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Abstract

Recent developments in the legume rhizobium symbiotic interaction particularly those related to the emergence of novel
strains of bacteria that nodulate and fix nitrogen in legumes is gaining momentum. These novel strains of bacteria were
mostly isolated from the root nodules of indigenous and invasive legumes belonging to the sub families Papilionoideae and
Mimosoideae in South Africa, South America and South East China. These rhizobia are phylogenetically and taxonomically
different from the traditional ‘alpha rhizobia’ and are termed ‘B-rhizobia’ as they belong to the f-sub class of Proteobacteria.
There are also new reports of novel species of root nodulating bacteria from the a-Proteobacteria, not known for several
decades since the discovery of rhizobia. However, in this review focus is given to the emerging p-rhizobia isolated from the
indigenous Papilionoid legumes in the Cape Floristic regions in South Africa and the indigenous and invasive Mimosoid
legumes in South America and South East Asia respectively. The nodulation of the indigenous South African Papilionoid
legumes including that of Aspalathus linearis (rooibos) is discussed in a bit detail. Previous reports indicated that A. lin-
earis is very specific in its rhizobium requirement and was reported to be nodulated by the slow growing Bradyrhizobium
spp. This review however summarizes that the bacteria associated with the root nodules of A. linearis belong to members
of both the alpha (a) Proteobacteria that include Mesorhizobium, Rhizobium and Bradyrhizobium spp. and the beta () Pro-
teobacteria represented by the genus Burkholderia (now reclassified as Paraburkholderia). In addition, the occurrence of
Paraburkholderia as the newly emerging root nodule symbionts of various other legumes has been discussed. In doing so,
the review highlights that nodulation is no longer restricted to the traditional ‘rhizobia’ group following the emergence of
the new beta rhizobia as potential nodulators of various indigenous legumes. It thus provides some insights on the status of
the legume-rhizobium host specificity concept and the loss of this specificity in several symbiotic associations that puts the
long held dogma of host specificity of the legume rhizobium symbiosis in a dilemma.
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Introduction soil fertility and ecological benefits. Until 27 years ago,

the bacteria that are involved in nodulating the majority

Ever since Frank (1889) had first described the bacterial
genus Rhizobium, the legume rhizobium symbiotic interac-
tion has been studied for almost 130 years now owing to its
huge significance in sustainable agricultural productivity,
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of legume species were all classified under a single genus
Rhizobium (Gyaneshwar et al. 2011). A breakthrough in
bacterial phylogenies based on sequences of the conserved
small sub unit of the 16S ribosomal RNA changed the ‘one
genus Rhizobium’ concept (Young and Haukka 1996). This
resulted in the division of the rhizobia into the well-known
genera Rhizobium, Bradyrhizobium, Ensifer (Syn: Sinorhizo-
bium), Mesorhizobium, Allorhizobium and Azorhizobium all
belonging to the alpha subclass of Proteobacteria (alpha-
proteobacteria) (Graham 2008; Willems 2006; Velazquez
et al. 2010). Due to the ecological significance and economic
importance, the rhizobia-legume symbiosis has since been
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studied extensively and currently, the genera that contains
the root nodule forming bacteria has risen to 14 (Deng et al.
2011). The new inclusions are the genera Methylobacterium
(Sy et al. 2001), Devosia (Rivas et al. 2002), Ochrobactrum
(Ngom et al. 2004), and Shinella (Li et al. 2008) that belong
to the Alphaproteobacteria and Burkholderia (Moulin et al.
2001) and Cupriavidus (Chen et al. 2001) from the Betapro-
teobacteria (Fig. 1). The newly discovered rhizobia particu-
larly those belonging to the beta-subclass of Proteobacteria
are the subject of this review that will briefly discuss some
recent studies, which disclosed the emergence of new group
of bacteria as root nodulating symbionts of certain indig-
enous and exotic legumes.

Overview on the rhizobium-legume host
specificity

Host specificity refers to the phenomenon whereby a given
rhizobium species or strain nodulates (i.e. its ability to form
root nodules) only a specific or limited number of legume
species. Few famous examples of such high host specificity
include the symbiosis between Rhizobium leguminosarum
(bv. trifolii) and Trifolium spp. and the symbiosis between
Rhizobium etli (bv. phaseoli) and Phaseolus vulgaris (Jiao
et al. 2015). Other examples of host specificity include
Mesorhizobium muleine CCBAU83963 for Cicer arietinum

Xanthomonas

(Zhang et al. 2012) and Sinorhizobium meliloti for only
three genera: Medicago, Melilotus and Trigonella (Roche
et al. 1996; Albrecht et al. 1999). The mutualistic interaction
between the two symbiotic partners results in the formation
of a new plant organ, the root nodule. The rhizobia within
nodules (which now become the bacteroides) convert atmos-
pheric nitrogen into ammonia, a form that can be directly
used by the legume plant (Wang et al. 2012). However, prior
to the formation of nodules and the subsequent biological
process that converts atmospheric nitrogen into a usable
form, the legume and its micro symbiont need to establish a
successful interaction. This interaction requires a signal rec-
ognition between the two symbiotic partners, which signifies
that symbiotic specificity evolves because of the interaction
of both the rhizobia and the host legume genes (Wang et al.
2012, 2018).

