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ABSTRACT

Acacia spirorbis subsp. spirorbis Labill. is a widespread tree legume endemic to New Caledonia that grows in ultramafic (UF)
and volcano-sedimentary (VS) soils. The aim of this study was to assess the symbiotic promiscuity of A. spirorbis with
nodulating and nitrogen-fixing rhizobia in harsh edaphic conditions. Forty bacterial strains were isolated from root nodules
and characterized through (i) multilocus sequence analyses, (ii) symbiotic efficiency and (iii) tolerance to metals. Notably,
32.5% of the rhizobia belonged to the Paraburkholderia genus and were only found in UF soils. The remaining 67.5%, isolated
from both UF and VS soils, belonged to the Bradyrhizobium genus. Strains of the Paraburkholderia genus showed significantly
higher nitrogen-fixing capacities than those of Bradyrhizobium genus. Strains of the two genera isolated from UF soils
showed high metal tolerance and the respective genes occurred in 50% of strains. This is the first report of both alpha- and
beta-rhizobia strains associated to an Acacia species adapted to UF and VS soils. Our findings suggest that A. spirorbis is an
adaptive plant that establishes symbioses with whatever rhizobia is present in the soil, thus enabling the colonization of
contrasted ecosystems.
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INTRODUCTION

New Caledonia (NC) is a tropical archipelago located in the
south-west Pacific, about 1200 km from the east coast of Aus-
tralia. The geological history of NC is complex and as a result,
many kinds of bedrocks shape the archipelago (Pelletier 2006;
Bonvallot, Gay and Habert 2012). These bedrocks were altered
by the climate, resulting in the formation of different soil types:
acrisols, cambisol, leptosols and ferralsols. Thanks to this topo-
graphical and climatic diversity, the archipelago hosts notewor-
thy terrestrial biodiversity (Jaffré 1993; Bonvallot, Gay and Habert
2012). For instance, more than 3371 vascular plants species have
been identified, of which 80% are endemic to NC (Morat et al.
2012). On the other hand, NC is affected by recurrent fires, exten-
sive grazing, urbanization and mining (Jaffré, Bouchet and Veil-
lon 1998; Jaffré, Munzinger and Lowry 2010; Losfeld et al. 2014;
Ibanez et al. 2019). Given these threats, NC is considered a biodi-
versity hotspot (Myers et al. 2000; Marchese 2015).

Part of the terrestrial biodiversity has been shaped by the
ultramafic (UF) environments that account for a third of the
main island (Pillon et al. 2010; Isnard et al. 2016). The harsh
properties of UF soils render plant development difficult: iron
accounts for up to 50% of the total weight of the soil, and
there are low concentrations of the main plant nutrients (nitro-
gen, phosphorus and potassium), a highly unbalanced cal-
cium:magnesium ratio (up to 1:42) and high concentrations of
metals such as cobalt, chromium, nickel and manganese (Proc-
tor 2003; Kazakou et al. 2008). Nickel deposits are mined by
several companies and play a key role in the NC economy
today. In 2008, the mining industry accounted for 95% of NC
exports and employed 6% of the labor force (Jaffré and L'Huillier
2010). On the other hand, mining companies are responsible for
stripping over 20 000 ha of vegetation, which corresponds to
1.2% of the land territory (Jaffré and L’Huillier 2010). In accor-
dance with local laws, the mining companies are responsible
for rehabilitating the soil after extracting the nickel ore (Los-
feld et al. 2014). Several Australian Eucalyptus and Acacia species
have been introduced for the purpose of ecological restora-
tion of post-mining soils, but none survived the harsh con-
ditions of the UF soils (Sarrailh 2002). As a result, the use of
endemic plant species that occur naturally in UF habitats was
investigated.

One noteworthy candidate on the main island is the legume
tree Acacia spirorbis subsp. spirorbis Labill., which naturally grows
in UF and volcano-sedimentary (VS) environments. The pres-
ence of A. spirorbis in NC probably results from long-term dis-
persal from Australia (Richardson et al. 2011). Like many Aus-
tralian Acacia species, A. spirorbis also displays invasive behav-
ior in degraded ecosystems (Richardson, Le Roux and Wilson
2015). A phylogenetic study showed that A. spirorbis is endemic
to the NC archipelago (Brown et al. 2012). This legume species is
able to establish symbioses with both arbuscular and ectomyc-
orrhizal fungi, as well as with nitrogen-fixing bacteria, in both
UF and VS soils (Grangeteau et al. 2012; Ducousso et al. 2014;
Houles et al. 2018). The adaptation of Acacia spirorbis to such con-
trasted soils is unique and several authors have argued that this
adaptation might be linked with its symbioses with microor-
ganisms (Houlés et al. 2018; Vincent et al. 2018). For example,
the ectomycorrhizal fungal communities, in which Basidiomy-
cota account for 92% of the species, were structured by the soil
type and abiotic parameters (Houlés et al. 2018). These authors
thus concluded that the edaphic parameters of NC soils struc-
ture A. spirorbis ectomycorrhizal symbionts. A previous study
by our team focused on the in situ nitrogen-fixing potential of
A. spirorbis and reported that 80-100% of plant nitrogen was

supplied by the nitrogen-fixing symbiosis throughout various UF
and VS environments (Vincent et al. 2018).

However, little is known about the rhizobia that are sym-
biotically associated with A. spirorbis. The aims of the present
study were thus to investigate (i) the diversity of the nitrogen-
fixing bacteria symbiotically associated with A. spirorbis and (ii)
the potential of these rhizobia to adapt to the harsh conditions
of UF and VS soils. We addressed two specific questions: which
rhizobia are naturally found in the nodules of A. spirorbis in UF
and VS environments, and is there a relationship between the
contrasted edaphic conditions and the characteristics of the rhi-
zobia including taxonomy, nitrogen-fixing efficiency and heavy-
metal tolerance? To answer these questions, A. spirorbis bacterial
symbionts were isolated from root nodules naturally found in
UF and VS environments. The molecular diversity of the bacte-
rial strains was assessed with a multilocus analysis based on the
16S rRNA gene and on housekeeping genes including dnak, gyrB,
atpD and recA. The symbiotic efficiency of each strain was tested
on A. spirorbis seedlings in a growth room. In addition, nitrogen-
fixing markers were investigated (nodulation gene nodA and
nitrogen-fixing gene nifH). The metal tolerance of rhizobia was
also tested in vitro, and the presence of the nickel and cobalt
resistance gene cnrA and nickel resistance gene nreB was inves-
tigated in parallel.

