ = F

| - g UELA01-073
L R IO UFLAO1-
| ihegen e e UFLAQ1-670
= TN TR UFLA01-671
= T T ' UFLAQ1-660
LR UFLAQ1-662
LR FLA81-
IR = UFLAQ2-
LIRS FLAQ2-74
LI UFLAQ1-678
trmame i1 e UFLAQ2-129
[ I XY UFLAQ1-674
(L TN LN ] LMG 8453T
| [T o-u— . UFLAO02-71
\ ‘ we ) LMG 58861 Cupnawdus gilardii
- Voosmge e LMG 1195  Cupriavidus metallidurans
[ --1 tMG 2%23} Cupnawgus oxalatf’cus
oo upriavidus pauculus
SN T N R “ LM8 ?9282T gupnawdusga mpinensis
e : LMG 189907 Cupriavidus basilensis
| | R W LMG 194247 Cupriavidus taiwanensis
] 10ms ae Qe . LMG 215107 Cupriavidus respiraculi

Fig. 1. Computer reconstructed whole-cell protein profiles of Cupriavidus isolates and reference strains, and a dendrogram based on numerical analysis of the protein profiles.
The correlation level between protein profiles is expressed as a percentage similarity for convenience.

high number of nodules in L. leucocephala and M. caesalpiniaefo-
lia, respectively. In plants from M. caesalpiniaefolia, L. leucocephala
and V. unguiculata, it was possible to verify that inoculation with
Cupriavidus provided a better nodule number than those inoculated
with strains used as positive controls. However, a high number of
nodules was not always related to the efficiency of fixing N,.

The results from shoot dry matter weight (Table 3) verified that
the addition of mineral nitrogen afforded better development to all
of the host species, except for P. vulgaris. In P. vulgaris, inoculation
with CIAT 8997 (positive control) and UFLA02-129 provided results
that were similar to those found in the treatment with mineral
nitrogen. In M. caesalpiniaefolia, the symbiotic relationship with C.

95 | UFLA01-669 (HQ684033)

99 UFLA02-71 (HQ684034)

34 [I—

e4|[ Cupriavidus necator LMG 84537(AF191737)

- L Cupriavidus necator LMG 1199 (M32021)
Cupriavidus oxalaticus LMG 2235 (AF155567)
Cupriavidus basilensis LMG 189907 (AF312022)

|9 Cupriavidus laharis LMG 23954" (AB054961)
Cupriavidus pinatubonensis LMG 23994" (AB121221)

Cupriavidus taiwanensis LMG 19424" (AF300324)

98

Ralstonia respiraculi LMG 215107 (AF500583)
Cupriavidus gilardii LMG 5886 (AF076645)
|L_87[  Cupriavidus metallidurans LMG 1195 (EU024161)

L Cupriavidus pauculus LMG 32447 (EU024165)
Cupriavidus campinensis LMG 18282" (AF312020)
Ralstonia solanacearum ATCC 11696 (X67036)

A
0.005

Pandoraea apista CCUG 38412 (AY268172)

Fig. 2. Phylogenetic tree based on 16S rDNA gene sequence similarity of Cupriavidus isolates and strains inferred using the neighbour-joining method. Bootstrap values were

based on 1000 replicates.
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UFLA02-73 (HQ684040)

UFLA02-55 (HQ684039)
UFLA01-662 (HQ684038)
UFLA02-129 (HQ684037)
Cupriavidus necator LMG 1202 (HQ684044)
Cupriavidus necator LMG 1211 (HQ684045)

100

100 | Cupriavidus necator LMG 1210 (HQ684046)

Cupriavidus necator LMG 1209 (HQ684047)
Cupriavidus necator LMG 1206 (HQ684048)
Cupriavidus necator LMG 1201 (HQ684049)

— Cupriavidus necator LMG 1190 (HQ684036)
Cupriavidus necator LMG 8453" (GU144401)
90 |98 Cupriavidus pinatubonensis LMG 239947 (HQ684050)

Cupriavidus laharis LMG 239547 (HQ684051)
Cupriavidus campinensis LMG 19282 (HQ684052)

| 8[ _ Cupriavidus respiraculi LMG 21 510" (HQ684053)
|

Cupriavidus gilardii LMG 5886" (HQ684054)

I
0.02

Burkholderia fungorum LMG 18809 (GU144394)

Fig. 3. Phylogenetic tree of the gyrB gene of Cupriavidus isolates and type strains inferred using the neighbour-joining method. Bootstrap values were based on 1000 replicates.

necator isolates provided moderate levels of efficiency, while inoc-
ulation in the other host plants, in general, was inefficient. For
the species L. leucocephala and M. caesalpiniaefolia, the inoculant
strains (positive controls) did not contribute significantly to plant
growth, possibly because more time would have been required for
development of symbiosis or the temperature of the season was
not suitable. Nodulation by isolates of C. necator was confirmed

100

12

55

—

by re-isolation from the nodules and it was identified by cultural
characteristics.

