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Abstract

Aims To evaluate the occurrence, the characteriza-
tion and identity of nodulating bacteria in symbiosis
with Mimosa spp. in the ultramafic massif of Barro
Alto, Goiés state, Brazil.

Methods Nodules from field grown M. somnians
and M. claussenii were sampled for bacteria isola-
tion and in situ detection using microscopy. Isolates
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were characterized for their nodulation capacity on
M. pudica and common bean, and their tolerance to
Ni in culture medium. Bacteria were also partially
identified by their 16S rRNA gene sequences. In addi-
tion, recA, gyrB, nodC and nifH genes from five rep-
resentative isolates were sequenced for phylogenetic
studies.

Results In situ detection indicated the exclusive
presence of Paraburkholderia sp. within the nod-
ules. This identification was confirmed for most of
the isolates by the analysis of their 16S rRNA gene
sequences. All isolates identified as Paraburkholde-
ria sp. were able to effectively nodulate M. pudica,
but those tested in common bean produced ineffective
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nodules. Inoculation tests showed that these bacteria
improved M. pudica growth in the absence of nitro-
gen. None of the isolates showed Ni tolerance. The
concatenated 16S rRNA, recA and gyrB, and the
nodC and nifH genes sequences demonstrated that
the five selected isolates were closely related to P.
atlantica.

Conclusions This is the first report of Parabur-
kholderia present in nodules from Mimosa plants
naturally growing in ultramafic soils. These results
suggest that this symbiosis may be a factor to be con-
sidered as part of programs to restore ultramafic soils
in Barro Alto areas degraded by mining activity.

Keywords Beta-rhizobia - Biological nitrogen
fixation - Cerrado - Serpentine soils

Introduction

Ultramafic soils contain excesses of potentially toxic
metals, such as cobalt (Co), chromium (Cr), copper
(Cu), and mainly nickel (Ni), in addition to a low avail-
ability of nutrients, such as calcium (Ca), phosphorus
(P) and nitrogen (N), and a high magnesium (Mg)/Ca
ratio, resulting in a strong mineral imbalance (Echevar-
ria 2018). In Brazil, ultramafic complexes in the Goias
state (GO), in the Cerrado biome, are amongst the larg-
est Ni reserves in the world. Since Ni is a highly sought
metal for stainless steel production, these areas are of
great economic importance due to the intense mining
activity that started in the late 1970s (Barbosa et al.
2013; Reeves et al. 2007). On the other hand, these
mining operations result in the degradation of extensive
areas of native vegetation, demanding the development
of restoration technologies.

The use of native plant species from ultramafic soils
for the restoration of areas impacted by Ni mining may
be an appropriate strategy since levels of heavy met-
als in these soils affect the development of non-native
species not adapted to this type of environment (Van
der Ent et al. 2013; Whiting et al. 2004). Furthermore,
the characteristics of ultramafic soils lead to the occur-
rence of a range of plant species adapted to extreme
soil conditions with specific physiological mechanisms
(Pedziwiatr et al. 2018). This characteristic flora is
undoubtedly related to a close association with soil and
rhizosphere microorganisms, which most likely con-
tribute to the conditioning of adaptive characteristics
(Pessoa-Filho et al. 2015). An essential group within
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this microbiota, and which are specifically related to the
nitrogen cycle, is that comprised of bacteria capable of
fixing atmospheric nitrogen either in a free-living state
or in symbiosis with plants such as legumes (Fabaceae).

A previous study of the predominant species in
the ultramafic soils of Barro Alto — GO, identified
two species of Mimosa (M. claussenii and M. som-
nians) as effective pioneer plants, with good biomass
production, and tolerance to high Ni concentrations
(Andrade 2011). Mimosa is a large genus from the
Fabaceae family, with approximately 500 species,
most of which are native to the New World (Simon
et al. 2011). The largest center of diversity of Mimosa
is central Brazil, where many species can be observed
in the vegetation of the Cerrado and Caatinga, and
wherein it is the most diverse genus (Mendonga et al.
1998). The Cerrado biome is also an important end-
emism center for Mimosa (Simon and Proenca 2000).
Studies on the occurrence and characterization of
diazotrophic bacteria in symbiosis with Mimosa,
native to these environments, may be important for
designing programs and strategies that aim at envi-
ronmental conservation and the recovery of degraded
areas. Chaer et al. (2011) considered that the use
of N,-fixing legumes for reclamation of severely
degraded lands is a technique that can be applied in
several situations, emphasizing its potential to restore
soil organic matter levels, ecosystem biodiversity, and
other environmental functions.

Until 20 years ago, it was thought that only Alp-
haproteobacteria (“rhizobia”) were capable of forming
nodules in symbiosis with legumes. This perception
was altered by studies indicating that particular legumes
could also be nodulated by Betaproteobacteria (see
review by Gyaneshwar et al. 2011). In particular, these
studies focused on the genus Mimosa as it appeared
to be mostly nodulated by Betaproteobacteria, specifi-
cally by Paraburkholderia, Cupriavidus and Trinickia
spp. (Bontemps et al. 2010; Chen et al. 2005a, b, 2006,
2007, 2008; Estrada-de los Santos et al. 2018; Mishra
et al. 2012; Sheu et al. 2012, 2013). Mimosa species
from the Cerrado and Caatinga biomes are associated
with these diazotrophic bacteria, particularly Paraburk-
holderia spp., which probably play a prominent role in
N cycling in these ecosystems (Bontemps et al. 2010;
Dias et al. 2021; Pires et al. 2018; Reis Jr et al. 2010).
These same studies suggested that environmental char-
acteristics, rather than host species, were responsible
for determining the distribution of Paraburkholderia
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species. Therefore, it is logical to assume that in an
environment as particular as the ultramafic soils, bio-
logical nitrogen fixation (BNF) is conducted by micros-
ymbionts that could still be unknown and specific to
these unique environments.

