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† Background and Aims Species of the genus Burkholderia, from the Betaproteobacteria, have been isolated from
legume nodules, but so far they have only been shown to form symbioses with species of Mimosa, sub-family
Mimosoideae. This work investigates whether Burkholderia tuberum strains STM678 (isolated from Aspalathus
carnosa) and DUS833 (from Aspalathus callosa) can nodulate species of the South African endemic papilionoid
genera Cyclopia (tribe Podalyrieae) and Aspalathus (Crotalarieae) as well as the promiscuous legume
Macroptilium atropurpureum (Phaseoleae).
† Methods Bacterial strains and the phylogeny of their symbiosis-related (nod) genes were examined via 16S rRNA
gene sequencing. Seedlings were grown in liquid culture and inoculated with one of the two strains of B. tuberum
or with Sinorhizobium strain NGR 234 (from Lablab purpureus), Mesorhizobium strain DUS835 (from Aspalathus
linearis) or Methylobacterium nodulans (from Crotalaria podocarpa). Some nodules, inoculated with green fluor-
escence protein (GFP)-tagged strains, were examined by light and electron microscopy coupled with immunogold lab-
elling with a Burkholderia-specific antibody. The presence of active nitrogenase was checked by immunolabelling of
nitrogenase and by the acetylene reduction assay. B. tuberum STM678 was also tested on a wide range of legumes from
all three sub-families.
† Key Results Nodules were not formed on any of the Aspalathus spp. Only B. tuberum nodulated Cyclopia falcata,
C. galioides, C. genistoides, C. intermedia and C. pubescens. It also effectively nodulated M. atropurpureum but
no other species tested. GFP-expressing inoculant strains were located inside infected cells of C. genistoides, and bac-
teroids in both Cyclopia spp. and M. atropurpureum were immunogold-labelled with antibodies against Burkholderia
and nitrogenase. Nitrogenase activity was also shown using the acetylene reduction assay. This is the first demon-
stration that a b-rhizobial strain can effectively nodulate papilioinoid legumes.
† Conclusions Papilionoid legumes from widely different tribes can be nodulated by b-rhizobia, forming both inde-
terminate (Cyclopia) and determinate (Macroptilium) nodules.
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INTRODUCTION

Several species of bacteria in the genus Burkholderia are
known to be diazotrophs, particularly those that are isolated
from the rhizosphere and endorhizosphere of gramineous
plants in the tropics and sub-tropics (Gillis et al., 1995;
Estrada de Los Santos et al., 2001; Reis et al., 2004; Perin
et al., 2006). Burkholderia strains that contain nodA as
well as nifH genes have been isolated from legume nodules
(Moulin et al., 2001; Vandamme et al., 2002), and it is
now well established that so-called ‘b-rhizobia’ in the
genus Burkholderia can nodulate and form effective
N2-fixing symbioses with legumes, most particularly those
in the large mimosoid genus Mimosa (Chen et al., 2003a,
2005a, b; Barrett and Parker, 2005, 2006; Elliott et al.,
2007). Burkholderia strains have also been isolated from
nodules on papilionoid legumes (Moulin et al., 2001;
Vandamme et al., 2002; Rasolomampianina et al., 2005),
as well as from other mimosoid legumes (Abarema macrade-
nia, Pithecellobium hymenaeafolium; Barrett and Parker,