The first step in the legume rhizobium symbiosis is a
‘molecular dialogue’ between the two partners which starts
after the legume secretes special molecules called flavo-
noids that immediately diffuse across the bacterial mem-
brane. Moments after the bacteria perceives the flavonoid
signals, it results in the activation of the bacterial nodula-
tion (nod) genes, which encode the enzyme needed for the
synthesis of the rhizobial Nod factors. These are lipochito-
oligosaccharides with four or five 1,4-linked N-acetyl-glu-
cosamine residues that carry a fatty acyl chain of varying
length attached to the C-2 position of the non-reducing end
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Fig. 1 Phylogenetic tree of Proteobacteria constructed from the 16S rRNA gene sequences. The genera containing rhizobia are indicated in bold

(adapted from Barreda and Fikri-Benbrahim 2014 with permission)
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and various species-specific chemical decorations at both
the reducing and non-reducing ends (Wang et al. 2018).
Generally, Nod factors are the signal molecules essential
for initiating symbiotic development in the legumes and are
required for root hair curling, induction of nodulation and
entry of the rhizobia into the roots (Pueppke and Broughton
1999; Oldroyd et al. 2011). Only a particular type of Nod
factor allows a given rhizobial strain to nodulate a certain
legume host, giving rise to the first rhizobial determinant
of host specificity (Fauvart and Michiels 2008). A typical
example could be the variation in the Nod factors between
Sinorhizobium meliloti, a root nodulating nitrogen fixing
symbiont of Medicago spp. and Rhizobium leguminosarum
bv. viciae a nitrogen fixing symbiont of Vicia faba (Fig. 2).
These two rhizobia spp. have different legume host prefer-
ence for nodulation mainly due to the variation in the nod
factors, which differ at the reducing terminal sugar unit and

by the structure of the acyl chain. S. meliloti Nod factors are
characterized by four glucosamine units and an acyl chain of
16 C-atoms in length with two unsaturated bonds, an acetyl
group at the non-reducing end and a sulfate group at the
reducing terminal end in the nod factor. On the other hand,
the R. leguminosarum nod factor consists of a mixture of
factors that contain several compounds, and the length of
the glucosamine backbone is four or five units that carry an
acyl chain of 18 C-atoms with either one or four unsaturated
bonds (Albrecht et al. 1999).

The idea of Nod factors being the major determinants in
the rhizobium-legume host specificity is still in debate. In a
report published by Perret et al. (2000), the molecular basis
of host specificity and symbiotic promiscuity has been dealt
with in detail. The report, supported with few evidences,
states that the Nod factors produced by rhizobia and the leg-
umes they nodulate have no strict correlation. For instance,
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Fig.2 Nod factor variation in Sinorhizobium meliloti (a) and Rhizo-
bium leguminosarum bv viciae (b) that determine host specificity for
nodulation. The two Nod factors differ at the reducing terminal sugar
unit and by the structure of the acyl chain. The S. meliloti Nod fac-
tor contains four glucosamine units, an acyl chain of 16 C-atoms in
length with two unsaturated bonds, an acetyl group at the non-reduc-
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ing end and a sulfate group at the reducing terminal sugar residue. In
contrast, R. leguminosarum bv Vicia Nod factor contains glucosamine
backbone of four or five units carrying an acyl chain of 18 C-atoms
with either one or four unsaturated bonds which could be O-acety-
lated at the non-reducing terminal sugar residue (adapted from Albre-
cht, the EMBO Journal with permission)
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although the Nod factors produced by Rhizobium etli and
Rhizobium loti (now Mesorhizobium loti) are identical, the
two rhizobia have distinct host ranges in which M. loti nodu-
lates Lotus spp. whereas R. etli is specific to Phaseolus spp.
(Cardenas et al. 1995). In yet another example, R. legumino-
sarum bv. viciae produce Nod factors which are the same as
that of R. leguminosarum byv. trifolii, but the two rhizobium
biovars nodulate different legume hosts (Orgambide et al.
1995; Spaink et al. 1995).

On the other hand, several recent investigations back up
the idea that Nod factors are still the major determinants
in legume host specificity where each rhizobium produces
a particular mix of Nod factors characterized by chemical
substitutions at certain positions that give specificity to the
signalling (Wang et al. 2012, 2018; Clua et al. 2018). In a
decade long study since 1990, a concerted research by sci-
entists that involved microbiologists, geneticists, plant cell
biologists, biochemists and analytical chemists from known
universities globally resulted in the isolation and charac-
terization of Nod factors from several species of Rhizobium
(Long 2001). The outcome of this work showed that diverse
Rhizobium species produce Nod factors with similar chito-
oligo backbones, but different side chains that include sug-
ars, acetyl or carbamyl residues and modified lipids. This
difference in the side chains of the Nod factors provides host
specificity in the legume nodulation.