MATERIALS AND METHODS
Study sites and soil sampling

Natural populations of A. spirorbis were sampled at eight study
sites distributed in UF and VS soils (Fig. 1, Table 1). Soil sam-
ples were collected as described in Vincent et al. 2018, from the
top 30 cm layer, where nodules are assumed to find the best
conditions for their development (Kessel and Roskoski 1981).
Total concentrations of aluminum, calcium, chromium, cobalt,
iron, magnesium, manganese, nickel, phosphorus, potassium,
silicium, organic carbon and nitrogen in the soil were quantified
as described in Vincent et al. 2018 (Table 2 and supplementary
Figure S1 available online). Soils were identified using WRB Clas-
sification (http://www.fao.org/3/a-i3794e.pdf).

Isolation of bacterial strains

Five fresh nodules per plant were sampled from three A. spiror-
bis roots at each study site. All the trees sampled were mature
and spaced at least 10 m away from each other, as described
in Vincent et al. (2018). The nodules were kept in Falcon®
tubes on ice and then placed in a cooler at 4°C. The nodules
were individually washed with sterile ultrapure water, surface-
sterilized in 70% ethanol and 3% calcium filtered hypochlorite,
then crushed in 50 uL of sterile ultrapure water. The suspen-
sion was streaked on yeast mannitol agar plates (YMA; Vincent
1970) and incubated at 28°C for 48 h. The colonies growing in
the first isolation plates were then streaked on second plates
to obtain pure cultures. For long-term maintenance, bacterial
strains were grown in YM broth and preserved in 25% glycerol
at —80°C.

Molecular methods

For routine polymerase chain reaction (PCR) amplifications, bac-
terial DNA was obtained from cultures of pure bacterial iso-
lates using a quick Proteinase K method, as described by Wil-
son (2001). PCR amplifications were performed with the GoTaq
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Figure 1. Map of New Caledonia showing the three main soils categories: calcareous (in grey), ultramafic (in dark grey) and volcano-sedimentary (in white). White stars
show the location of the study sites. Legend of the study sites: PIN: Pindai; PMB: Poum Malabou; PMS: Poum Silice; PN1: Pandanus 1; PN2: Pandanus 2; SRP: Serpent;

VRT: Vertisol.

Table 1. Sampling sites: name, soil type, WRB classification, soil description, coordinates and elevation. Sites are grouped according to their

soil type (ultramafic or volcano-sedimentary).

Site name Soil type Soil WRB classification Soil description Coordinates Elevation

Pindai Ultramafic Haplic ferralsol Red-brown soil S 21°19’55.45” 65 m
E 164°58'19.24”

Pandanus 1 Ultramafic Haplic cambisol Brown gravely soil $21°01'33.36” 38m
E 164°46’59.12”

Pandanus 2 Ultramafic Abruptic ferralsol Brown clayey soil with $21°01'58.8” 31m

pisolitic cover

E 164°46'40.97”

Tiébaghi Ultramafic Geric plinthosol Red pisolitic soil S 20°2819.20” 69 m
E 164°15'35.16”

Poum Malabou Volcano-sedimentary Leptic cambisol Brown gravel-rich soil S 20°17°32.56” 48 m
E 164°05'22.60”

Poum Silice Volcano-sedimentary Geric acrisol Silicic bleached soil S 20°13’38.5” 14 m
E 164°04'44.52”

Serpent Volcano-sedimentary Haplic Cambisol Thin silty grey-brown soil S 21°10°27.74” 75m
E 164°52'40.47”

Vertisol Volcano-sedimentary Haplic Vertisol Black clayey soil S 21°07°59.75” 16 m

E 164°54’55.49”

DNA polymerase kit (Promega, Madison, W1, USA) according to
the manufacturer’s instructions, using 0.625 unit of GoTaq and
20 pumol of each primer in 25 pL of reaction volume. A routine
PCR protocol was applied to the DNA amplifications based on 35
cycles of 30 s of denaturation, 30 s of hybridization and 1 min
of elongation. The full list of the primers and their respective

melting temperatures (Tm) are available in supplementary Table
S1 available online. Briefly, we performed PCR assays targeting
the following genes: partial 16S rRNA, dnakK, gyrB, atpD and recA
for the multilocus sequence analysis (MLSA), the genes nodA and
nifH for the symbiotic characterization, and lastly, the genes nreB
and cnrA for the metal tolerance approach. Each DNA resulting
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3) of each element are expressed in milligrams per kilogram of dry matter (mg kg! + standard

Table 2. Physical-chemical properties of the soils at the eight study sites. Mean concentrations (n

error). Sites are grouped according to their soil category.
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Mg Ca/Mg

Ca

C/N

pH

Study site

Soil category

0.50 + 0.05
0.037 + 0.005

9100 + 1407
39 370 + 14 215
14 297 + 4581

4635 + 1135
1380 + 310

141 + 18 1151 + 135

22+ 04
27 +£07
22+ 05
29 + 0.2
2.1+ 04
6.6 £ 2.1
1.8 +£ 0.6
26+ 0.2

2175 + 525
1170 + 20

4900 + 1900
3150 + 350
800 + 100
1350 + 250
2267 + 896
2800 + 1667
3300 + 3612
4550 + 2350