2005), but there has been no evidence presented as yet that
they can nodulate the plants from which they were isolated.
Indeed, in the case of Burkholderia phymatum STM815,
which was originally isolated from nodules on the papilio-
noid species Machaerium lunatum, Elliott et al. (2007)
failed to nodulate Machaerium spp. with this strain, but it
was found to be a highly effective nodulator of several
Mimosa spp., thus suggesting that this isolate was at most a
‘passenger’ in the Machaerium nodule it was isolated
from, and most likely originated instead from a Mimosa
nodule in the vicinity. This contention is supported by the
nodA gene sequence from B. phymatum, which has high
similarity to other Mimosa-nodulating Burkholderia strains
(Chen et al., 2005a, b), and also by the subsequent identifi-
cation of another B. phymatum strain, NGR195A, originally
isolated from Mimosa nodules in Papua New Guinea (Elliott
et al., 2007). Together with the recent description of
Burkholderia mimosarum and Burkholderia nodosa (Chen
et al., 2006, 2007), this brings the number of formally
described Mimosa-nodulating Burkholderia strains to three,
but are there any Burkholderia spp. that can effectively nodu-
late papilionoid legumes?* For correspondence. Email e.k.james@dundee.ac.uk
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The nodA gene of Burkholderia tuberum STM678 is dis-
tinct in phylogenetic terms from the Mimosa-nodulating
b-rhizobia, including B. mimosarum, B. nodosa,
B. phymatum, and Cupriavidus (Ralstonia) taiwanensis
(Chen et al., 2003a, 2005a, b), being more similar to that
of the alphaproteobacterium Methylobacterium nodulans
(isolated from nodules on Crotalaria spp.; Sy et al.,
2001a, b) and to Bradyrhizobium (Chen et al., 2003a,
2005a, b). B. tuberum STM678 was originally isolated
from the papilionoid legume Aspalathus carnosa, which
is native to the seasonally burnt and acid soils supporting
the fynbos vegetation of South Africa (Deschodt and
Strijdom, 1976; Dakora, 1998; Muofhe and Dakora, 1999;
Cocks and Stock, 2001). The present paper describes
another strain of B. tuberum, DUS833, which was also iso-
lated from Aspalathus nodules, and tests various Aspalathus
spp. for nodulation with both STM678 and DUS833. In
view of reports of B. tuberum-like strains isolated from
Cyclopia nodules (Kock, 2004; Kock and Steyn, 2004),
B. tuberum STM678 and DUS833 were also tested for
nodulation on species of this papilionoid genus, which is
also endemic to the South African cape region (Spriggs
et al., 2003; Spriggs and Dakora, 2007), as well as on
Macroptilium atropurpureum, a papilionoid legume well
known to be highly promiscuous with regard to micro-
symbionts (Trinick et al., 1991). Nodulation of Aspalathus
and Cyclopia spp. by the two B. tuberum strains was com-
pared with that of Mesorhizobium sp. strain DUS835,
Methylobacterium nodulans strain ORS2060 (Sy et al.,
2001a) and the broad host-range Sinorhizobium (Ensifer)
strain NGR234 (Trinick, 1980; Pueppke and Broughton,
1999).

MATERIALS AND METHODS

Bacterial strains and culture conditions

All bacterial strains used in this study are listed in Table 1.
In addition to these wild-type strains, B. tuberum STM678
was transformed using green fluorescent protein (TnGFP)
to form STM678GFP as described in Chen et al.
(2003b). STM678 was also transformed using the
nodDGUS-containing plasmid pRG960SD-32 (Van den
Eede et al., 1992) to form STM678nodDGUS using the
same method, except that a spontaneous chlorampheni-
col-resistant STM678 mutant was developed and used as
the recipient, with chloramphenicol (34 mg mL21) and

streptomycin (20 mg mL21) used for final transformant
selection.

Further identification of strains and phylogeny
of symbiosis-related genes

The nearly full-length 16S rRNA gene from DUS833
and DUS835 was amplified and sequenced using primers
fD1 (50-AGAGTTTGATCCTGGCTCAG-30) and rD1
(50-AAGGAGGTGATCCAGCC-30) (Weisburg et al., 1991).
Accession numbers for the 16S rRNA gene sequence
of DUS833 and DUS835 are EF566975 and EF566978,
respectively. For DUS833 and DUS835, a 501-bp fragment
of the nodA gene was amplified and sequenced with primers
50-TGCRGTGGARDCTRYGCTGGGAAA-30 and 50-GNC
CGTCRTCRAASGTCARGTA-30 and a 585-bp nifH gene
fragment with primers 50-CGCIWTYTACGGIAARGG
IGG-30 and 50-GGIKCRTAYTSGATIACIGTCAT-30 (Chen
et al., 2003a). For DUS833 a 461-bp nodC gene fragment
was amplified with the reverse primer 50-CTCAATGTACA
CARNGCRTA-30 and the tagged primer 50-H1-GAYATGG
ARTAYTGGYT-30 and sequenced with the tag H1 (50-GG
TTCCACGTAAGCTTCC-30). Accession numbers for partial
nodA and nodC gene sequences of DUS833 are EF566976
and EF566977, respectively, and EF566979 for the nodA
gene sequence of DUS835.