Nodulation of legumes by both alpha
and beta rhizobia

First report of legume nodulation by B-rhizobia

For almost more than a century, it was believed that all
legumes are nodulated only by Rhizobium and its rela-
tives in the alpha sub class of Proteobacteria such as
Bradyrhizobium, Ensifer (Sinorhizobium) species. How-
ever, over the last 20 years, sufficient evidence has accu-
mulated that indicate the emergence of new members of
root nodulating bacteria belonging to the genera, Methylo-
bacterium, Devosia, Ochrobactrum, Shinella, Burkholde-
ria and Cupriavidus. The latter two genera fall into the
sub class of B-Proteobacteria and are collectively termed
as ‘beta-rhizobia’ (Moulin et al. 2001; Gyaneshwar et al.
2011). In many parts worldwide, unlike the food legumes
soybean (Glycine max L.), cowpea (Vigna unguiculata (L.)
Walp, common beans (Phaseolus vulgaris L.) to mention
a few, the symbiotic properties of several other indige-
nous legumes not directly used for human consumption
have not been investigated thoroughly. A few examples
include the indigenous South African legumes such as
Aspalathus, Cyclopia, Lotononis, Desmodium as well as
the medicinally important Crotalaria species, which still
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warrant such studies to elaborate on their symbiotic prop-
erties. Although recent reports on the nodulation proper-
ties of Cyclopia and Aspalathus are gaining momentum
recently, there is still a big gap in the elucidation of the
diversity of the rhizobia and their taxonomic and phyloge-
netic relatedness, which warrants more work in this regard.
For instance, members of the genus Aspalathus includ-
ing the popular A. linearis have been considered to be
nodulated by the slow growing Bradyrhizobium species
until recently. It was repeatedly reported that members of
the genus Aspalathus are specific in their Bradyrhizobium
requirements (Staphorst and Strijdom 1975; Deschodt and
Strijdom 1976). These reports were however based solely
on cultural and growth properties of the bacteria without
the availability of any molecular data (Hassen et al. 2012).

Moulin et al. (2001) was the first to disclose the
occurrence of nodulation of legumes by members of the
B-subclass of Proteobacteria. In this pioneer discovery, the
researchers showed that the ability of rhizobia to establish
a symbiotic interaction with legumes is more widespread
than has been anticipated to date. The study revealed
that two bacteria isolated from the nodules of Aspala-
thus (strain STM678) and Machaerium (strain STM815)
were taxonomically found to be very distant from known
rhizobia. For quite a long time before this discovery, strain
STM678 originally isolated from the South African Aspal-
athus carnosa was thought to belong to the slow grow-
ing Bradyrhizobium species (Boone et al. 1999; Dakora
1998). Nevertheless, the study by Moulin et al. (2001)
using phylogenetic analysis of the gene sequences of the
16S ribosomal RNA showed that the strains do not belong
to any of the major branches of rhizobia described and not
even to the a-subclass of Proteobacteria, but rather belong
to the pB-subclass of Proteobacteria. Further phylogenetic
analysis of partial sequence of the 23S rRNA gene and the
dnakK gene encoding the chaperon heat shock protein were
consistent with the 16S rRNA analysis that unambiguously
positioned these strains in the Burkholderia genus within
the B-subdivision of Proteobacteria.

The discovery of nodulating bacteria other than the
traditional rhizobia belonging to the Alphaproteobacteria
prompted extensive work on the phylogeny and taxonomy
of the newly nodulating strains of B-Proteobacteria. This
resulted in the description of the two new nodulating strains
as Burkholderia tuberum STM678 and Burkholderia phy-
matum STM815 (Vandamme et al. 2002). Later, Chen et al.
(2003) reported that legume nodulation and nitrogen fixation
by the p-Proteobacteria is widespread in nature. Following
the pioneer study in 2001, research in the past two decades
has accumulated ample evidences worldwide about the nod-
ulation and nitrogen fixation of native and exotic legumes by
the newly emerging ‘B-rhizobia’ group.
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Nodulation of Papilionoid legumes by both the a
and B-Proteobacteria

Nodulation of Aspalathus linearis burm. f.

Several works are available that report about the nodula-
tion of legumes belonging to the sub family Papilionoideae.
However, there was very little information regarding the tax-
onomy of rhizobia that nodulate Aspalathus species until
the work by (Moulin et al. 2001; Hassen et al. 2012) who
first reported the nodulation of Aspalathus carnosa and A.
linearis by members of the p-sub class of Proteobacteria
respectively. A few years later after the discovery of legume
nodulation by the beta group of rhizobia, the nodulation
properties of the South African indigenous legume, A. lin-
earis burm f. and their associated symbionts was studied. A.
linearis burm. f. commonly referred to as ‘rooibos’, derived
from the Afrikaans roy boss (=red bush), is an indigenous
South African legume normally found in the winter rainfall
area of the Cederberg region of the Western Cape province.
It is a legume in the family Leguminosae, tribe Crotalaria
of the sub family Papilionoideae. In South Africa and many
other countries, A. linearis is used to make rooibos tea, a
popular herbal tea that has several health benefits (Joubert
and de Beer 2011; Hassen et al. 2012).