6.8 +£ 0.1
6.4 + 0.1

Pindai

Ultramafic

73 +£ 8
149 + 58

89 + 15
6104 + 2263

34 + 15

Pandanus 1

0.01 £ 0.002
0.11 £ 0.01

150 + 20
225 + 15

1020 + 43

54 + 54
129 + 4

380 + 40
470 + 60
1027 + 226

5.9 + 0.03
54 + 0.1
6.5 + 0.2

Pandanus 2
Tiébaghi

2107 £ 73
44 445 + 3558

0.02 + 0.003
22 £ 05
1.3 +£ 09

0.75 + 0.08

100 + 16

Poum Malabou

Poum Silice
Serpent
Vertisol

Volcano-sedimentary

83 + 23
34 792 + 4680

183 + 53
46 780 + 8397

27 £ 19
4930 + 1685

27 + 14
431 + 131
162 + 34

387 + 113
1427 + 1243
1695 + 775

4.2 + 0.03

6.5 + 0.02
58 £ 0.5

6095 + 285 8171 + 497

236 + 69

(continued)

Co Cr Fe Mn

Al

Study site

Soil category

146 415 + 3025

7556 + 2449
8230 + 1521
3970 + 688

4453 + 371
2650 + 28

261 740 + 11 460
289 175 + 38 305
327 700 + 79 890

508 175 + 2895

19 965 + 677

517 + 109
595 + 39
797 + 404
753 + 39

52 405 + 2125
17 860 + 2640
13 805 + 2965
45 875 + 1865
67 287 + 9586

Pindai

Ultramafic

126 140 + 28 770
110 525 + 50 055

17 695 + 445

5772 + 937
4783 + 2272
19 328 + 2118

24 865 + 4276
31 598 + 8648
15 047 + 1035

Pandanus 1

Pandanus 2
Tiébaghi

265 167 + 14 164
431 537 + 8276

1792 + 105

61 920 + 1971 818 + 93

1509 + 116
153 + 74
359 + 52

344 + 3

98 + 11

Poum Malabou

Poum Silice
Serpent

Volcano-sedimentary

31 + 11
241 + 59

2+08
1178 + 124
1008 + 76

103 + 69
62 980 + 1361

<0.01
52 +3
48 + 2

250 + 57
81 020 + 2416
76 800 + 2240

209 353 + 6289
226 270 + 530

49 + 2

89 865 + 1425

Vertisol

from PCR amplification was purified and sequenced as described
in Moulin et al. (2001).

Phylogenetic analyses

Phylogenies were carried out using a MLSA, as previously
reported by Bontemps et al. (2016). Briefly, each DNA consensus
sequence was obtained with an alignment between forward and
reverse sequences and manually edited on ChromasPro soft-
ware, version 2.1.8. All DNA sequences were deposited in the
DNA Data Bank of Japan (DDJB) for attribution of an accession
number (supplementary Tables S2 and S3 available online). A
set of sequences belonging to the same molecular marker were
aligned using MultAlin (inra.fr/multalin/multalin.html) (Corpet
1988). Each phylogenetic analysis included a set of reference
DNA sequences belonging to the same bacterial genus. Refer-
ence sequences used for molecular diversity for alpha- and beta-
rhizobial references are listed in supplementary Tables S4 and S5
available online, respectively. Reference sequences of symbiotic
markers nodA and nifH are listed in supplementary Tables S6 and
S7 available online, respectively. Phylogenies were inferred using
the maximum likelihood (ML) method using PhyML (Guindon
et al. 2005). Bootstrap analyses were performed using 1000 repli-
cates for ML using free phylogeny.fr software (http://www.phyl
ogeny.fr/version2_cgi/index.cgi) (Dereeper et al. 2008, 2010). Con-
catenated phylogenetic trees were inferred from concatenated
sequences obtained with the Genious software version 11.1.4 (
Figs. 2 and 3). Concatemers were obtained by juxtaposing the
DNA sequences of (i) the genes rRNA16S, dnak, atpD and recA for
alpha-rhizobia (Fig. 2) and (ii) the genes rRNA16S, gyrB, atpD and
recA for beta-rhizobia (Fig. 3). Individual phylogenetic trees were
obtained for each alpha- and beta-rhizobia gene (supplementary
Figures S2-S9 available online). Leaf names and bootstrap values
of the phylogenetic trees were edited with Inkscape software,
version 0.92.3 (https://inkscape.org/fr/).

Plant nodulation and symbiotic efficiency tests

Plant nodulation and symbiotic efficiency tests were carried out
according to Bontemps et al. (2016). Briefly, A. spirorbis seeds
were surface sterilized for 10 min in 96% H,S04, followed by five
washes with sterile distilled water. Seeds were soaked overnight
in sterilized water at 28°C and then placed on 0.8% water agar
plates. Four days later, germinated seedlings were transferred
in test tubes for in vitro nodulation tests. In each test tube, ster-
ilized stiff paper was bent at the top and a 2-mm diameter
hole was drilled. The seedling teguments were peeled off and
the roots of the seedlings were passed through the hole in the
paper. Test tubes were watered with Jensen medium (Jensen
1942). Seedlings were inoculated with bacterial strains grown
in YM medium (Vincent 1970). The test tubes were closed with
carded cotton plugs, then placed in a tropical plant chamber for
2 months (28°C, 70% humidity, day:night, 16:8 h). Five replicate
test tubes were made for each bacterial strain tested. The symbi-
otic efficiency of each strain was measured from in vitro cultures
after 2 months. The nitrogenase activity was assessed using the
acetylene reduction assay as described by Hardy et al. (1968).
After incubation in an oven for 48 h at 60°C, A. spirorbis seedling
shoot and root dry biomass was weighed. All the nodules on
each seedling were numbered and weighed. Raw values of nitro-
gen fixation are expressed in pmol of ethylene per hour and per
sample (Hardy et al. 1968). In addition, the nitrogen-fixation effi-
ciency is expressed in milligrams of nodule dry weight required
to produce 100 mg of shoot dry weight (Jourand et al. 2005).
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Figure 2 Phylogenetic tree of Acacia spirorbis alpha-rhizobial symbionts and related species. The tree was inferred from concatenated sequences of the genes 16S rRNA,
dnak, atpD and recA. The number at the node represents the bootstraps percentage of 1000 replicates (shown only when > 50%). Strains isolated in this study (New
Caledonia) are in bold. The scale bar indicates the number of substitutions per site.