Plant species, germination and inoculation

Seeds of five species each of Aspalathus (A. chortophila,
A. linearis, A. nivea, A. subtingens, A. teres) and Cyclopia
spp. (as listed in Table 2) were obtained from Silver Hills
Seeds (Capetown, South Africa) or from B and T World
Seeds (Paguignan, France). Macroptilium atropurpureum
‘Siratro’ seeds were obtained from the Australian Tropical
Crops and Forages Collection, Biloela, Queensland,
Australia. All seeds were germinated by immersion in concen-
trated H2SO4 for 10 min, then washed five times in sterile dis-
tilled H2O and placed onto 1 % water agar and left at room
temperature in the dark. Resulting seedlings were grown
under sterile conditions in 30-mL tubes filled with modified
Jensens N-free plant nutrient medium (Somasegaran and
Hoben, 1994), and were inoculated with the appropriate bac-
terial inoculum as previously described (Chen et al., 2003b).
Plants of all species were inoculated with one each of
the five wild-type strains (Table 1), with additional plants

TABLE 1. Bacterial strains used in this study

Strain
Identification from 16S rRNA

gene sequence Original host Geographical origin Source/Reference

STM678 Burkholderia tuberum Aspalathus carnosa South Africa Moulin et al. (2001), Vandamme et al., (2002)
DUS833 Burkholderia tuberum* Aspalathus callosa South Africa Muofhe and Dakora (1998)
DUS835 Mesorhizobium sp.* Aspalathus linearis South Africa Muofhe and Dakora (1998)
ORS2060 Methylobacterium nodulans Crotalaria podocarpa Senegal Sy et al. (2001)
NGR234 Sinorhizobium sp. Lablab purpureus Papua New Guinea Trinick et al. (1980)

*Previously named Bradyrhizobium aspalati (Boone et al., 1999).
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inoculated with STM678GFP and STM678nodDGUS for
microscopical studies. All plants were inoculated (with con-
trols) in quadruplicate on two or more separate occasions,
and were grown at 26 8C under Triplus T5 triphosphor plant
growth lamps at 339.5 (+ 28.2) mE m22 s21 with a 12-h
daylength.

A separate inoculation experiment was performed in
Taiwan on a wide range of plants from all three sub-families
of the Leguminosae as follows: Canavalia gladiata, C. rosea,
Chamaecrista mimosoides, Glycine max, Macroptilium atro-
purpureum, Medicago polymorpha, Mimosa diplotricha,
M. pigra, M. pudica, Phaseolus vulgaris, Prosopis africana,
Vigna angularis, V. radiata and Sesbania cannabina.

Plant assessment and harvest

Plants were harvested at 40 or 60 d after inoculation (dai).
Acetylene reduction assays (ARAs) were conducted on
intact plants according to Chen et al. (2003b). Nodules were
then harvested for light microscopy, transmission electron
microscopy (TEM) and immunogold labelling with antibodies
raised against the genus Burkholderia or against the nifH
(Fe-) protein according to Chen et al. (2003b, 2005b). A sepa-
rate experiment was also conducted to examine the infection
of Cyclopia genistoides and C. pubescens by B. tuberum
STM678GFP and STM678nodDGUS; this involved harvest-
ing the plants at 7 and 15 dai and examining them for signs
of infection using light and epifluorescence microscopy, as
well as for more detailed studies using confocal laser scanning
microscopy (CLSM) and TEM according to Chen et al.
(2003b).

RESULTS

The 16S rRNA, nodA and nodC gene sequences of strain
DUS833 were identical to Burkholderia tuberum STM678
(100 % homology). The 16S rRNA gene sequence of
DUS835 showed highest sequence similarity (.99.9 %) to
Mesorhizobium spp. The nodA gene sequence of DUS835
shared 73.8 % DNA identity with those of DUS833, with
the most similar sequences within sequence databanks

belonging to species of the genera Sinorhizobium and
Mesorhizobium.