Like several other legumes, A. linearis forms a symbi-
otic relationship with certain group of Rhizobia that form
root nodules and fix well over 100 kg nitrogen ha™! annu-
ally (Sprent et al. 2009; Hassen et al. 2012). A. linearis is
generally characterized by the formation of indeterminate
nodules; elongated nodules with persistent meristem that
continuously give rise to new nodule cells similar to that
of Medicago sativa or Pisum sativum (Gage 2004) (Fig. 3).

These are different from determinate nodules, which are
circular in shape and without meristem that contain homog-
enous population of symbiotic cells (Maroti and Kondorosi
2014) such as those in soybeans and cowpea. The study
by Hassen et al. (2012) reported for the first time that this
indigenous Papilionoid legume is nodulated by members of
both the a- and B-sub class of Proteobacteria. These workers
initially isolated the bacteria using soil trap technique in the
glasshouse from soil samples collected from the rhizosphere
of wild growing A. linearis at various sites in the Cederberg
mountain areas in the Western Cape. The study evaluated
the ability of the isolated bacteria to nodulate the original
legume host. Their results indicated that the majority of the
trapped isolates were able to nodulate their original legume
host.

Unlike the previous thoughts and reports that A. linearis
have a specific Bradyrhizobium requirement for their nodu-
lation (Boone et al. 1999; Dakora 1998), the root nodule
isolates from this indigenous legume displayed variations
in growth rate, colony size, colour and cultural morphology
(Fig. 4). Analysis of the taxonomic positions and phylog-
eny using nucleotide sequence of the 16S ribosomal RNA
revealed that the majority of the nodule isolates from A.
linearis belong to three genera (Mesorhizobium, Rhizobium,
Burkholderia) (Fig. 5). The finding of this work outlines that
contrary to the long-time belief that A. linearis are specifi-
cally nodulated Bradyrhizobium species, only 2% of the nod-
ule isolates were closely related to Bradyrhizobium spp. In a
previous work by Muofhe (1997), the absence of appropriate
bacterial strains that nodulate and fix atmospheric nitrogen
within the Cape region and which could constraint nodula-
tion and growth of A. linearis was reported. This is contrary
to what was found out by Hassen et al. (2012) in which they

Fig.3 a Indeterminate, elongated pink nodules of Aspalathus lin-
earis. b Different nodule zones in the mature longitudinal root nodule
section formed in S. meliloti, M. truncatula symbiosis showing the
meristem (i), infection zone (ii), nitrogen fixation zone (iii) and senes-
cence zone (iv). ¢ Symbiotic cells containing the differentiating endo-

symbionts stained with green fluorescence and the host cytoplasm
fully packed with long nitrogen-fixing bacteroides (c). Adapted from
(a) Hassen et al. (2012); (b, ¢) Maroti and Kondorosi (2014), Fron-
tiers in Microbiology, with permission
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Fig.4 Morphologically different strains of rhizobia isolated from the root nodules of Aspalathus linearis (rooibos): a Rhizobium sp., b Burk-
holderia and Mesorhizobium spp. and ¢ Bradyrhizobium and Herbasprillum spp. adapted from Hassen et al. (2012)

Fig.5 Neighbour Joining 16S
rRNA phylogenetic tree of
rhizobial isolates that nodulated
Aspalathus linearis. The tree
shows the taxonomic place-
ments of the characterized iso-
lates that contain representative
species from both the alpha and
beta Proteobacteria. Adapted
from Hassen et al. (2012)
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reported the formation of an average of 3—12 nodules per
plant by rhizobia. More than one species of rhizobia includ-
ing those belonging to both the alpha and beta rhizobia
nodulated A. linearis (Fig. 6). The rhizobia also resulted in
statistically significant increase in plant biomass (dry weight
and fresh weight) indicating that the Cape floristic region is
not poor in its microbial diversity that effectively colonize
and form nodules in Aspalathus species.

The isolation of Mesorhizobium spp. (alpha rhizobia) and
Burkholderia spp. (beta rhizobia) which both nodulated A.
linearis can be attributed to many factors, one of which is
that both genera occur in similar acidic and very poor nutri-
ent soils (Lamaire et al. 2015). However, the vast majority
of the nodule symbionts detected in A. linearis, like in many
other legumes, are the alpha-rhizobia, in this particular case
Mesorhizobium followed by Rhizobium spp. (Fig. 5). One
possible reason, amongst several other hypotheses, could
be that shortly after the transfer of the nod genes from beta
to alpha-rhizobia, there was a rapid expansion of legumes
into environments that favoured alpha-rhizobia more. For
instance, Burkholderia strains mainly occur as symbionts in
acidic and very poor soil, but they could be outcompeted by
other symbionts (e.g. Mesorhizobium spp.) when the con-
centration of soil nutrients in particular nitrogen increases
(Sprent et al. 2017).

Nodulation of Lebeckia spp.