Alpha and betaproteobacterial symbionts can be
associated with leguminous plants in metal-rich soils.
Vincent et al. (2019) studied the isolates from root nod-
ules of Acacia spirorbis subsp. spirorbis, a mimosoid
tree legume endemic to New Caledonia that grows in
ultramafic soils, and found bacteria from the genera
Paraburkholderia and Bradyrhizobium. In another
study, the bacteria isolated from nodules of Serianthes
calycina, also an endemic mimosoid legume from New
Caledonia, clustered together with Bradyrhizobium
elkanii (Chaintreuil et al 2007).

With regard to Mimosa symbionts, Klonowska et al.
(2012) showed that out of 96 strains isolated from nod-
ules of M. pudica in ultramafic soils, again from New
Caledonia, 4% were identified as Rhizobium mesoa-
mericanum and 96% as Cupriavidus taiwanensis. In
Uruguay, in an area with soils originated from metal-
rich underlying strata and containing considerable con-
centrations of Zn, Cu, Co, Ni, and Fe, all the isolates
from nodules of five native Mimosa species belonged
to the genus Cupriavidus, closely related to C. necator
and C. pinatubonensis (Platero et al. 2016).

The present study aimed to evaluate the occur-
rence, to characterize, and to identify the nodulat-
ing diazotrophic bacteria in symbiosis with plants of
the genus Mimosa in the ultramafic massif of Barro
Alto — GO, Brazil. It is anticipated that the results of
this study will help advance our knowledge about the
symbiosis between diazotrophic bacteria and legumes
present in soils with high metal concentrations, and
provide new information that could be used to sup-
port restoration programs of ultramafic soil areas
impacted by mining.

Materials and methods
Sampling sites

Sites in the ultramafic complex of Barro Alto — GO,
located within the Anglo American mining company
area, were selected based on the presence of primary
vegetation and on topographical, geochemical and geo-
logical observations (Andrade 2011; Pessoa-Filho et al.

2015). Based on these data, samples were collected
from three areas; Site 1, named SAP (15°06°04.4”S;
49°00°38.4”W), is characterized by a loamy Cambisol,
mainly composed of saprolites, with 603.53 mg kg’
of extractable Ni, and is a ‘‘campo sujo’’ vegetation
type, which is defined as a grassland formation with
grasses and small and sparse shrubs (Oliveira-Filho
and Ratter 2002); Site 2, named LAT (15°06°31.1’S;
49°01°15.0”W), is characterized by a sandy clay loam
Oxisol, mainly composed of laterites, with 134.66 mg
kgl of extractable Ni, and is a “‘cerrado ralo” veg-
etation type, a savanna with small trees whose trunks
are characteristically twisted, mixed with shrubs
and an herbaceous layer (Oliveira-Filho and Ratter
2002); and Site 3, an adjoining non-ultramafic cerrado
(15°05°05.0”S; 48°58°54.6”W), that is characterized
by a clay loam Oxisol, with 5.20 mg kg™! of extractable
Ni, and is a ‘“‘cerraddo’” vegetation type, a forest for-
mation with 50-90 % tree coverage (Oliveira-Filho and
Ratter 2002). Physicochemical properties of the soils
of these sites are presented in Table 1.

Sites 1 and 2 are 1.37 km apart from each other.
The “cerradao” (Site 3) is located 3.60 km from Site
1 and 4.97 km from Site 2 (Fig. S1). The local cli-
mate is Cwa according to the Koppen classification,
which corresponds to a typical savanna climate with
1500 mm of mean annual precipitation and two well-
defined seasons: dry, from May to September, and
rainy, from October to April. The maximum and min-
imum annual average temperatures are 29.9 °C and
19.8 °C, respectively.

Sampling of nodules

The sampling expeditions occurred during the rainy
season, in December 2009, November 2012, and
December 2013. Mimosa somnians Humb. & Bonpl.
ex Willd. a short, low-lying subshrub widespread from
northeastern Argentina to southern Mexico (Fig. S2a
and Fig. S2b) and M. claussenii Benth. a treelet
restricted to the Cerrado biome but widely distributed
within it (Fig. S2c and Fig. S2d) were found in all
three sampling sites. Root nodules were collected and
preserved in silica gel for later bacterial isolation.

In the November 2012 sampling, some nodules
(three per plant) collected from plants (five of each
species) in sites 1 (SAP) and 2 (LAT) were cut in
half to determine if they were potentially active and
effective by the appearance of a pinkish coloration
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Table 1 Physicochemical properties of two ultramafic soils (Sites 1 and 2) and a non-ultramafic Cerrado soil (Site 3) from the area
of the mining company Anglo American do Brasil, in Barro Alto, Goiés state

Sites pH H+Al Mg Ca P K Cu Fe Mn Ni Zn SOM Clay Sand Silt
- cmolc dm™ - VLG e — 1 1. gkg! gkg!

Site 1 62 6.5 52 15 06 59.0 14 1.5 6035 0.1 64.0 253 410 337

(SAP)

Site 2 65 3.2 69 08 03 31.0 19 238 19.7 1347 04 180 260 477 263

(LAT)

Site 3 (cerrado) 5.9 9.8 0. nd 19 670 3.0 669 889 52 0.6 40.0 300 347 353

Soil samples collected from 0 to 10 cm depth; Values are means of three replicates; nd not detected

Ca, Mg and Al: extracted with IN KCI; P and K: using the Mehlich 1 extractor (H,SO, 0.0125 M + HCI 0.05 M); Cu, Fe, Mn, Ni,
Zn, Extracted by diethylene triamine pentaacetic acid (DTPA); SOM, Soil organic matter, Walkley & Black

Adapted from Pessoa-Filho et al. (2015)

resulting from the presence of leghemoglobin (Lb),
and were then immediately placed into vials contain-
ing 2.5% glutaraldehyde in 50 mM phosphate buffer
(pH 7.5) for microscopic analysis (Reis Jr et al. 2010).