Metal tolerance tests added with final concentrations of Al** of 0.1, 0.5, 1, 5, 10 and

L o 39 mM,; for Co?*, CoCl, was added with final concentrations of
The tolerance of bacterial isolates to aluminium, cobalt, Co?* of 0.01, 0.05, 0.1, 0.5, 1, 5, 10 and 50 mM; for Cr%*, K,Cr,0,

chromium, irqn, m.’“‘“%’"?‘“‘* and nickel .was assessed th.rough was added with final concentrations of Cr®* 0f 0.02, 0.1, 0.2, 1, 2,
the. half maximal 1.nh1b1t(.)ry concentratlgn (ICs0) acc.ordlng to 10, 20 and 100 mM; for Ni2*, NiCl, was added with final concen-
Maier (2015). Bacterial strains were grown in 9§-We11 microplates trations of Ni2* 0f 0.01, 0.05, 0.1, 0.5, 1, 5, 10 and 50 mM; for Mn2*,
filled with 200 pL of YM medium per well (Vincent 1970). Each MnCl, was added with final concentrations of Mn?* of 0.01, 0.05,
metal was supplemented as follows: for AP**, Al(NOs); was 0.1, 0.5, 1, 5, 10 and 50 mM; and for Fe3+, FeCl; was added with
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Figure 3. Phylogenetic tree of Acacia spirorbis beta-rhizobial symbionts and related species. The tree was inferred from concatenated sequences of the genes 16S rRNA,
gyrB, atpD and recA. The numbers at the node represents the bootstraps percentage of 1000 replicates (shown only when >50%). Strains isolated in this study (New
Caledonia) are in bold. The scale bar indicates the number of substitutions per site.
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final concentrations of Fe3* of 0.01, 0.05, 0.1, 0.5, 1, 5, 10 and 50
mM. Cultures of rhizobia were calibrated at optical density (OD)
measured at 2 = 600 nm (ODjeoonm) = 1 using an Infinite M200
Microplate Spectrophotometer (TECAN, Ménnedorf, Switzer-
land) and incubated for up to 6 days at 28°C under agitation.
Bacterial growth was monitored by OD;goonm after O, 18, 24, 41
and 48 h post-inoculation. Bacterial strains in YM medium (Vin-
cent 1970) without supplemented metal were used as controls.

Statistical analyses

Statistical analyses were performed with R software,
using the ‘RVAideMemoire’ package, version 0.9-54, avail-
able at the following link: http://CRAN.R-project.org/packa
ge=RVAideMemoire, and the package ‘agricolae’, version 1.2-3,
available at  http://CRAN.R-project.org/package=agricolae.
When the data did not follow a normal distribution, non-
parametric tests were used. Correlations between numerical
variables were assessed using a non-parametric Spearman’s
rank correlation test. Kruskal-Wallis tests were used to evaluate
the effect of a factor on a given numerical parameter. When a
factor was found to have a significant effect (P < 0.05) on a given
parameter, pairwise Wilcoxon rank sum tests were applied
at a confidence level of 0.05 (Houlés et al. 2018; Vincent et al.
2018). Principal component analyses (PCA) were performed to
analyze the distribution of the rhizobial symbiotic efficiency
and heavy metal tolerance according to the bacterial genus, the
soil type (UF or VS) and the combination of genus and soil type.
In the following, the term ‘strains sampled in UF or VS’ is an
abbreviation for rhizobial strains isolated from nodules grown
in UF or VS soils.

Nucleotide sequence accession numbers

Partial DNA sequences have been deposited in the DDJB
database (supplementary Tables S2 and S3 available online).
Accession numbers for Bradyrhizobium DNA sequences are:
LC383474 to LC383500 for the 16S rRNA gene; LC383501 to
LC383527 for the atpD gene; LC383555 to LC383581 for the dnak
gene; LC383528 to LC383554 for the recA gene; LC383656 to
LC383682 for the nodA gene; and LC383683 to LC383709 for the
nifH gene (supplementary Table S2 available online). Accession
numbers for Paraburkholderia DNA sequences are: LC383582 to
LC383594 for the 16S rRNA gene; LC383595 to LC383607 for the
atpD gene; LC383608 to LC383619 for the gyrB gene; LC383620 to
LC383632 for the recA gene; and LC416540 for the nifH gene (sup-
plementary Table S3 available online).

RESULTS
Soil properties at the study sites

The soil properties of the eight study sites are listed in Table 2.
As revealed by PCA (supplementary Figure S1 available online),
the eight study sites can be grouped in two contrasted soil types:
UF and VS soils, based on their chemical composition (Table 2).
The UF soils from the Pindai, Pandanus 1, Pandanus 2 and
Tiébaghi study sites contained significantly higher concentra-
tions of metallic elements, notably iron, than the VS soils from
Poum Malabou, Poum Silice, Serpent and Vertisol sites (Table 2).
Concentrations of cobalt ranged from 517 & 109 to 797 + 404 mg
kg~! in UF soils and from nil (<0.01 mgkg?) to 98 + 11 mg kg?!
in VS soils (Table 2). Chromium concentrations ranged from 15
047 + 1035 to 31 598 + 8648 mg kg~! in UF soils and from 344
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+ 3 to 1509 + 116 mg kg~! in VS soils (Table 2). Iron concentra-
tions ranged from 289 175 + 38 305 to 508 175 + 2895 mg kg~! in
UF soils and from 103 + 69 to 89 865 + 1425 mg kg~! in VS soils
(Table 2). Manganese concentrations ranged from 4453 + 371 to
19 238 4+ 2118 mg kg~! in UF soils and from 2 + 0.8 to 1178 £ 124
mgkg~? in VS soils (Table 2). Nickel concentrations ranged from
2650 + 28 to 8230 + 1521 mg kg~! in UF soils and from 31 + 11 to
1792 + 105 mg kg~! in VS soils (Table 2). Silicon concentrations
differed between VS and UF, ranging from 209 353 + 6289 to 431
537 + 8276 mg kg~! in VS soils and from 17 695 =+ 445 to 146 415
+ 3025 mg kg~* in UF soils (Table 2).