Another South African indigenous legume for which exten-
sive study on the symbiotic performance and the rhizobium
associated with it has been conducted was Lebeckia spp., a
legume of the Leguminosae family and the tribe Crotalar-
ieae mainly indigenous to the Southern and Western Cape
regions of South Africa (Phalane 2008). This genus falls
under the sub family Papilionoideae and consists of close

Mesorhizobium sp. Control Control

(SARCC-RB16n)

Rrhizobium sp.
(SARCC-RB1h)

to 35 species that are mainly indigenous to the Western and
Southern regions of South Africa. In the study to determine
the diversity and taxonomy different Lebeckia spp. (Phalane
2008), used various species of the indigenous Lebeckia col-
lected from nine localities in the western and northern Cape
regions. These workers isolated several morphologically dif-
ferent rhizobia which were then characterized to infer the
phylogenetic positions at molecular level by PCR amplifica-
tion using Nif gene derived primer RPO1 (Richardson et al.
1995) and the 16S rRNA primers 16f 27 and 16r 1485 (Lane
1991) followed by sequencing. The results from this analysis
indicated that the various species in the genus Lebeckia are
nodulated by both the alpha (Mesorhizobium, Bradyrhizo-
bium and Sinorhizobium spp.) and rhizobia of the beta Pro-
teobacteria group. This work presented the first report on the
taxonomic identities of the rhizobia associated with the root
nodules of this unique legume indigenous to South Africa.
The essential finding of this work was the nodulation of all
the needle shaped leaf Lebeckia spp. by the newly emerging
beta sub group of rhizobia (Burkholderia) and the promiscu-
ous nodulation of Lebeckia sericea by both Mesorhizobium
and Bradyrhizobium species.

Despite the report by Phalane (2008) that the alpha
(a)-Proteobacteria including Mesorhizobium, Rhizobium
and Bradyrhizobium spp. are reported as the predominant
symbionts of Lebeckia species, later studies indicated that
the indigenous Lebeckia spp. are mainly nodulated by
Burkholderia species (De Meyer et al. 2013, 2014). The
study on the symbiotic properties of South African fynbos
legumes spanned from 2002 until recently with an aim to
domesticate herbaceous South African legumes such as
Rhynchosia and Lebeckia as perennial pasture legumes in
Australian agricultural systems exposed to drying climate
(Howieson et al. 2013). Several novel Paraburkholderia
species have since been isolated and characterized from

Burkholderia sp.
(SARCC-RB14i)

Control

Rhizobium sp.
(SARCC-RBSc)

Fig.6 Aspalathus linearis is nodulated by different species of bacteria belonging to Mesorhizobium (a), Rhizobium (b, ¢) and Burkholderia spe-
cies (d). In all cases, the nodules are indeterminate and pink. Adapted from Hassen et al. (2012)
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different Lebeckia spp. of which Lebeckia ambigua, a
perennial suffrutescent legume of the fynbos in South
Africa, has been extensively studied. One of such stud-
ies investigated the symbiotic properties and taxonomic
positions of 23 bacterial strains isolated from this legume
(Howieson et al. 2013). According to the 16S rRNA phy-
logeny study, most of the rhizobia isolates belonged to the
genus Paraburkholderia having high sequence similarity
with P. graminis, P. caledonia and P. tuberum. These find-
ings prompted for more detailed studies using polyphasic
approaches including 16S rDNA, gyrB, recA gene phylog-
enies, DNA-DNA hybridizations, MALDI-TOF MS analy-
sis as well as physiological and biochemical tests. These
studies helped to describe new species of Paraburkholde-
ria such as P. sprentiae sp. nov. (De Meyer et al., 2013),
P. dilworthii sp. nov. (De Meyer et al. 2014) and P. fynbo-
sensis sp. nov. (De Meyer et al. 2018) from the previously
characterized 23 strains isolated from Lebeckia ambigua
(Fig. 7). Unlike most of the previously studied Paraburk-
holderia mainly in South East China and the Americans,
Paraburkholderia strains isolated within South Africa are

0.05

98

100

8

o

primarily associated with Papilionoid legumes rather than
the Mimosa species (De Meyer et al. 2015).

Nodulation of other Papilionoideae legumes

Cyclopia spp. are the other endemic Papilionoid legumes
that represent part of the fynbos biome of the South Afri-
can Cape region. Two of the species C. intermedia and C.
subternata are predominantly used in the production of a
local beverage drink known as honey bush tea with several
health benefits as well as economic value on a foreign mar-
ket. The diversity of the root nodule rhizobia associated with
several Cyclopia species has been studied in South Africa
using molecular characterization techniques that involved
the 16S—23S IGS-RFLP analysis (Kock 2003). Both alpha
and beta rhizobia were detected from the nodules as nitrogen
fixing symbionts, but the majority belonged to members of
the beta rhizobia (Burkholderia) most of which were phylo-
genetically related to Burkholderia tuberum. Then, Elliott
et al. (2007) demonstrated the two Burkholderia tuberum
strains STM678 and DUS833 described earlier can nodulate

Paraburkholderia tuberum WSM4177 (HE862275)
Paraburkholderia tuberum WSM4180 (HE862274)
Paraburkholderia tuberum WSM4176 (HQ698909)
Paraburkholderia tuberum WSM4175 (HE962574)
Paraburkholderia tuberum WSM4174 (HQ.698904)