Microscopy and in situ detection of microsymbionts

The nodules collected in the field and preserved in
glutaraldehyde (November 2012 sampling) were pre-
pared and sectioned for light microscopy and analysis
by in situ immunogold labeling (plus silver enhance-
ment) using antibodies raised against Paraburkholde-
ria phymatum STMS815T and Cupriavidus taiwanen-
sis LMG19424T according to Chen et al. (2005b) and
Elliott et al. (2007). The reactions of the test samples
were compared visually with the corresponding posi-
tive (M. pudica nodules infected with P. phymatum
STMB815" or C. taiwanensis LMG194247) controls
to determine which of the antibodies had reacted with
each nodule (Reis Jr et al. 2010). Negative controls
were sections treated with non-immune serum substi-
tuted for the primary antibodies.

Bacteria isolation and plant tests

Bacteria were axenically isolated from single nod-
ules, purified from single colonies and cultivated in
YMA medium with Congo red (Vincent 1970). Stock
cultures were maintained on YMA at 4 °C, and for
long-term storage strains were cryopreserved in YM
plus 30% (v/v) glycerol at -80 °C.

Nodulation capacity was evaluated using Mimosa
pudica L., which was chosen as a model host because
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it is a fast-growing species and has an ability to nodu-
late with a wide range of Mimosa-nodulating rhizo-
bia (Bontemps et al. 2010; Pires et al. 2018). Seeds
were surface-sterilized in 96% ethanol for 30 seconds,
followed by three minutes in 25% sodium hypochlo-
rite, then washed six times with sterile distilled water.
After this, to break dormancy, seeds were scarified
with concentrated sulfuric acid followed by several
washes with sterile distilled water. Seeds were sub-
sequently placed onto 1% water agar for germination
at 28 °C in darkness. Fifty-millilitres tubes contain-
ing Jensen medium with 12 grams of agar per litre
(Jensen and Collins 1985) were used for planting ger-
minated seeds that were inoculated with 1.0 ml of a
108 cells mI'! solution with each bacterial isolate; uni-
noculated plants were used as negative controls (Elli-
ott et al. 2007). Three replications were used for each
isolate. After one month, the plants were harvested,
and the presence/absence of nodules was recorded.
Comparisons between the vigor of inoculated and
control plants, as well as observation of effective nod-
ules, were used as qualitative evidence for the nodula-
tion capacity of rhizobial isolates (Pires et al. 2018).
Common bean (Phaseolus vulgaris 1.) was also
used as an additional host since it is a promiscuous
papilionoid legume (Moura et al. 2022). Fourteen
bacterial isolates were selected for this experiment
according to their origin (host and site). The experi-
ment was carried out according to de Faria and de
Lima (1998). The substrate used in this experiment
was composed of a 2:1 mixture of sand and ground
charcoal (Carvalho et al. 2008). Common bean seeds
were surface-sterilized as described before followed
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by inoculation with 1.0 ml of a 108 cells ml™! solution
and planted in 2 1 capacity plastic pots (two seeds per
pot). Plants inoculated with Rhizobium freirei strain
PRF81 and uninoculated plants were used as posi-
tive and negative controls, respectively. Until 10 days
after germination (DAG), the pots received only steri-
lized distilled water. After this period, N-free Norris
nutrient solution (Norris and Date 1976) was then
applied. Four replications were used for each isolate.
The plants were harvested after one month, and the
presence/absence of nodules was recorded.
Additionally, another experiment with M. pudica
was conducted, in which 11 different bacterial iso-
lates selected according to their origin (host and site)
were tested. The substrate used in this experiment
was composed of a 1:1 mixture of perlite and sand.
Mimosa pudica was inoculated with 1.0 ml of a 10®
cells mI"!' solution per seed and planted in Leonard
jars (two seeds per jar). Uninoculated and nitrogen
fertilized plants were used as negative and positive
controls, respectively. All nutrients, except N, were
supplied using Norris solution, and for the nitrogen
fertilized control 0.3 ml of a 10% NH,NO; solution
was applied weekly. The dry mass of nodules, roots
and shoots were evaluated at 60 DAG. The experi-
ment was set up in a complete randomized block
design, with three replications. Analysis of variance
and the Scott-Knott mean range test were performed
using the SAS statistical program (SAS Institute).

Nickel tolerance

The tolerance of the bacterial isolates to increas-
ing concentrations of Ni was evaluated in culture
medium following the methodology of Klonowska
et al. (2012). Plates of YMA medium (Vincent 1970)
were used with concentrations from 0.0 to 5.0 mM
(0.5 mM intervals) of Ni, prepared from a NiCl, stock
solution (Raja et al. 2009). The plates with different
concentrations of Ni were divided into three sec-
tions and in each subdivision an isolate was tested by
inoculating three drops (10 pL) of a suspension with
approximately 10% cells mI™!. The growth of colonies
was evaluated for one week, with daily checks.

DNA extraction, amplification, and sequencing

Each bacterium was cultured in plates with YMA
medium for 72 h at 28 °C. Afterward, a purified

colony was transferred into YM liquid medium for
24 h at 28 °C. Subsequently, bacterial DNA was
extracted using the Pure Link Genomic DNA Kit
(Invitrogen), following the manufacturer’s instruc-
tions. The extracted DNA from each isolate was used
as a template for PCR reactions and sequencing of
the 16S rRNA gene. Additionally, five isolates were
selected according to their origin for amplification
and sequencing of the recA, gyrB, nodC and nifH
genes, which are widely used in phylogenetic studies
with symbiotic bacteria (e.g., Peix et al. 2015). The
PCR products were generated using Dr. Max DNA
polymerase (MGMED, Co.) and the forward and
reverse strands sequenced (Macrogen, Korea). Prim-
ers used for DNA amplification and sequencing are
listed in Table S1. In addition, the sequences were
deposited in the GenBank database of the National
Center for Biotechnology Information (www.ncbi.
nlm.nih.gov/genbank/), and the accession numbers
are available in the phylogenetic trees.