Discussion

The occurrence of nitrogen-fixing Leguminosae-nodulating
bacteria belonging to the genus Cupriavidus and nodulating

Cupriavidus necator UFLA02-73 (HQ684063)
Cupriavidus necator UFLA02-71 (HQ684066)
190 cupriavidus necator UFLA01-662 (HQ684061)
Cupriavidus necator UFLA02-55 (HQ684062)
Cupriavidus necator UFLA01-669 (HQ684065)
Cupriavidus taiwanensis LMG 19424 (AJ505303)

94 ggrkhorderia phymatum STM815" (NC010627)

Burkholderia mimosarum PAS44" (EU386155)
Burkholderia tuberum STM678" (AJ306730)

Bradyrhizobium japonicum USDA 110 (NC004463)
Bradyrhizobium canariensis BTA-1" (AJ560653)
Mesorhizobium loti MAFF303099 (B000012)
_g]'|j Rhizobium etli CFN 42" (NC004041)

Rhizobium gallicum R602sp’ (AF217266)

Rhizobium leguminosarum bv. trifolii USDA 2071 (AF217271)
Rhizobium leguminosarum bv. viciae 238 (M13658)
100 Sinorhizobium meliloti 1021 (AE006469)

Sinorhizobium medicae A 321" (EF428921)

—
0.02

Azorhizobium caulinodulans ORS 571" (AP009384)

Fig. 4. Phylogenetic tree of the nodC protein of Cupriavidus isolates and alpha- and beta-rhizobia strains inferred using the neighbour-joining method. Bootstrap values were

based on 1000 replicates.



180 K. da Silva et al. / Systematic and Applied Microbiology 35 (2012) 175-182

Cupriavidus necator UFLA01-662 (HQ684055)
Cupriavidus necator UFLA02-73 (HQ684057)
3 Cupriavidus necator UFLA02-55 (HQ684056)
Cupriavidus necator UFLA02-71 (HQ684060)
61 Cupriavidus necator UFLA01-669 (HQ684059)
Burkholderia caribensis TJ182 (AJ505317)
49|| Cupriavidus taiwanensis LMG 194247 (AJ505320)
Burkholderia sabiae Br3407" (AY533867)
Burkholderia phymatum STM815" (AJ505319)
kol Burkholderia mimosarum PAS44™ (AY883420)
Burkholderia nodosa Br3461 (AY533866)
Burkholderia tuberum STM678 (AJ302315)

ﬁ{_’_i Azorhizobium caulinodans ORS 5717 (AJ563960)
77— Bradyrhizobium elkanii USDA 76" (AB094963)
Bradyrhizobium japonicum USDA 110 (BA000040)
Mesorhizobium loti MAFF303099 (BA00012)
53 63[ Rhizobium leguminosarum bv. viciae 3841 (AM236084)
43 B — Rhizobium leguminosarum bwv. trifoliif NZP 514 (EF165535)
Sinarhizobium meliloti 1021 (NC003037)
70 Rhizobium gallicum R602sp’ (AF218126)
Rhizobium etli CFN 42" (NC004041)
Azotobacter vinelandii (M20568)

o
i

72

79

52

—
0.02

Fig. 5. Phylogenetic tree of the nifH protein of Cupriavidus isolates and alpha- and beta-rhizobia strains inferred using the neighbour-joining method. Bootstrap values were
based on 1000 replicates.

Table 2
Number of nodules (n. plant~1) after inoculation with Cupriavidus necator isolates, Cupriavidus taiwanensis LMG19424" and strains of compatible rhizobia in five different
legume species.

Plant species Treatments
LMG 194247 UFLA01-657 UFLA02-129 Control 12 Control 2P N addition CV. (%)
(n. plant=1)d

M. caesalpiniaefolia 10c 16 ¢ 106 a 63b od od 17.76

L. leucocephala 146 a 47 b 15b 59b Oc Oc 10.43

S. virgata 0b 0b 0b 253 a 0b 0b 11.16

M. atropurpureum 16d 73b 22¢ 102 a Oe Oe 5.68

P. vulgaris 21d 203 b 158 ¢ 299a Oe Oe 10.15

V. unguiculata 7c¢ 165 a 7c 66 b od od 12.31

2 Inoculation with compatible rhizobia: M. caesalpiniaefolia with BR 3405 reference strain [5]; L. leucocephala with BR 827 [16,29]; S. virgata with BR 5401 [16,27]; M.
atropurpureum with UFLA04-212 efficient strain; P. vulgaris with CIAT 8997 [26]; V. unguiculata with UFLA03-84 [21,35].

b Uninoculated control.

¢ Coefficient of variation.

d Values followed by different letters in the same line are significant at a 5% probability by the Scott-Knott test [33].