Paraburkholderia tuberum STM678T (AJ302311)
Paraburkholderia tuberum WSM4179 (HQ698905)

\—— Paraburkholderia sprentiae WSM5005" (HF549035)

Paraburkholderia mimosarum PAS44T (AY752958)
Paraburkholderia nodosa Br34377 (AY773189)

86 Paraburkholderia tropica Ppe8T (AJ420332)

Paraburkholderia caribensis LMG 185317 (NR_118056)

%E Paraburkholderia phymatum STM8157 (AJ302312)

— Paraburkholderia terricola LMG 205947 (AY040362)

Paraburkholderia graminis CAD1MT (U96939)

15{ Paraburkholderia graminis WSM4181 (HE862277)
Paraburkholderia graminis WSM4182 (HQ698910)

Paraburkholderia phytofirmans PsJNT (AY497470)
Earaburkholderia caledonica LMG 19076 (AF215704)

Paraburkholderia dilworthii WSM3556T (HQ698908)

‘EParaburkholderia fynbosensis WSM4178T (HE862279)
62 U Paraburkholderia rhynchosiae WSM3937T (EU219865)

Cupriavidus taiwanensis LMG 194247 (AF300324)

Fig.7 Phylogenetic tree showing the evolutionary relationship and
taxonomic positions of Paraburkholderia species including the
newly described novel isolates from Lebeckia ambigua nodules. The
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tree construction was based on analysis of the 16S ribosomal RNA
sequences. Adapted from De Meyer et al. (2018), with permission
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Cyclopia species and other Papilionoid legumes from wildly
different tribes. Nodules formed by B. tuberum ST678 or
DUSS833 on Cyclopia genistoides were typically intermedi-
ate with invasion and nitrogen fixing zones. Beukes et al.
(2013) also confirmed that the majority of these Burkholde-
ria isolates from Cyclopia are conspicuous to B. tuberum
that could expand the host range of Cyclopia species for this
species of Burkholderia.

Parallel with the disclosure of the nodulation of the
Papilionoid legumes Aspalathus and Cyclopia spp. by both
the alpha and beta-sub group of Proteobacteria (Moulin
et al. 2001; Kock 2003; Hassen et al. 2012), several new
p-rhizobia that nodulate other Papilionoid legumes have
been described. In an effort to gather more evidences
that South African Papilionoid legumes are nodulated
by Paraburkholderia strains different from those nodulat-
ing Mimosa spp. in China and the Americans, Garau et al.
(2009) conducted a similar study on the indigenous her-
baceous legume Rhynchosia ferulifolia. Two root nodule
strains Burkholderia sp. WSM3937 and WSM3930 isolated
from this legume were studied for their symbiotic perfor-
mance using the same host in the glasshouse and confirmed
that both nodulated Rhynchosia effectively. Using analysis of
the 16S rRNA gene as well as intragenic sequences of nodA
and nifH the nodule isolates from R. ferulifolia, belong to
the genus Burkholderia with substantial similarity with Bur-
kholderia tuberum STM678T, the -rhizobium from South
Africa, but have been found to have a distant relationship
with South American Mimosa-nodulating b-rhizobia. This
study by Garau et al. (2009) was of course the first to report
N-fixation between B-rhizobia and an herbaceous, Papilio-
noid legume from which the strains were originally isolated.

Later, Beukes et al. (2013), reported the occurrence of
diverse Burkholderia spp. in the nodules of the endemic
Papilionoid legumes of the tribe Hypocalypteae and Poda-
lyrieae from Cape Floristic Region in South Africa. Based
on the analysis of molecular techniques that involved 16S
rRNA and recA housekeeping gene, as well as analysis of
the genes that encode for nifH and nodA, there exists a hori-
zontal gene transfer that determines their symbiotic perfor-
mance and their evolutionary origins were by far distinct
from Burkholderia from other parts of the world. Similar
reports of nodulation of legumes by the newly emerg-
ing beta rhizobia that mainly include Paraburkholderia
(formerly Burkholderia) is gaining momentum in the past
decades. Very recently, Beukes et al. (2019a) investigated
and reported the nodulation of an indigenous legume tree
Vachellia karroo (formerly Acacia karroo), by both mem-
bers of the alpha and beta Proteobacteria. The study, which
used a 16S rRNA sequence analysis as well as recA-based
phylogenetic analyses, identified nodule isolates from V.
karroo down to species level many of which belonged to
Paraburkholderia spp. In a separate study, the taxonomic

status of rhizobia that nodulate the indigenous South African
fynbos legume Hypocalyptus sophoroides was elucidated
using a genealogical concordance analysis that include six
loci (16S rRNA, atpD, recA, rpoB, lepA and gltB) as well
as comparison of average nucleotide identity. The result of
this study disclosed that these nodulating strains are novel
strains of Paraburkholderia which were divergent from their
closest relatives and were classified as Paraburkholderia
strydomina sp. nov. and Paraburkholderia steynii sp. nov.
(Beukes et al. 2019b). Recently, Paraburkholderia species
that nodulate soybean have been identified by means of
multilocus sequence typing analysis in Venezuela (Ramirez
et al. 2019). This is despite the fact that there is very little
evidence that demonstrates the occurrence of Burkholderia
and Paraburkholderia as the predominant soybean rhizobia
in agricultural fields. The authors argue that such occurrence
of soybean nodulating Paraburkholderia in Venezuela soils
located in different climatic and topographical regions could
have resulted through horizontal gene transfer.