Burkholderia tuberum STM678 formed nodules with all five
species of Cyclopia (Table 2, Fig. 1A–C), whereas DUS833
formed nodules on C. falcata, C. galioides and C. genistoides
(Table 2). No nodules formed on any of the five Aspalathus
species inoculated with either B. tuberum strain, and all
plants subsequently died from apparent N-limitation. None of
the other three inoculant strains (DUS835, NGR234,
ORS2060) formed nodules on any of the Cyclopia or
Aspalathus spp. In the case of C. genistoides, the inoculated
plants were green (Fig. 1A) and gave significant ARA activity
with both strains of B. tuberum (146.2+72.1 and 140.7+
33.8 nmol C2H4 plant21 h21 for STM678 and DUS833,
respectively). Nitrogenase activity and immunogold labelling
of bacteroids of STM678 were also observed in C. galioides
and C. pubescens, but the number of effectively nodulated
plants was very low, and these had lower ARA values (8.4
and 11.4 nmol C2H4 plant21 h21, respectively), and no ARA
activity was detected with C. falcata and C. intermedia.
Therefore, as nodulation and nitrogen fixation by
C. genistoides was more consistent compared with the other
Cyclopia species, it was selected for further studies with
GFP- and nodDGUS-marked variants of STM678, and the
nodules formed by these (Fig. 1C) showed GFP (Fig. 1D, E)
and GUS (b-glucuronidase) activity (Fig. 1F), respectively.
Macroptilium atropurpureum plants were also green and
healthy compared with uninoculated control plants after they
had been inoculated with either of the B. tuberum strains, and
were clearly nodulated (Fig. 1G), but the plants inoculated
with Mesorhizobium sp. strain DUS835 were similar in appear-
ance to the uninoculated controls, even though they were also
nodulated (Fig. 1G).

Light and electron microscopy coupled with immunogold
labelling with antibodies against Burkholderia (Chen et al.,
2005b) confirmed that the bacteroids in the host cells of
C. genistoides nodules formed by either B. tuberum strain
were Burkholderia (Fig. 2A–D). Negative control sections
incubated in non-immune serum gave little or no signal
(Fig. 2E, F). Nodules formed by either B. tuberum STM678
or DUS833 on C. genistoides were effective in appearance
and were typically indeterminate with a meristem, invasion
zone and nitrogen-fixing zone (Fig. 3A–D), and hence were
generally as described by Vasse et al. (1990) for alfalfa
(Medicago sativa) nodules. Nodules formed on C. galioides
(Figs 1B and 3E), C. pubescens (Fig. 3F) and C. falcata (not
shown) by B. tuberum were essentially similar to those
formed on C. genistoides. Immunogold labelling with anti-
bodies against the nitrogenase Fe-protein (nifH protein) con-
firmed that the bacteroids in the host cells of Cyclopia
nodules formed by the B. tuberum strains expressed the nitro-
genase enzyme complex, for example in C. genistoides
(Fig. 3D).

Macroptilium atropurpureum nodulated by the wild-type,
GFP- and GUS-marked variant strains of B. tuberum STM678,
and by B. tuberum DUS833, had significant (albeit highly vari-
able) acetylene reduction activities (Table 3), with some of the
plants inoculated with the GFP-marked strain having particularly
high activity (up to 1181 nmol C2H4 plant21 h21). None of the
plants nodulated by Mesorhizobium sp. DUS835 had any

TABLE 2. Effect of inoculation with Burkholderia tuberum
strains STM678 and DUS833 on nodulation of Cyclopia spp.

Host plant species Inoculant strain
Mean (+s.d.) number

of nodules

Cyclopia falcata STM678 3.3 (+0.9)
DUS833 0.5 (+0.4)

Cyclopia galioides STM678 5.2 (+1.0)
DUS833 8.0 (+5.6)

Cyclopia genistoides STM678 5.3 (+0.9)
DUS833 5.5 (+3.9)

Cyclopia intermedia STM678 1.5 (+0.5)
DUS833 No nodulation

Cyclopia pubescens STM678 3.8 (+0.8)
DUS833 No nodulation

All data were collected at 60 d after initial inoculation.
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activity. The M. atropurpureum nodules formed by the
B. tuberum strains were effective in appearance and typically
determinate (Fig. 4A), with the bacteroids immunogold-labelled
with antibodies against Burkholderia (Fig. 4B) and the

nitrogenase Fe- (nifH) protein (Fig. 4C). Bacteroids incubated
in non-immune serum gave a negligible immunogold signal
(Fig. 4D). In contrast to the effective B. tuberum-induced
nodules, the ineffective nodules formed by Mesorhizobium sp.