Phylogenetic analyses

The partial sequences of the 16S rRNA gene were
used to build a phylogenetic tree. In addition, phy-
logenetic trees based on concatenated sequences of
16S rRNA, recA, and gyrB genes, and a single gene
tree of the nodC and nifH, were generated for five
selected isolates. For all these genes, the sequences
were aligned using the ClustalW Multiple Alignment
algorithm in BioEdit. The phylogenetic trees were
built using the maximum likelihood (ML) method
using the Jukes-Cantor model in MEGA X software
(Kumar et al. 2018). For comparison, the alignment
included sequences of Paraburkholderia type strains.

Results
Microscopy and in situ detection of microsymbionts

Nodules sampled from M. claussenii (Fig. 1A) and
M. somnians (Fig. 1B) growing in sites 1 (SAP)
and 2 (LAT) on 11/2012 and examined by opti-
cal microscopy had a typical and apparently func-
tional structure. The symbiotic bacteria present in
all the examined nodules from both M. claussenii
(Fig. 1C) and M. somnians (Fig. 1D) were identi-
fied as belonging to Paraburkholderia spp. by
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immunostaining with a genus-specific antibody
raised against P. phymatum STM815T. When an
antibody against Cupriavidus spp. was used for
immunostaining, the bacteroids within the infected
cells were unmarked (Fig. 1E), indicating that
bacteria belonging to this genus were not present.
A positive control section of a M. pudica nodule
infected with C. taiwanensis LMG19424T is shown
in Fig. 1F as a comparison to Fig. 1E.

Bacteria isolation and plant tests
All M. somnians and M. claussenii sampled during

the three sampling expeditions had root nodules. In
total, 72 bacterial isolates were obtained, 48 from

Fig. 1 Light microscopy ( A
of sections of N,-fixing L 58
nodules formed on Mimosa ?‘

claussenii (A, C, E), M.
somnians (B, D), and M.
pudica (F). The sections
were either stained with
toluidine blue (A, B),
immunogold labelled

with an antibody against
Paraburkholderia phy-
matum STM815" (C, D),
or immunogold labelled
with an antibody against
Cupriavidus taiwanen-

sis LMG19424T (E, F).
Note the typical structure
of an effective nodule in

all three species, with an
apical meristem (m) and a
large infected zone which
contains the N,-fixing
symbionts (¥). The M.
claussenii (C) and M.
somnians (D) nodules gave
a positive reaction with the
P. phymatum antibody, but
a negative reaction with the
C. taiwanensis antibody
(E); this contrast with a M.
pudica nodule infected with
C. taiwanensis LMG194247
(F). Bars, 200 um (A, B, C,
E, F), 50 um (D). All nod-
ules shown in these figures,
except for (F), come from
site 1 (SAP)
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M. somnians and 24 from M. claussenii. Additional
information and characterization of these bacteria are
presented in Table S2.

In the first nodulation test, performed with M.
pudica in tubes containing Jensen medium, the results
were considered as positive when at least one nod-
ule was present, and negative, when no nodules were
formed. Among the 72 isolates, 69 tested positive and
three tested negative (Table S2).

In the evaluations carried out with common bean,
all the 14 bacterial isolates tested were able to form
nodules (Table S2). However, when these nodules
were compared to those observed on the positive
control plants, inoculated with the Rhizobium freirei
strain PRF81, they were smaller and did not show the
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characteristic pinkish color within them. The obser-
vation of the development of plants inoculated with
these isolates confirmed that these nodules were inef-
fective. While plants inoculated with R. freirei were
healthy and well developed, those that received the
Mimosa spp. isolates clearly showed strong nitrogen
deficiency and had impaired growth (Fig. S3).

In the third test, performed with 11 isolates,
again on M. pudica, in terms of root and shoot dry
mass production (Table 2), it is clear that N limita-
tion greatly influenced the development of the plants.
The response to the application of N fertilizer in the
closed system of Leonard jars was evident, and this
treatment showed a better response in relation to the
others (Table 2; Figure S4a). The inoculation with
the bacterial isolates also had a determining effect on
the growth of the plants, when compared to the con-
trol without inoculation and without N. There were
differences between the tested isolates regarding the
growth promotion of M. pudica plants. Isolates W38,
W41 and W84 stood out, with increases of 264%,
295% and 278% in root dry mass, and 1191%, 1307%
and 1275% in shoot dry mass, respectively, when
compared to the control (Table 2; Figure S4b).

Nickel tolerance

None of the bacterial isolates evaluated in this study
could grow in the presence of Ni in any tested con-
centration (from 0.5 to 5.0 mM of Ni), indicating
their sensitivity to this metal.

Phylogenetic analyses

The 16S rRNA gene sequence was obtained for 54
of the 72 bacterial isolates evaluated in the present
study. Among the sequenced isolates, 39 were iso-
lated from M. somnians and 15 were from M. claus-
senii; all were clustered within the Paraburkholderia
genus, closely related to P. atlantica (Fig. 2).

The analyses of the five isolates that were selected
for a more robust phylogenetical study (W3, W33,
W38, and W48, isolated from M. somnians, and W47
isolated from M. claussenii) using the concatenated
sequences from 16S rRNA, recA, and gyrB genes,
confirmed that these strains belong to P. atlantica
(Fig. 3). The same was observed when the recA and
gyrB genes were analyzed separately (Fig. S5 and
Fig. S6).