Nodulation of Mimosoideae legumes by B-rhizobia

The genus Mimosa is one of the largest genera of legumes
(500 species) belonging to the family Leguminosae, sub
family Mimosoideae most of which form a symbiotic asso-
ciation with rhizobia (Sprent et al. 2009; Elliott et al. 2007).
The principal centre of diversification for Mimosa are the
Americans including Central Brazil, Mexico and Sub tropi-
cal South America. However, three main invasive Mimosa
spp. (M. diplotricha, M. pigra and M. pudica) have recently
become widespread in tropical and subtropical areas in
South East Asia (Liu et al. 2012). In terms their symbiotic
properties, several investigations revealed that the f-rhizobia
are the common nodulating symbionts of the tribe Mimosa
(Chen et al. 2003, 2005; Platero et al. 2016; Liu et al. 2012).
The two major beta-rhizobia that are the preferred sym-
bionts of Mimosa spp. are Burkholderia (now Paraburk-
holderia) and Cupriavidus spp. Chen et al. (2001) were the
first to isolate bacteria from Mimosa nodules, which were
taxonomically different from the conventional ‘Rhizobia’
belonging to a-Proteobacteria. The nodule isolates obtained
from M. diplotricha and M. pudica were very similar to the
genus Ralstonia (syn= Wautersia) in the pf-Proteobacteria
group and were later confirmed to belong to a new species
Ralstonia taiwanensis (Chen et al. 2001) which was later
re-described as Cupriavidus taiwanensis (Vandamme and
Coenye 2004). C. taiwanensis strain LMG19424 has been
reported to be the most effective nitrogen fixing symbiont
of the invasive Mimosa shrubs in Taiwan. Taxonomic char-
acterization of several symbiotic isolates from the nodules
of M. pudica and M. diplotricha throughout the entire island
in Taiwan revealed that 94% were p-rhizobia of which 93%
belong to C. taiwanensis, which suggests that C. taiwanensis
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may be the preferred symbionts of these Mimosa species
(Chen et al. 2005). However, subsequent investigations in
later years confirmed that invasive Mimosa spp. have colo-
nized large areas of southern China and Burkholderia and
Cupriavidus spp. were reported to be the dominant sym-
bionts of the three invasive Mimosa spp. (Liu et al. 2012).
According to this report, a more accurate representation
of the origins of the symbiotic relationship established
by rhizobia with both the native and exotic legumes was
obtained by examining the symbiosis related genes such as
the N,-fixation (nifH) and nodulation (nodA) genes. Both
Burkholderia and Cupriavidus spp. nodulating the inva-
sive Mimosa legumes harbour these symbioses related
genes which are thought to be acquired through lateral gene
transfer from rhizobia and/or one of the relatives in the
a-Proteobacteria (Chen et al. 2005).

Prior to the studies on the nodulation properties of inva-
sive Mimosa spp. mainly in China and Taiwan, and before
the discovery of the pB-rhizobia as their predominant symbi-
onts, little was known about the symbionts of Mimosa spe-
cies in their native South American environments. Although
several strains of B-rhizobia have been isolated since the
first report of Moulin et al. (2001) on Burkholderia strains
STMS815 and STM678, the majority of them were isolated
from Mimosa spp. in Asia, with only very few in the Amer-
icas (Barrett and Parker 2005). The works of Chen et al.
(2005) provided a very conclusive proof for the nodulation
of native South American Mimosa spp. by novel strains of
Burkholderia spp. In this study, 16S rRNA sequence analysis
and RFLP of amplified 16S rRNA genes of several Mimosa
nodulating strains collected from Brazil and Venezuela
revealed that Burkholderia strains form effective symbiosis
with native Mimosa spp. in South America.

More recent works have since been reported on the nodu-
lation of the native South American Mimosa spp. by the
p-rhizobia with Burkholderia (Paraburkholderia) being the
preferred major symbionts. The first demonstration of bio-
logical nitrogen fixation of Mimosa by p-rhizobial symbionts
was held under field conditions in two of the major centres
of diversity of Mimosa spp. in Brazil, Cerrado and Caatinga
(dos Reis Jr et al. 2010). The major finding of this study was
that Burkholderia spp. were the predominant symbionts in
these native soils, and no single Cupriavidus sp. was iso-
lated suggesting that the native South American Cerrado and
Caatinga Mimosa spp. prefer Burkholderia as their major
symbiont. However, in contrast to the reports for the major
centres of diversification of the genus Mimosa (Brazil and
Mexico) as being nodulated mainly by Burkholderia spp.,
the native Uruguayan Mimosa spp. are exclusively nodulated
by p-rhizobia belonging to the genus Cupriavidus (Platero
et al. 2016). An interesting part of this investigation is that
all the five tested Uruguayan native species of Mimosa
effectively nodulated in the field with rhizobia belonging
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to the genus Cupriavidus but none of them belonged C.
taiwanensis.