FI G. 1. (A) Cyclopia genistoides inoculated with Burkholderia tuberum STM678 and (B) C. galioides inoculated with B. tuberum DUS833. Nodules are
indicated by arrows. Nodules (arrows) on a root of C. genistoides 50 d after inoculation with B. tuberum STM678GFP (C). Sections of (D) young and
(E) mature nodules of C. genistoides 20 and 50 d after inoculation with B. tuberum STM678GFP viewed under epifluorescence. The central infected tissue
of the nodules fluoresces green (*) indicating the presence of the GFP-expressing B. tuberum cells, but the vascular cylinder of the root (r) subtending the
young nodule fluoresces red. (E) The mature C. genistoides nodule has a pronounced meristem, thus indicating that it is indeterminate. (F) Section of a
mature C. genistoides nodule at 50 d after inoculation with B. tuberum STM678nodDGUS showing high expression of glucuronidase in the infected cells
(*), and in the invasion zone (iz) close to the meristem (m). (G) Macroptilium atropurpureum ‘Siratro’ plants which were either inoculated with
B. tuberum STM678 (first left), B. tuberum DUS833 (second left), Mesorhizobium sp. DUS835 (third left) or left uninoculated (right). Nodules on
the B. tuberum-inoculated plants are indicated by arrows, and the white nodules on the Mesorhizobium-inoculated plant by a double arrowhead. Scale

bars ¼ 1 cm (A–C), 100 mm (D), 200 mm (E, F), 2 cm (G).
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DUS835 on M. atropurpureum were white in colour (Fig. 1F)
and disorganized in structure (not shown).

B. tuberum STM678 failed to nodulate a wider range
of legumes, including Canavalia gladiata, C. rosea,
Chamaecrista mimosoides, Glycine max, Medicago polymor-
pha, Mimosa diplotricha, M. pigra, M. pudica, Prosopis
africana and Sesbania cannabina, but it could ineffectively
nodulate Phaseolus vulgaris and Vigna angularis (Table 3).

DISCUSSION

The 16S rRNA gene sequence of strain DUS833 clearly places
it in the species Burkholderia tuberum, thereby doubling the
number of strains recorded in this species. Interestingly,
several 16S rRNA gene sequences from rhizobia isolated
from Cyclopia spp. and deposited by Kock (2004) and Kock

and Steyn (2004) also have a very high similarity to
B. tuberum STM678 (as well as other Burkholderia spp.) and
so there is probably a much larger number of strains of this
species, particularly in nodules of Cyclopia spp. native to the
fynbos vegetation of South Africa. The nodA and nodC
genes of DUS833 were also very similar to those of
B. tuberum STM678, as are those of the strains identified by
Kock (2004), and the most similar a-rhizobia (in terms of
nodA gene sequence) are Methylobacterium nodulans
ORS2060, with the next closest being members of the large
genus Bradyrhizobium (Chen et al., 2003a, 2005a, b). The
16S rRNA gene sequence of the other DUS isolate, DUS835,
was most similar to those of members of the genus
Mesorhizobium. Note that both of these strains were originally
named as representing ‘Bradyrhizobium aspalati’ (Boone
et al., 1999) yet neither isolate proved to be a bradyrhizobium.

FI G. 2. Light microscopy (A, C, E) and transmission electron microscopy (TEM) (B, D, F) of sections of Cyclopia genistoides nodules infected
with B. tuberum STM678 (A, B) or DUS833 (C–F). The sections were immunogold labelled with either an antibody raised against B. phymatum
STM815 (A–D), or with pre-immune serum (E, F). The infected zone (*) is clearly labelled in A and C, but there is no signal in E. The meristem
(m) is indicated at the right-hand side of each of A, C and E. Similarly, bacteroids (b) in B and D are labelled with gold whereas those in F are not.

Scale bars ¼ 100 mm (A, C, E), 500 nm (B, D, F).
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It is assumed that this nomenclature was adopted in the absence
of any identifying sequence data on the preposition that these
isolates were similar to those identified using now somewhat
outdated methodology and published some years previously
(Dakora, 1998).