Table 2 Dry mass of nodules, roots and shoots of Mimosa
pudica plants inoculated with different isolates from nodules of
two species of Mimosa (M. somnians and M. claussenii) col-
lected in the area of the mining company Anglo American do
Brasil, in Barro Alto, Goias state

Isolate Nodules dry Roots dry Shoots dry mass
mass (mg) mass (mg) (mg)
w2 42b 90c 310d
W3 59b 103 ¢ 533 ¢
W3l 74 a 180 b 597 ¢
W33 73 a 97 c 731b
W38 93 a 171b 736 b
W41 89a 186 b 802 b
W45 51b 109 ¢ 378d
w47 44 b 84 c 300d
W48 65b 125¢ 500 c
W80 79 a 130 ¢ 557c
w84 65b 178 b 784 b
Nitrogen Oc 949 a 2734 a
Control Oc 40c 43e
CV (%) 30.5 24.2 19.2

Means followed by the same letter in the column do not differ
by Scott-Knott’s test at 5% probability

CV, Coefficient of variation

Maximum likelihood trees constructed for nitrogen
fixation (nifH) and nodulation (nodC) genes showed
that the strains isolated from ultramafic soils grouped
with the closely related species P. youngii and P.
atlantica (Fig. 4a, b).

Discussion

Species within the genus Mimosa have a known rela-
tionship with various types of nodulating N,-fixing
bacteria, from both Alpha and Betaproteobacteria
classes (Barrett and Parker 2005, 2006; Bontemps
et al. 2010, 2016; Chen et al. 2005a, b; Elliott et al.
2007; Gehlot et al. 2013; Platero et al. 2016; Pires
et al. 2018). According to Bontemps et al. (2010), in
the Brazilian biomes known as Cerrado and Caatinga,
Mimosa spp. nodulation is mainly associated with
beta-rhizobia of the genus Paraburkholderia. How-
ever, nodulation studies with these species have not
been conducted on ultramafic soils in Brazil.
Cupriavidus spp., which seem particularly adapted
to metal-rich environments and are commonly
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Fig. 2 Maximum-like-
lihood phylogenetic tree

of the 16S rRNA gene
sequences of 54 Parabur-
kholderia isolates from

root nodules of Mimosa
somnians and M. claussenii,
and 24 type strains (1119
nucleotides). The numbers
in the branches are the boot-
strap values > 50% (1000
replications). Herbaspiril-
lum rubrisubalbicans
NCPPB 10277 was included
as outgroup. Strains

under study are shown in
boldface. The red and blue
colors for "W" strains are
from Mimosa somnians

and Mimosa claussenii,
respectively. In parenthesis:
GenBank accession num-
ber. Jukes-Cantor model
was used for phylogenetic
reconstruction. Scale bar
represents two substitutions
per 100 nucleotide positions
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W7 (OL702944)
Paraburkholderia atlantica CNPSo 31557 (MK690531)
W71 (OL702988)
W6 (OL702943)
W56 (OL702975)
W55 (OL702974)
W53 (OL702973)
W52 (OL702972)
W51 (OL702971)
W50 (OL702970)
W49 (OL702969)
W48 (OL702968)
W47 (OL702967)
W46 (OL702966)
W45 (OL702965)
W41 (OL702962)
W40 (OL702961)
W3 (OL702942)
W35 (OL702958)
W32 (OL702956)
W28 (OL702954)
W25 (OL702952)
W23 (OL702951)
W22 (OL702950)
W1 (OL702941)
W17 (OL702947)
W16 (OL702946)
W84 (OL702994)
W83 (OL702993)
W82 (OL702992)
W80 (OL702991)
W79 (OL702990)
W78 (OL702989)
W70 (OL702987)
W68 (OL702986)
W67 (OL702985)
W66 (OL702984)
W65 (OL702983)
W63 (OL702982)
W62 (OL702981)
W61 (OL702980)
W60 (OL702979)
Bl | W59 (OL702978)
W58 (OL702977)
W57 (OL702976)
W44 (OL702964)
W42 (OL702963)
W36 (OL702959)
W33 (OL702957)
W20 (OL702949)
W29 (OL702955)
W38 (OL702960)
W18 (OL702948)
W27 (OL702953)
W8 (OL702945)
Paraburkholderia youngii JPY169" (FN543659)
Paraburkholderia tuberum STM678" (AJ302311)

— Paraburkholderia sprentiae WSM5005" (HF549035)

9 Paraburkholderia franconis CNPSo 31577 (MK690525)
Paraburkholderia piptadeniae STM 7183 (LN875219)
Paraburkholderia diazotrophica JPY461" (NR 117848)
Paraburkholderia caballeronis TNe-8417 (EF139186)

Paraburkholderia mimosarum PAS44™ (NR 043167)
58\_{? Paraburkholderia nodosa BR 34377 (AY773189)
75— Paraburkholderia guartelaensis CNPSo 30087 (MK690537)
—— Paraburkholderia ribeironis STM 7296" (NR 156098)
Paraburkholderia phenoliruptrix AC1100" (AY435213)
2 Paraburkholderia rhynchosiae WSM3937" (EU219865)
54 Paraburkholderia dilworthii WSM3556" (HQ698908)
W Paraburkholderia dipogonis ICMP 194307 (JX009148)
Paraburkholderia strydomiana WK1.1f" (HF674688)
Paraburkholderia kirstenboschensis KB15" (NR_146352)
Paraburkholderia sediminicola HU2-65W' (EU035613)
9 Paraburkholderia aspalathi VG1C" (KC817488)
Paraburkholderia phymatum STM815" (AJ302312)
Paraburkholderia sabiae BR 3407" (AY773186)
Paraburkholderia steynii HC1.1ba" (HF674712)
Paraburkholderia caribensis MW AP64"T (NR_026462)

6

S

0.02

Herbaspirillum rubrisubalbicans NCPPB 10277 (NR_112081)
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Fig. 3 Maximum-likelihood phylogenetic tree of the 16S
rRNA+recA+gyrB gene sequences of five Paraburkholderia
isolates from root nodules of Mimosa somnians and M. claus-
senii, and 24 type strains (2041 nucleotides). The numbers in
the branches are the bootstrap values > 50% (1000 replica-
tions). Herbaspirillum rubrisubalbicans NCPPB 10277 was

isolated from nodules of Mimosa spp. growing in
such soils (Klonowska et al. 2012; Platero et al.
2016), were not found in the ultramafic soil areas of
Barro Alto. This means that they are not the preferred
symbionts of the Mimosa species that occurs natu-
rally in this environment. Indeed, despite their asso-
ciation with Mimosa spp., highlighted in several stud-
ies around the world, Cupriavidus spp. have not yet
been isolated from nodules of Mimosa within its main
centers of radiation, the Caatinga and Cerrado biomes
in central Brazil (Bontemps et al. 2010; Reis Jr et al.
2010). Interestingly, previous reports on nodulation
of M. claussenii (Reis Jr et al. 2010) and M. somni-
ans (Elliott et al. 2007) showed that when inoculated
with C. taiwanensis these species were ineffectively
nodulated, contrary to what happened when the same
species were inoculated with P. phymatum.