Molecular characterization of the bacterial strains

A total of 40 bacterial strains were isolated from the root nod-
ules of A. spirorbis (24 strains from UF soils and 16 strains
from VS soils). The MLSA based on concatenated sequences of
four genetic markers confirmed that all the strains we isolated
belonged either to the genus Bradyrhizobium and Paraburkholde-
ria (Figs 2 and 3). This result is confirmed by independent phy-
logenetic analyses based on the following genetic markers: 16S
TRNA, dnaK, atpD and recA for Bradyrhizobium sp. strains (sup-
plementary Figures S2, S3, S4 and S5 available online, respec-
tively) and the genetic markers 16S rRNA, gyrB, atpD and recA
for Paraburkholderia sp. strains (supplementary Figures S6, S7,
S8 and S9 available online, respectively). Among the 40 strains,
67.5% belonged to the genus Bradyrhizobium and 32.5% to the
genus Paraburkholderia. For the Bradyrhizobium sp. strains, a phy-
logenetic tree was constructed by MLSA, based on the concate-
nate sequences of the 16S rRNA gene (LC383474 to LC383500),
the atpD gene (LC383501 to LC383527), the dnaK gene (LC383555
to LC383581) and the recA gene (LC383528 to LC383554) (Fig. 4).
The MLSA showed that the strains of Bradyrhizobium sp. clus-
tered in three putative major groups (Fig. 2). Group 1 contained
five strains from two study sites (PMS and PN2; see Fig. 1 for
site abbreviations) and formed a cluster next to Bradyrhizobium
pachyrhizi and Bradyrhizobium elkanii. Group 2 contained three
strains from PMB, next to Bradyrhizobium guangdongense. Group
3 contained 10 strains from three study sites (PMB, PN2 and
TIE) and formed a cluster next to Bradyrhizobium yuanmingense.
The nine remaining strains of Bradyrhizobium sp. isolated were
grouped in two clusters of two strains and the last five strains
were individual lineages scattered inside the phylogeny (Fig. 2).

A phylogenetic tree was constructed for the Paraburkholde-
ria sp. strains by MLSA, based on the concatenated sequences
of the 16S rRNA gene (LC383582 to LC383594), the atpD gene
(LC383608 to LC383619), the gyrB gene (LC383608 to LC383619)
and the recA gene (LC383620 to LC383632). The MLSA (Fig. 3)
showed that, except for one strain, the strains of Paraburkholde-
ria sp. clustered in one homogeneous putative group. A total of
12 strains of Paraburkholderia sp. isolated from A. spirorbis nod-
ules formed a cluster next to Paraburkholderia phenoliruptix, while
the strain STM11820-TIE04 was located close to Paraburkholderia
phenazinium (Fig. 3).

All the Paraburkholderia sp. strains were only found in UF soils,
whereas 41% and 59% of Bradyrhizobium sp. strains were isolated
from UF and VS soils, respectively. Regarding Bradyrhizobium sp.
strains, no correlations were found between the clusters and the
soil type.

Symbiotic efficiency of the bacterial strains

The in vitro experiments conducted to test the symbiotic effi-
ciency of the bacterial strains showed that all Bradyrhizobium sp.
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Figure 4. Rooted phylogenetic tree of Acacia spirorbis alpha-rhizobial symbionts and related species. The tree was inferred from sequences of the gene nodA. The
numbers at the node represents bootstraps percentage of 1000 replicates (shown only when >50%). Strains isolated in this study (New Caledonia) are in bold. The scale

bar indicates the number of substitutions per site.

and Paraburkholderia sp. strains described in the present study
were able to form efficient nitrogen-fixing nodules on A. spiror-
bis seedlings (supplementary Tables S8 and S9 available online).

The symbiotic phenotypes (i.e. the number of nodules,
biomass of nodules and symbiotic efficiency) of A. spirorbis
seedlings grown in vitro differed significantly (P < 0.05) depend-
ing on the bacterial genus inoculated. The inoculation of
Bradyrhizobium sp. strains induced significantly more nodules
and total nodule biomass per plant (8.3 & 3.9 nodules per plant
with a mean weight of 3.9 + 1.5 mg) than Paraburkholderia sp.

strains (3.1 + 1.6 nodules per plant with a mean weight of 1.9
+ 0.9 mg). The Paraburkholderia sp. strains showed a signifi-
cantly higher symbiotic efficiency (with only 5.9 + 2.1 mg dry
weight of nodule required to form 100 mg of shoot dry weight)
than Bradyrhizobium sp. strains (with 13.6 + 6.9 mg nodule dry
weight required to form 100 mg of shoot dry weight). However,
no significant difference was found in overall nitrogen fixation
in Bradyrhizobium sp. and Paraburkholderia sp. strains, with aver-
ages of 0.13 & 0.07 and 0.14 + 0.08 umol of ethylene per plant
per hour, respectively. Moreover, the difference in the symbiotic
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Table 3. Means + standard deviation of the data collected from the nodulation test on A. spirorbis seedlings. The nitrogenase activity estimated
by the acetylene reduction assay is expressed in pmol of ethylene formed per hour and per seedling. Dry weights of the shoots (shoot dw),
roots (roots dw) and nodules (nodule dw) are expressed in mg per plant. The number of nodules corresponds to the mean number of nodules
on each seedling. The efficiency of nitrogen fixation corresponds to the dry biomass of nodules required to grow 100 mg of A. spirorbis shoot.
The data are grouped according to (i) the genus of the rhizobia inoculated, all soil types combined, (ii) the soil type, with both rhizobia genera
combined, and (iii) the genus and soil type combined. For each numerical parameter, means were compared with Kruskal-Wallis tests followed
by Wilcoxon tests. The superscript letters ’a’, 'b’ and ’'c’ correspond to different mean levels significantly different between each other.