There is evidence provided by the sequences deposited by
Kock (2004) that B. tuberum could nodulate Cyclopia. For
example, many of the Cyclopia strains that were shown to be
similar to B. tuberum STM678 had been authenticated as
being capable of nodulating Cyclopia by an earlier study by
A. C. Spriggs and F. D. Dakora (unpubl. res.). However, the
present study is the first to show conclusively via ASAs and
microscopy that two B. tuberum strains (STM678 and
DUS833) can nodulate Cyclopia species effectively, and is
the first study to show that B. tuberum can effectively nodulate
any legume. Nodules on this genus have previously been
reported to be indeterminate (Sprent, 2001), but there has
been no report of their structure. Taxonomically the tribe

Podalyrieae is considered to be close to the tribes Genisteae
and Crotalarieae, both of which appear to have nodules that
are not formed following root hair infection and where the
infected tissue contains no uninfected cells (Sprent, 2007;
Sprent and James, 2007). The internal structure of Cyclopia
nodules is common to many legumes, but not in this part of
legume phylogeny (van Wyk, 2005). However, arguably the
most interesting aspect of nodulation by Cyclopia is that it
seems to be so specific in its preference for B. tuberum as a
symbiont. For example, even though Sinorhizobium (Ensifer)
sp. NGR234 can nodulate a huge range of legumes, including
those in the same tribe as Cyclopia (the Podylareae) (Pueppke
and Broughton, 1999), it failed to nodulate any of the Cyclopia
spp. Small bumps were formed by Methylobacterium nodulans
on C. galioides, but they were symbiotically ineffective and
disorganized structures (G. N. Elliott, J. I. James and
E. K. Sprent, unpubl. res.), and so at present it must be con-
cluded from the results of the present study and that of Kock

FI G. 3. Light microscopy (A, B, D, E) and TEM (C, F) of sections of nodules of Cyclopia genistoides (A–D), C. galioides (E) and C. pubescens (F)
infected with B. tuberum STM678. Cyclopia nodules are typically indeterminate with a distinct apical meristem (m), an invasion zone (iz) of newly
divided cells being penetrated by infection threads containing rhizobia [which in this case have been immunogold labelled with an antibody raised
against B. phymatum STM815 (arrow in C)], and a central zone of infected cells (*) containing bacteroids (b) that express the enzyme nitrogenase, as

indicated in D by immunogold labelling with an antibody against the nifH protein. Scale bars ¼ 100 mm (A, E, F), 25 mm (B), 500 nm (C, D).
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(2004) that B. tuberum is the dominant symbiont of this genus.
Finally with regard to Cyclopia, Sprent (2001) lists only four
out of the nine Cyclopia species as nodulated, including
C. genistoides, so the reports from the present study of nodula-
tion of C. galioides, C. intermedia and C. pubescens are new,
and, together with the recent report of nodulation of
C. falcata (syn. C. subternata) by Spriggs and Dakora
(2007), brings the total number of confirmed nodulated
Cyclopia spp. to eight.

Although Moulin et al. (2001) and Vandamme et al. (2002)
have described B. tuberum STM678 as a symbiont of
Aspalathus carnosa, the present study failed to demonstrate
nodulation of any of the five Aspalathus spp. tested under
the growth conditions that allowed for nodulation of
Cyclopia spp. and M. atropurpureum. It is possible that
these conditions were simply not conducive to nodulation
of Aspalathus spp., although the plants grew well until they
succumbed to N-limitation, so the conditions were not con-
sidered as inherently bad for plant growth. Unfortunately,
seeds of A. carnosa, the plant from which STM678 is reported
to have been isolated, could not be obtained and so it could not

TABLE 3. Nodulation and nitrogenase (acetylene reduction)
activities of Macroptilium atropurpureum inoculated with
wild-type and genetically modified variant strains of
Burkholderia tuberum STM678, B. tuberum DUS833 and
Mesorhizobium sp. DUS835, and nodulation and nitrogenase
activities of Phaseolus vulgaris and Vigna angularis

inoculated with B. tuberum STM678

Strain
Number of

nodules
Nitrogenase activity (nmol C2H4

plant21 h21)

M. atropurpureum
STM678 18.9+7.0 125.6+41.5
STM678gfp 17.6+4.8 444.4+461.8
STM678(pSD32) 11.6+5.4 60.4+73.0
DUS833 12.8+3.0 45.3+52.4
DUS835 9.8+3.4 0
Control 0 0
P. vulgaris 14.6+4.6 0
V. angularis 17.6+5.5 0

Values are given as mean+ s.d. All data were collected at 40 d after
initial inoculation.