Table 3
Shoot dry matter (g plant—1) after inoculation with Cupriavidus necator isolates, Cupriavidus taiwanensis LMG19424" and strains of compatible rhizobia in five different legume
species.

Plant Treatments
LMG 194247 UFLA01-657 UFLA02-129 Control 12 Control 2P N addition CV. (%)
(gplant=1)d

M. caesalpiniaefolia 0.11c¢ 0.20b 0.20b 0.13 ¢ 0.14 ¢ 1.20a 11.84

L. leucocephala 0.13b 0.15b 0.07b 0.17b 0.12b 2.20a 24.09

S. virgata 1.07 ¢ 038 ¢ 1.06 ¢ 6.53b 0.57 ¢ 10.17 a 28.64

M. atropurpureum 0.22c¢ 0.12¢ 0.05¢ 1.25b 0.07 ¢ 3.25a 21.67

P. vulgaris 0.40 b 0.59b 1.24a 127 a 0.27b 1.23a 23.92

V. unguiculata 0.20c 029 ¢ 0.72 ¢ 2.75b 0.25¢ 5.98 a 15.10

2 Inoculation with compatible rhizobia: M. caesalpiniaefolia with BR3405 reference strain [5]; L. leucocephala with BR 827 [16,29]; S. virgata with BR 5401 [16,27]; M.
atropurpureum with UFLA04-212 efficient strain; P. vulgaris with CIAT 899" [26]; and V. unguiculata with UFLA03-84 [21,35].

b Uninoculated control.

¢ Coefficient of variation.

4 values followed by different letters in the same line are significant at a 5% probability by the Scott-Knott test [33].



K. da Silva et al. / Systematic and Applied Microbiology 35 (2012) 175-182 181

Papilionoideae and Mimosoideae species in Brazilian soils was
reported recently [14]. Our results demonstrated that all isolates
had virtually identical whole-cell protein profiles and that ran-
domly selected isolates shared virtually identical 16S rRNA and
gyrB gene sequences. The whole-cell protein profiles (Fig. 1) and
16S rRNA gene sequences (Fig. 2) of isolates were indistinguish-
able from those of C. necator reference strains. As sequence analysis
of protein encoding genes provides a higher taxonomic resolu-
tion compared to 16S rRNA gene sequence analysis, partial gyrB
sequences of six isolates along with those of the type and seven
established reference strains of this species [37,40] were subse-
quently examined. The partial gyrB gene sequences revealed that
the Cupriavidus isolates represented a distinct line of descent that
clustered among the other C. necator strains with a high bootstrap
support (Fig. 3). These results demonstrated that legume nodule
symbionts belonged to C. necator but also suggested that they rep-
resented a unique lineage within this species. However, multilocus
sequence typing of a larger number of C. necator strains would be
required to substantiate this conclusion.

This is the first time that isolates of the C. necator species have
been reported to induce effective root nodules. To date, only C. tai-
wanensis was known as a legume nodule symbiont. C. necator was
first described as a non-obligate predator of soil bacteria isolated
from soil in the vicinity of University Park, PA, USA [24]. Reference
strains of this species have so far all been isolated from soil samples
in Europe, Japan and the USA [40; http://bccm.belspo.be]. Some
strains are able to degrade chloroaromatic compounds [12] and
are resistant to heavy metals [25]. Other strains have been studied
for their ability to produce poly-[3-hydroxyalkanoates, which have
industrial applications [23,32].

Some lineages of betaproteobacteria probably obtained their
symbiotic genes through lateral transfer from alphaproteobacteria
[6,30,43]. However, in some Cupriavidus strains, obtained from root
nodules of Mimosa spp. in the USA, it appears that they acquired
these genes from Burkholderia rather than alphaproteobacteria [1].
In our study, the phylogenetic tree of deduced amino acids of nodC
and nifH genes of C. necator strains (Figs. 4 and 5) had very similar
sequences to those found in C. taiwanensis, and it appears therefore
that they acquired these genes from betaproteobacteria.

C. necator isolates had the ability to nodulate five of the six dif-
ferent hosts tested. These five species were all promiscuous hosts of
legume nodule symbionts. Nodulation was only absent in S. virgata,
which shows a high degree of symbiotic specificity with A. doebere-
inerae [15,18,27]. These results corroborated a previous report [14]
demonstrating that P. vulgaris and L. leucocephala are nodulated
by Cupriavidus sp. Furthermore, the results showed that C. neca-
tor was also able to nodulate M. caesalpiniaefolia, M. atropurpureum
and V. unguiculata. The results also showed an inefficient (UFLA 01-
657) to high (UFLA02-129) symbiotic efficiency for C. necator with
P. vulgaris and a moderate efficiency for both strains with M. cae-
salpiniaefolia, in addition to inefficient symbiotic relationships with
L. leucocephala, M. atropurpureum and V. unguiculata.
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