Genus Soil type Genus and soil type combined
Paraburkholderia  Bradyrhizobium UF Vs BK-UF BR-UF BR-VS

Nitrogenase 0.14 + 0.09? 0.13 + 0.072 0.11 + 0.08? 0.17 =+ 0.04? 0.14 + 0.09? 0.08 + 0.07° 0.17 + 0.042
activity

Shoot dw 334 + 5.62 30.2 + 7.9 29.8 + 6.42 334 + 8.32 33.4 + 5.6° 25.7 + 4.3° 33.4 + 8.32
Root dw 19.8 + 3.6° 20.1 + 3.5° 19.5 + 3.12 20.8 + 3.9° 19.8 + 3.6 19.1 + 2.4° 20.8 + 3.9°
Nodule dw 2.0 + 0.8° 3.8 + 1.62 3.0 + 1.72 3.5 + 1.42 2.0 4+ 0.8° 42 + 1.72 3.5 4+ 1.42
Nodule nb 3.2 4+ 1.5° 8.0 + 4.12 5.8 + 4.12 7.5 + 3.92 3.2 4+ 1.5° 8.8 +4.32 7.5 + 3.92
Efficiency 5.9 + 2.1° 13.6 + 6.9 10.9 + 7.6° 11.3 + 5.6° 5.9 + 2.1° 16.9 + 7.4° 11.3 + 5.6°

UF: ultramafic soils; VS: volcano-sedimentary soils; BK-UF: Paraburkholderia strains sampled in ultramafic soils; BR-UF: Bradyrhizobium strains sampled in ultramafic

soils; BR-VS: Bradyrhizobium strains sampled in volcano-sedimentary soils.

phenotypes measured between Bradyrhizobium or Paraburkholde-
ria sp. strains had no significant impact on the dry biomass of
A. spirorbis seedlings, with (i) shoot dry weights of 30.6 + 7.9 and
32.6 + 6.2 mg, respectively, and (ii) root dry weights of 20.3 + 3.5
and 19.6 + 3.5 mg, respectively.

Regarding the relationship between symbiotic efficiency and
the soil type from which the strains were isolated (Table 3),
our data clearly showed that Paraburkholderia sp. strains from
UF soils were significantly more efficient than Bradyrhizobium
sp. strains that were also isolated from UF soils. However, the
Bradyrhizobium sp. strains isolated from VS and UF soils pro-
duced a similar number of nodules and similar nodule biomass
(7.5 + 3.9 nodules weighing 3.5 + 1.4 mg for Bradyrhizobium sp.
strains from VS soils and 8.8 + 4.3 nodules weighing 4.2 + 1.7 mg
for Bradyrhizobium sp. strains from UF; Table 3). Despite these
similarities, the nitrogen fixation and efficiency of Bradyrhizo-
bium sp. strains isolated from VS soils differed significantly from
those isolated from UF soils (with, respectively, 0.17 + 0.04 and
0.08 + 0.07 pmol of ethylene formed per hour and per seedling
and 11.3 £ 5.6 and 16.9 £+ 7.4 mg of nodules required to form
100 mg of shoot; Table 3). Moreover, the shoot dry biomass of A.
spirorbis seedlings inoculated by Bradyrhizobium sp. strains from
VS soils (33.4 &+ 8.3 mg; Table 3) weighed significantly more than
Bradyrhizobium sp. strains from UF soils (25.7 + 4.3 mg; Table 3).

An overview of these data is presented in a PCA (supple-
mentary Figure S10 available online), completed by a correlation
matrix (supplementary Table S10 available online).

Molecular symbiotic characterization of the bacterial
strains

Molecular data on the nodA gene found in Bradyrhizobium sp. are
reported in Fig. 4. The Bradyrhizobium sp. strains isolated in this
study represent three major groups of the nodA gene (Fig. 4).
Group 1 of nodA contained three strains from VS soils and clus-
tered next to Bradyrhizobium sp., strain CH2493 (Fig. 4). Group 2 of
the nodA gene contained a total of 12 strains distributed between
UF soils (75%) and VS soils (25%) and clustered between Methy-
lobacterium nodulans and Bradyrhizobium canariense (Fig. 4). Group
3 of the nodA gene contained a total of 12 strains distributed
between UF soils (17%) and VS soils (83%) and clustered next to B.
elkanii (Fig. 4). In spite of several amplifications we did not man-
age to amplify the expected nodA fragment as it corresponded

to a gene fragment coding for peptide-methionine (S)-S-oxide
reductase.

Molecular data concerning the nifH gene found in Bradyrhizo-
bium sp. strains are reported in Fig. 5. Two major putative groups
were identified. Group 1 contained 10 strains from three study
sites (PMB, PMS and TIE) and formed a cluster next to B. elkanii
(Fig. 5). Group 2 contained 17 strains from five study sites (PMB,
PMS, PN2, SRP and VRT) and formed a cluster next to Bradyrhizo-
bium ganzhouense (Fig. 5).

Concerning Paraburkholderia sp. strains, the nifH nucleo-
tidic sequence number LC416540 of the strain STM11825-TIE10
matched the nifH sequence from Paraburkholderia phymatum.

Metal tolerance of A. spirorbis bacterial symbionts

Metal tolerance of Bradyrhizobium sp. and Paraburkholderia sp.
strains were assessed in relation to metal contents found in the
UF and VS soils: aluminum, cobalt, chromium, iron, manganese
and nickel. Data are summarized in Table 4 (means of ICsy are
expressed in mM or pM + standard deviation) and presented
in relation to three factors: (i) the rhizobial genus, (ii) the soil
type and (iii) the combination of the genus and the soil type. An
overview of the data with a PCA is given in supplementary Figure
S11 available online.

The Bradyrhizobium sp. strains presented significantly higher
(P < 0.05) ICsp values for aluminium, chromium, cobalt and iron
than the Paraburkholderia sp. strains (Table 4). More precisely,
mean ICs values in the Paraburkholderia sp. differed significantly
from those in Bradyrhizobium sp. strains with, respectively: 110
and 367 um of chromium; 564 and 254 uM of cobalt; 2123 and
2482 pM of iron; and 12 and 21.8 mM of aluminium (Table 4).
Metal tolerances were similar in strains sampled in UF and
VS soil, except for chromium and iron, where strains from VS
soils tolerated higher concentrations of chromium and iron than
strains from UF soils (Table 4). The ICsq values in Bradyrhizobium
sp. strains isolated from UF and VS soils varied with the metal
(Table 4).