FI G. 4. Sections of Macroptilium atropurpureum ‘Siratro’ nodules after inoculation with B. tuberum STM678 viewed under the light microscope (A) or
the TEM (B–D). The mature nodule (A) is effective in appearance with densely stained infected cells (*), but it is spherical and without a meristem, and
hence is typically determinate. Bacteroids (b) immunogold-labelled with antibodies against either B. phymatum STM815 (B) or the nifH protein (C).
Bacteroids in serial sections from the same nodules incubated in pre-immune serum had little or no gold labelling (D). Scale bars ¼ 200 mm (A),

1 mm (B–D).
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be confirmed if this particular species could be nodulated
under the conditions used in the present study. Therefore,
the only conclusions that can be reached at present with
regard to nodulation of Aspalathus spp. by B. tuberum or by
any rhizobial strain, including NGR234 and the DUS
strains, is that these conditions may not allow for it. Indeed,
the question as to whether B. tuberum can nodulate
A. carnosa will not be resolved until it is tested on this
species, but such tests will need to be done under sterile con-
ditions similar to those used in the present study, and in com-
parison with positive control strains known to nodulate
Aspalathus spp. Definitive Aspalathus-nodulating rhizobia
are uncommon in the literature even though the genus is
large (245 species), and it contains 57 known nodulated
species (Sprent, 2001), which appear to make a positive con-
tribution to the post-fire N-cycle of the fynbos (Cocks and
Stock, 2001). This makes it all the more surprising that,
apart from B. tuberum STM678, most isolates from
Aspalathus spp. either remain unidentified (Deschodt and
Strijdom, 1976; Allen and Allen, 1981) or have been only
provisionally described as Bradyrhizobium spp. based
solely on their slow growth rates many years previously
(Dakora, 1998; Muofhe and Dakora, 1998; Boone et al.,
1999).

Unlike the other nodulating species of b-rhizobia so far
described (Chen et al., 2001, 2006, 2007; Vandamme
et al., 2002), B. tuberum STM678 failed to nodulate any
of the three invasive Mimosa spp. This was expected, as
nodulation gene sequences were dissimilar from the
known Mimosa-nodulators (see Introduction), although
experiments are currently underway to determine if selected
Mimosa-nodulating b-rhizobia can nodulate Cyclopia spp.
(G. N. Elliott, unpubl. res.). B. tuberum STM678 also
failed to nodulate a range of legumes in all three sub-
families, but could ineffectively nodulate the promiscuous
papilionoid legumes Phaseolus vulgaris and Vigna angu-
laris, and effectively nodulate Macroptilium atropurpur-
eum. Indeed, both strains of B. tuberum showed a
particular ability to nodulate M. atropurpureum effectively,
a species known to be very promiscuous with regard to
symbionts (Trinick et al., 1991), but which in spite of its
promiscuity could not be nodulated effectively by other
b-rhizobia, such as Cupriavidus taiwanensis or
B. phymatum (Moulin et al., 2001; Elliott et al., 2007).
However, the nitrogenase activity of M. atropurpureum
nodulated by the B. tuberum strains was highly variable,
ranging from undetectable to over 1000 nmol C2H4

plant21 h21 in the case of the GFP-marked STM678, but
only up to just over 100 nmol C2H4 plant21 h21 for the
wild-type and GUS-marked strains. There is no clear expla-
nation for either the variability of the nitrogenase activity
by plants inoculated by wild-type STM678 and its geneti-
cally modified variants, or the particularly high activity
by some of the plants nodulated with the GFP-marked
strain compared with those nodulated by the wild-type
and GUS-marked strains, but TnGFP insertion position
effects on symbiotic nitrogen fixation in the Burkholderia
genome are currently being investigated (W-M. Chen,
unpubl. res.). However, the high variability in nitrogenase
activity of M. atropurpureum nodulated by B. tuberum

(by both wild-type and genetically modified strains) may
help to explain why the present study demonstrated an
effective symbiois between this plant and strain STM678
whereas the earlier study of Moulin et al. (2001) showed
an ineffective one.
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