Our results indicate that M. somnians and M.
claussenii, highly prevalent in the studied region,
are preferably nodulated by Paraburkholderia spp.
(Fig. 1 and Fig. 2; Table S2), both in ultramafic
and non-ultramafic soils. Edaphoclimatic condi-
tions are believed to have an important influence

W38 (OL702960, OL739187, OL739192)
‘W47 (OL702967, OL739188, OL739193)

W3 (OL702942, OL739185, OL739190)
‘W33 (OL702957, OL739186, OL739191)
Paraburkholderia atlantica CNPSo 31557 (MK690531, KX814764, KX814595)
Paraburkholderia youngii JPY 169" (FN543659, FN543802, LR607066)
Paraburkholderia tuberum STM678T (AJ302311, AY644642, HQ849217)
Paraburkholderia sprentiae WSM5005" (HF549035, CP017561)
Paraburkholderia ribeironis STM 7296" (NR_156098, HE983711, LN875236)
Paraburkholderia phenoliruptrix AC1100" (AY435213, HQ398589, HQ849207)
Paraburkholderia sediminicola HU2-65W" (EU035613, HQ398594, KU723575)
Paraburkholderia aspalathi VG1CT (KC817488, KF356197, KU723579)
Paraburkholderia dipogonis ICMP 194307 (JX009148, NZ _SNVI01000001)
Paraburkholderia kirstenboschensis KB15T (NR_146352, NZ_JRZC01000001)
Paraburkholderia strydomiana WK1.1{" (HF674688, NZ_MWMKO01000002)
Paraburkholderia rhynchosiae WSM3937T (EU219865, HE994064, HE994045)
83 Paraburkholderia dilworthii WSM3556T (HQ698908, NZ_AWZT01000011)
Paraburkholderia steynii HC1.1ba" (HF674712, NZ_MWML01000048)
Paraburkholderia franconis CNPSo 31577 (MK690525, KX814766, KX814597)
Paraburkholderia piptadeniae STM 7183" (LN875219, LN875227, LN875234)
Paraburkholderia diazotrophica JPY461" (NR_117848, LT708242, KM655754)
Paraburkholderia sabiae BR 3407" (AY 773186, HQ398591, LT63243)
93 LI: Paraburkholderia phymatum STM815" (AJ302312, CP001043)
52 Paraburkholderia caribensis MW AP64T (NR_026462, CP013102)
Paraburkholderia caballeronis TNe-8417 (EF139186, NZ_FNSR01000001)
99 Paraburkholderia mimosarum PAS44T (NR_043167, EU294396, HQ849202)
\—99'_? Paraburkholderia nodosa BR 34377 (AY773189, EU294398, HQ849204)
928 Paraburkholderia guartelaensis CNPSo 3008" (MK690537, NZ_SMODO01000007)
Herbaspirillum rubrisubalbicans NCPPB 10277 (NR_112081, CP024996)

included as outgroup. Strains under study are shown in bold-
face. The red and blue colors for "W" strains are from Mimosa
somnians and Mimosa claussenii, respectively. In parenthesis:
GenBank accession number. Jukes-Cantor model was used for
phylogenetic reconstruction. Scale bar represents two substitu-
tions per 100 nucleotide positions

on the occurrence of these bacteria in the nodules
of Mimosa spp. While Cupriavidus spp. have been
reported in neutral-alkaline soils (Platero et al. 2016),
Paraburkholderia spp. predominate in the more
acidic soils (Bontemps et al. 2010; Dias et al. 2021;
Reis Jr et al. 2010). Soils with higher N-content may
also favor Cupriavidus spp. (Elliott et al. 2009). Pires
et al. (2018) confirmed that soil factors such as pH,
nutrients and organic matter influence the predomi-
nance of certain types of rhizobia and their establish-
ment of symbiotic relationships with local legumes.
The ultramafic soils of Barro Alto (sites 1 and 2) are
characterized by slightly acidic pH, low nutrients, and
high heavy metal content, especially Ni (Table 1).
Except for the soil heavy metals content, these are
characteristics that generally favor the presence of
Paraburkholderia.

The inoculation tests on M. pudica confirmed
the symbiotic character for most isolates, but three
unidentified isolates (W30, W64, W81) were unable
to nodulate (Table S2). Probably, they are contami-
nants or opportunistic non-rhizobial bacteria that
were living in (or closely-adhered to) the nodules, as
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Fig. 4 Maximum-likeli-

hood phylogenetic trees

of five Paraburkholderia

isolates from root nod-

ules of Mimosa somnians

and M. claussenii and 20 98
type strains (a) nifH gene

a
‘W48 (OL739179)
651 W47 (OL739178)
W33 (OL739176)
W3 (OL739175)
W38 (OL739177)
Paraburkholderia atlantica CNPSo 3155T (NZ_ WHNQ01000029)
Paraburkholderia youngii JPY 169" (FN543943)
’ﬁr Paraburkholderia nodosa BR 34377 (NZ_JAFA01000069)
' Paraburkholderia guartelaensis CNPSo 3008T (NZ_SMODO01000089)