The correlation matrix of ICsy values of metals in supplemen-
tary Table S11 available online shows that ICsy values of alu-
minum, cobalt, nickel and manganese were positively correlated
(P<0.05andr > 0).

The occurrence of two metal resistance genes (cnrA and nreB)
are listed in Table 5. It is worth noting that in the strains, either
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Figure 5. Unrooted phylogenetic tree of Acacia spirorbis alpha-rhizobial symbionts and related species. The tree was inferred from sequences of the gene nifH. The
number at the node represents the bootstraps percentage of 1000 replicates (shown only when >50%). Strains isolated in this study (New Caledonia) are in bold. The

scale bar indicates the number of substitutions per site.

both genes occurred simultaneously or were absent (Table 5).
The cnrA and nreB genes were detected on average three times
more frequently in Paraburkholderia sp. strains than in Bradyrhi-
zobium sp. strains. The cnrA gene was present in 77% of the
Paraburkholderia sp. strains versus 22% of the Bradyrhizobium sp.
strains (Table 5). Similarly, the nreB gene was present in 69%
of the Paraburkholderia sp. strains versus 19% in Bradyrhizobium
sp. strains (Table 5). The strains from UF soils had twice as
many cnrA and nreB genes than strains from VS soils (Table 5).
Despite these differences, the occurrence of metal resistance
genes cnrA and nreB was similar in Bradyrhizobium sp. strains
from UF and VS soils (Table 5). Among BR-UF strains, the genes
cnrA and nreB were detected in 18% of the strains, while the

cnrA and nreB genes of the BR-VS strains was detected in 25%
and 19% of the strains, respectively (Table 5). No statistical cor-
relations were found between the ICsg values and the occur-
rence of cnrA and nreB genes in the strains presented in this
study.

DISCUSSION
The broad symbiotic promiscuity of A. spirorbis

In the present study, we observed that natural populations
of A. spirorbis from both UF and VS soils could establish
nitrogen-fixing symbioses with both alpha- and beta-rhizobia,
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Table 4. Nickel (Ni), chromium (Cr), cobalt (Co), iron (Fe), manganese (Mn) and aluminum (Al) ICso values (means + standard deviation) in the
rhizobial strains isolated from A. spirorbis nodules. Results are presented according to three factors: (i) the rhizobial genus, (ii) the soil type
and (iii) genus and soil type combined. For each numerical parameter, means were compared using Kruskal-Wallis tests followed by Wilcoxon
tests. The superscript letters 'a’, 'b’ and 'c’ correspond to different mean levels significantly different between each other.

ICsp Genus Soil type Genus and soil type combined
Paraburkholderia  Bradyrhizobium UF Vs BK-UF BR-UF BR-VS

Ni (uM) 449 + 4712 502 + 640° 569 + 7152 358 + 281° 449 + 471° 711 £ 904° 358 + 281°
Cr (uM) 110 + 107° 367 + 4952 108 + 100° 468 + 5462 110 + 107° 100 + 52° 468 + 5462
Co (uM) 564 + 1065° 254 + 1412 419 + 8022 259 + 1632 564 + 1065° 247 + 1012P 259 + 1632
Fe (1M) 2123 + 499° 2482 + 7892 2165 + 536° 2533 + 8322 2123 + 499° 2347 + 6422P 2533 + 8322
Mn (mM) 17.3 £ 15.0° 23.6 + 15.9% 204 + 15.32 23.1 + 16.5% 17.3 + 15.0° 24.2 + 15.0° 23.1 + 16.5°
Al (mM) 12.0 + 4.01° 21.8 + 11.12 18.7 + 10.72 18.5 + 10.0° 12.0 + 4.01° 26.7 + 10.72 18.5 + 10.1°

UF: ultramafic soils; VS: volcano-sedimentary soils; BK-UF: Paraburkholderia strains sampled in ultramafic soils; BR-UF: Bradyrhizobium strains sampled in ultramafic

soils; BR-VS: Bradyrhizobium strains sampled in volcano-sedimentary soils.

Table 5. Occurrence of cnrA and nreB metal resistance genes among the 40 rhizobial strains (expressed as a percentage) isolated from A. spirorbis
nodules collected in ultramafic (UF) and volcano-sedimentary (VS) soils. Results are presented according to: (i) the rhizobial genus, all soil types
combined, (ii) the soil type with both rhizobia genera combined and (iii) rhizobial genus and soil type combined.

Genus Soil type Genus and soil type combined
Paraburkholderia Bradyrhizobium UF Vs BK-UF BR-UF BR-VS
Occurrence of cnrA (%) 77 22 50 25 77 18 25
Occurrence of nreB (%) 69 19 46 19 69 18 19

UF: ultramafic soils; VS: volcano-sedimentary soils; BK-UF: Paraburkholderia strains sampled in ultramafic soils; BR-UF: Bradyrhizobium strains sampled in ultramafic

soils; BR-VS: Bradyrhizobium strains sampled in volcano-sedimentary soils.