Later, Lammel et al. (2015) conducted the symbiotic
properties of native woody Mimosa spp. in Brazil using
Mimosa scabrella and Mimosa bimucronata as trap leg-
umes, previously tested and verified to be nodulated and fix
nitrogen with Burkholderia spp. (Chen et al. 2006, 2007).
More recently, Agnol et al. (2017) conducted similar work
in the Atlantic Forest (Mata Atlantica) which is the centre
of Mimosa diversity and that represents one of the largest
and richest biomass in Brazil. In this study, rhizobia were
trapped from several soil samples collected at different loca-
tions of the Atlantic Forest using Mimosa pudica as the trap
legume. The genetic diversity of the trapped isolates in the
nodules of M. pudica from the soils in the different sites was
determined using a concatenated 16S rRNA-recA phylogeny
and it was found that the majority of the isolates trapped
in the nodules belonged to the Paraburkholderia species.
These findings of course supported the results of previous
and initial work by Bontemps et al. (2010) who character-
ized nodule isolates from 47 Mimosa spp. based on concat-
enated 16S rDNA and recA sequences. The concatenation
revealed that these nodulating isolates were related to the
new f-rhizobia species including Burkholderia nodosa and
Burkholderia tuberum, but were in several distinct clades
that indicated they could probably be new Paraburkholde-
ria species. It is noteworthy that the root nodulating beta-
rhizobia species described as ‘Burkholderia’ throughout this
review are reclassified as the genus Paraburkholderia based
on analysis of their phylogenetic positions and beneficial
traits to separate them from plant and/or animal pathogenic
Burkholderia strains (Dobritsa and Samadpour 2016).

Concluding summary

Reports of novel strains of root nodulating 3-Proteobacteria,
mainly that of Paraburkholderia which nodulate and fix
nitrogen with several indigenous legumes adapted to acidic
and nutrient poor soils is increasing in the past few years
(Moulin et al. 2001; Chen et al. 2003; Garau et al. 2009;
Elliott et al. 2007). These successive findings of the nodu-
lation of legumes by the B-rhizobia has changed the long
held dogma that only rhizobia, bacteria belonging to the
Alphaproteobacteria, are able to nodulate legumes. The phe-
nomenon that a single legume plant is nodulated by more
than one species of rhizobia has been a point of debate
with regard to the legume-rhizobium host specificity. A
good example of such phenomena could be the fact that
Mesorhizobium and Burkholderia spp. are both capable of
nodulating A. linearis (Hassen et al. 2012) and probably
other related legumes. One possible argument is that hori-
zontal gene transfer of nod genes from one species to another
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could have resulted in the loss of specificity of many rhizo-
bia to their legume host (Donate-Correa et al. 2007). This
loss of specificity and the emergence of new group of root
nodulating rhizobia (both a- and B-Proteobacteria) can also
be attributed to the plasticity of the nodulation traits. For
instance, in Rhizobium and Sinorhizobium, the nodulation
traits are easily transferable plasmid borne genes whereas
in the genus Mesorhizobium, there is a mobile symbiosis
island in the chromosome (Gyaneshwar et al. 2011). Another
possibility of the observed promiscuity (being nodulated by
more than one species of rhizobia) in A. linearis or any other
legume that nodulates promiscuously could be associated
with the presence of more than one type of flavonoids, nod
gene inducers, released by the same legume which warrants
future investigation.

Coupled with the aforementioned traits and genomic fea-
tures of the rhizobia, the spread of crop plants beyond the
range of their native ancestors might also have resulted in
the selection of a less stringent symbiotic specificity (Mutch
and Young 2004). It is also argued that the nodulation by
the newly emerging B-rhizobia belonging to the genus
Burkholderia therefore seem to be associated more with
a physical niche, such as acid, sandy, infertile soils, than
with a particular legume phylogeny, hence not abiding by
the principles of the legume host specificity for nodulation.
The driving force for legume host specificity in the nodula-
tion process is still debatable since, in the past two decades,
several novel species of rhizobia that nodulate more than one
legume host were detected. Moreover, several indigenous
legumes, for example the South African indigenous Papil-
ionoid legume A. linearis, are nodulated by more than one
rhizobium species including both alpha and beta rhizobia.
Therefore, whether Nod factors are generally the decisive
molecular signals for legume-rhizobium host specificity is
yet to be fully understood to further elucidate the mecha-
nisms behind long held legume-rhizobium host specificity
dogma. Rhizo-biologists have now a concern (Howieson
et al. 2013) that the emergence of new alpha rhizobia and
the discovery of several novel species of Paraburkholderia
(B-rhizobia) from root nodules could be the microbiological
challenge facing the domestication of legumes to promote
sustainable agriculture in the future.
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