100

sequences (276 nucleo-
tides) and (b) nodC gene
sequences (419 nucleo-
tides), isolated from root 66
nodules of Mimosa spp. The
numbers in the branches are
the bootstrap values > 50%
(1000 replications). Strains
under study are shown in
boldface. The red and blue
colors for "W" strains are
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99 Paraburkholderia mimosarum PAS44 (AY883420)

Paraburkholderia ribeironis STM7296" (NZ_CYGX02000044)
ﬂ{ Paraburkholderia franconis CNPSo 3157" (NZ_WHNP01000186)
Paraburkholderia piptadeniae STM 7183 (LN875249)

Paraburkholderia sabiae Br3407" (AY533867)
Paraburkholderia phenoliruptrix BR 3459a* (CP003865)

Paraburkholderia caribensis MW AP64T (PYUB01000189)

Paraburkholderia diazotrophica JPY4617 (FN544034)

Paraburkholderia phymatum STM815" (AJ505319)

Paraburkholderia dipogonis ICMP 19430T (NZ_SNVI01000008)
Paraburkholderia tuberum STM678T (NZ_KB890037)
Paraburkholderia sprentiae WSM5005T (AXBN01000051)
Paraburkholderia steynii HC1.1ba" (HF544451)
Paraburkholderia kirstenboschensis KB15" (HF544474)

from Mimosa somnians

and Mimosa claussenii,
respectively. In parenthesis:
GenBank accession num-
ber. Jukes-Cantor model
was used for phylogenetic
reconstruction. *= non-type
strain. Scale bar represents
two substitutions per 100
nucleotide positions

0.02

66

00 Paraburkholderia strydomiana WK1.1 7 (HF544462)
\_r Paraburkholderia rhynchosiae WSM3937" (EU219869)
Paraburkholderia dilworthii WSM3556" (NZ_AWZT01000045)

W3 (OL739180)
W33 (OL739181)
80F W38 (OL739182)
Paraburkholderia atlantica CNPSo 31557 (KX814643)
W47 (OL739183)
W48 (OL739184)
Paraburkholderia youngii JPY169" (FN543521)

100

8 Paraburkholderia mimosarum PAS44T (EU386155)
100 1: Paraburkholderia nodosa BR 34377 (NZ_JAFA01000055)

100 = Paraburkholderia guartelaensis CNPSo 3008" (NZ_SMODO01000053)

—— Paraburkholderia ribeironis STM7296" (NZ_CYGX02000044)
981 Paraburkholderia franconis CNPSo 3155 (KX814645)
Paraburkholderia piptadeniae STM 71837 (LN875242)

100 Pa

raburkholderia caribensis MWAP64T (NZ_PYUBO01000048)

Paraburkholderia sabiae BRUESC852* (KT390819)

97 Paraburkholderia phenoliruptrix BR 3459a* (NC_018696)
99 | Paraburkholderia diazotrophica JPY461" (NZ_FNYE01000044)
Paraburkholderia phymatum STM815T (NC_010627)

Paraburkholderia tuberum STM678" (AJ306730)

0.02

postulated by Martinez-Hidalgo and Hirsch (2017).
In the trial conducted in greenhouse for 60 days,
inoculation with the nodulating Paraburkholderia
spp. improved plant growth, most likely through N
fixation (Table 2; Fig. S4). Plants inoculated with
the isolates W38, W41 and W84 produced approxi-
mately four times more roots and fourteen times
more shoots than uninoculated control plants. It is
known that nodulated Mimosa can fix N, within
their native environments, and therefore might
make a valuable contribution to the N-cycle of the

@ Springer

ol Paraburkholderia dilworthii WSM3556" (HG425185)
. r Paraburkholderia rhynchosiae WSM3937" (HG425184)
Paraburkholderia dipogonis ICMP 194307 (JX009154)
Paraburkholderia kirstenboschensis KB15T (NZ_JRZC01000835)
Paraburkholderia sprentiae WSM5005T (NZ_CP017565)
7 Paraburkholderia steynii HC1.1ba" (NZ_MWMLO01000063)
58 Paraburkholderia strydomiana WK1.1fT (NZ_MWMKO01000078)

fragile ecosystems of the Cerrado and the Caatinga
biomes (Dias et al. 2021; Reis Jr et al. 2010). These
results allow us a glimpse into the possibility of
using inoculated native Mimosa spp. with selected
strains of Paraburkholderia for ecological restora-
tion of post-mining areas as part of degraded land
recovery projects. After correction of the physi-
cal and chemical factors that restrict plant growth,
the introduction of nodulating N,-fixing legumes,
with superior capacity to grow quickly in poor sub-
strates and to withstand harsh local edaphoclimatic
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conditions, constitutes an efficient strategy to accel-
erate soil reclamation and to initiate natural succes-
sion (Chaer et al. 2011).

All tested bacteria were also able to form nodules
on common bean (Table S2). This plant is known
for establishing promiscuous symbioses, since it
can associate with a broad variety of rhizobia spe-
cies (Moura et al. 2022). Indeed, previous studies
have indicated the possibility of nodule formation by
Paraburkholderia spp. in common bean (Dall’Agnol
et al. 2016; Talbi et al. 2010), showing that nodula-
tion by these mimosoid-associated bacteria extends
beyond the subfamily Caesalpinioideae. In the pre-
sent study, this association was ineffective, as can be
clearly seen in Fig. S3, in which the plants inoculated
with the isolates W3 and W32 have performed no bet-
ter than the uninoculated controls, and are consider-
ably less healthy than those inoculated with the R.
freirei strain PRF81, recommended for common bean
inoculation in Brazil. Dall’Agnol et al. (2016) used
common bean plants to trap rhizobia from an undis-
turbed soil of the Brazilian Cerrado, and most of the
isolates were identified as Paraburkholderia. These
isolates were also evaluated to confirm their ability to
nodulate common bean and almost all of them were
either ineffective or showed low effectiveness in fix-
ing N, (Dall’Agnol et al. 2016).

Contrary to what was expected, none of the iso-
lates were able to grow in culture medium with added
Ni, even in the lowest tested concentration. Strains
resistant to Ni have already been described in species
of the genus Paraburkholderia (Stoppel and Schlegel
1995; Vincent et al. 2019). Other examples of bacte-
ria resistant to Ni originating from ultramafic soils are
highlighted by Abou-Shanab et al. (2006, 2009) and
Pal et al. (2004). Delorme et al. (2001) found many
metal-resistant bacteria associated with a metal-
hyperaccumulating plant (Thlaspi caerulescens J. &
C. Presl.), but a lower number of tolerant bacteria was
found associated with a non-accumulating plant (7ri-
folium pratense L.), growing in soils collected in the
vicinity of a Zn smelter in Palmerton, Pennsylvania,
USA. Despite the prevalence of M. somnians and M.
claussenii in the Barro Alto ultramafic soils, these
species are not considered to be hyperaccumulators.

Klonowska et al. (2012) evaluated 96 isolates from
M. pudica nodules, growing in ultramafic soils of
New Caledonia. The great majority of these isolates
were identified as Cupriavidus taiwanensis, but only

16% of the isolates were resistant to Ni levels of up
to 15 mM, while the other isolates were incapable of
growth in the metal-enriched medium. Surprisingly,
these tolerant bacteria came from areas with low bio-
available Ni.

These observations, together with the results
obtained in the present study, raise questions about
the survival strategies of legume symbionts, espe-
cially beta-rhizobial ones, in soils with high levels of
heavy metals. A probable explanation would be the
existence of different micro-niches in the soil wherein
these bacteria could be concentrated, thereby avoiding
metal toxicity (Klonowska et al. 2012), but also the
soil organic matter which is a key factor in mitigating
metal toxicity (Boteva et al. 2016; Pessoa-Filho et al.
2015). In addition, the production of siderophores by
bacteria could bind metals in the extracellular envi-
ronment, reducing the concentrations of free metals
in their niches, probably by affecting their diffusion
and consequently their toxicity (Rajkumar et al. 2010;
Schalk et al. 2011). Paraburkholderia is known to be a
genus rich in siderophore-producing bacteria (Pratama
et al., 2020; Vargas-Straube et al 2016). Also, in the
study of Sujkowska-Rybkowska et al. (2020) on the
Lotus corniculatus-mesorhizobia symbiosis, it was
shown that the accumulation of phenols and reorgani-
zation of the nodule apoplast can diminish the nega-
tive effects of Ni, Co and Cr on the symbiosis, and
thus improve plant adaptation to metal stress occur-
ring in ultramafic soils. Several members from the soil
microbial community can use different mechanisms,
such as biosorption, bioaccumulation or modification
of the chemical state, to contribute to the alleviation
of metal stress (Caracciolo and Terenzi 2021). On the
other hand, plants growing in heavy metal rich envi-
ronments produce exudates like enzymes, phytoche-
lators, organic acids, flavonoids, etc. which can also
decrease their toxicity in the soil (Khan 2021).

The phylogenetic analysis based on the 16S rRNA
gene (Fig. 2) showed that all isolated strains grouped
within the species P. atlantica that has recently been
separated from the South African species P. tuberum
(Paulitsch et al. 2020; Mavima et al. 2021, 2022). Five
strains (W3, W33, W38, W47 and W48) were selected
and phylogenetically analyzed by multilocus sequence
analysis (MLSA) of the concatenated sequences from
16S rRNA, recA, and gyrB genes. The subsequent
phylogeny confirmed that these strains belonged to P.
atlantica (Fig. 3). Moreover, the ML trees constructed
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for nitrogen fixation (nifH) and nodulation (nodC)
genes also showed that for both genes the strains iso-
lated from ultramafic soils were closely related to P.
atlantica (Fig. 4a and Fig 4b). Mavima et al. (2021)
presented a study with 30 strains, initially identified
as P. tuberum (sv. mimosae) isolated from Mimosa
spp. nodules. Using a polyphasic approach (MLSA,
ANI, C+G DNA content, phenotypic characteristics),
the authors concluded that 12 strains were conspecific
with P. atlantica CNPSo 31557, while the others were
placed in the new species P. youngii. Paraburkholde-
ria atlantica was described by Paulitsch et al. (2020)
in a study of strains from the Atlantic Forest isolated
using P. vulgaris and M. pudica as trapping hosts
(Dall’Agnol et al. 2017).

Paraburkholderia atlantica is among the most fre-
quently found beta-rhizobia associated with different
Mimosa species in Brazil, other South American coun-
tries and Mexico (Bontemps et al. 2010, 2016; Lam-
mel et al. 2013; Mishra et al. 2012). Mimosa somnians
is a widespread species that seems to prefer P. atlan-
tica as its symbiont, as the present work and previous
studies conducted in Brazil (Bontemps et al. 2010)
and Mexico (Bontemps et al. 2016) have indicated.
On the other hand, M. claussenii symbionts were pre-
viously described by Bontemps et al. (2010) and most
were P. nodosa. Nevertheless, it is not surprising that
M. claussenii can nodulate with both P. atlantica (pre-
sent study) and P. nodosa (Bontemps et al. 2010), since
their symbiotic genes are very similar, and both are the
most common Mimosa symbionts found by far in the
Cerrado biome (Bontemps et al. 2010).

This study showed, for the first time, symbiotic
strains of Paraburkholderia (P. atlantica) in nodules
from Mimosa species naturally growing in ultramafic
soils, and that these bacteria are their dominant symbi-
onts in this environment. Inoculation tests showed that
P. atlantica was most likely essential for plant growth
in the absence of nitrogen, and hence that they provide
a vital ecological role in the maintenance of the native
Mimosa populations. These data further suggest that
these symbioses could make an important contribu-
tion to programs aimed at restoring ultramafic soils in
Barro Alto areas degraded by mining activity.
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