i.e. Bradyrhizobium sp. and Paraburkholderia sp., on UF and VS
soils. Symbiotic promiscuity varies among Acacia species: on one
hand, A. saligna, A. salicina and A. stenophylla are known to harbor
broad symbiotic promiscuity with several alpha-rhizobia includ-
ing the genera Rhizobium, Bradyrhizobium, Ensifer and Mesorhi-
zobium (Boukhatem et al. 2012). On the other hand, Australian
Acacia species like A. dealbata, A. mearnsii and A. melanoxylon
showed a narrower diversity of symbionts, mainly Bradyrhizo-
bium species (Lafay and Burdon 2001). The Bradyrhizobium sp.
symbionts found in A. spirorbis nodules revealed high diver-
sity as they showed similarities with nine diverse Bradyrhizo-
bium species (Fig. 2). Ten Bradyrhizobium sp. strains clustered
with B. yuanmingense isolated from Lespedeza sp. (Yao et al.
2002). Other Bradyrhizobium sp. strains formed clusters includ-
ing one to five strains, with multiple Bradyrhizobium species (i.e.
B. cytisi, B. elkanii, B. embrapense, B. guangdongense, B. huanghuai-
haiense, B. pachyrhizi and B. tropiciagri), isolated from a variety
of hosts (i.e. Arachis hypogea, Cytisus villosus, Desmodium hetero-
carpon, Glycine max, Neonotonia wightii and Pachyrhizus erosus), as
described by several authors (Kuykendall et al. 1992; Ramirez-
Bahena et al. 2009; Chahboune et al. 2011; Zhang et al. 2012; Dela-
muta et al. 2015; Li et al. 2015). Lastly, two strains (STM7828-
PMS03 and STM7844-PMS04) clustered far from known Bradyrhi-
zobium species, indicating a putative undescribed species of
Bradyrhizobium (Fig. 2).

It is noteworthy that the symbiotic promiscuity of A. spiror-
bis shares a common pattern with Australian acacias. On
their native soil, Australian acacias establish nitrogen-fixing
symbioses mostly with Bradyrhizobium species, notably with
Bradyrhizobium japonicum and B. elkanii, while African and Amer-
ican acacia species sensus lato, the majority of which are now
grouped in the Vachellia and Senegalia genera (LPWG 2017), are
mainly associated with strains of Rhizobium, Ensifer and Mesorhi-
zobium (Lafay and Burdon 2001; Leary et al. 2006; Leroux et
al. 2009). Outside Australasia, introduced Acacia spp. such as

A. auriculiformis Benth., A. dealbata Link, A. longifolia (Andrews)
Willd., A. mangium Willd. and A. mearnsii De Wild. are still
mainly associated with Bradyrhizobium species (Joubert 2003;
Weir et al. 2004; Le Roux et al. 2009). The symbiotic promis-
cuity of A. spirorbis involving alpha-rhizobia is in agreement
with these studies, thus supporting the hypothesis that A.
spirorbis subsp. spirorbis originates from Australia (Richardson
et al. 2011).

In addition to the presence of Bradyrhizobium sp., A.
spirorbis symbiotic promiscuity includes two putative species
of Paraburkholderia sp. from the beta-rhizobia. Multilocus
analysis revealed that A. spirorbis beta-rhizobial symbionts clus-
tered in (i) one homogenous group next to P. phenoliruptix and
(i) a putative second group represented by one strain next
to P. phenazinium (Fig. 3). The molecular data of Paraburkholde-
ria and Bradyrhizobia could lead to a new species and need
further investigations (e.g. DNA-DNA hybridization analyses,
and physiological and biochemical tests), as described by other
authors (e.g. De Meyer et al. 2014 and Guentas et al. 2016).
The beta-rhizobia/leguminous symbiosis was first described
by Moulin et al. (2001) as being widespread in nature, and
included Burkholderia sensu lato and Cupriavidus (formerly Ral-
stonia) species (Chen et al. 2003). Recent studies showed that
species of Burkholderia sensus lato included human, animal and
plant pathogenic species, as well as plant beneficial and environ-
mental species. Therefore, five distinct lineages were recently
introduced: Burkholderia sensus stricto, Caballeronia, Paraburkholde-
ria rhizoxinica, Paraburkholderia and Robbsia (Beukes et al. 2017,
Lopes-Santos et al. 2017). Paraburkholderia species correspond
to plant-associated strains, including free-living diazotrophs
and symbiotic rhizobia (Sawana, Adeolu and Gupta 2014).
Paraburkholderia species were found to be the major symbionts
of nitrogen-fixing symbioses among Mimosa spp. (47 different
species tested in Bontemps et al. 2010). Moreover, Paraburkholde-
ria symbiotic promiscuity involves leguminous plants such
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as Anadenanthera spp., Cyclopia spp., Dalbergia spp., Lebeckia
ambigua, Macroptilium atropurpureum, Microlobius foetidus, Parapip-
tadenia spp., Phaseolus vulgaris, Piptadenia spp., Podalyria canescens
and Pseudopiptadenia spp. (Rasolomampianina et al. 2005; Elliott
et al. 2007; Bournaud et al. 2013; De Meyer et al. 2014).

So far, only a few studies have reported that a given legu-
minous species is able to form symbioses with alpha- and
beta-rhizobia. One study in Brazil showed that Mimosa species
including Mimosa acutistipula Benth., Mimosa kalunga M. F. Simon
& C. E. Hughes, Mimosa radula Benth. and Mimosa xanthocen-
tra Mart. nodulated with alpha-rhizobial (Rhizobium) and beta-
rhizobial (Paraburkholderia) strains (dos Reis et al. 2010). Another
recent study argued that Vachellia karroo (Hayne) Banfi & Galasso
(formerly Acacia karroo) from southern Africa is also able to
establish symbioses with both alpha- and beta-rhizobia (Beukes
et al. 2018). However, the nitrogen-fixing ability of these beta-
rhizobial strains was not confirmed by nodulation tests in this
latter study. Caution is warranted because beta-rhizobia are
known to occur naturally as endophytic bacteria inside nod-
ules, notably in Mimosa pudica L., G. max (L.) Merr. and Vachel-
lia seyal (Delille) P.J.H. Hurter Mabberley’s (formerly Acacia seyal)
(Pandey, Kang and Maheshwari 2005; Diouf et al. 2007; Li et al.
2008). Hence, our study may be one of the first to report that an
endemic Acacia species establishes symbioses with both alpha-
and beta-rhizobial and to provide evidence for the nitrogen-
fixing ability of each strain characterized.

Exploiting alpha- and beta-rhizobia for adaptation to
contrasted soils

The results of our study show that in NC, A. spirorbis natu-
rally establish nitrogen-fixing symbioses with local rhizobia in
both UF and VS soils. The symbiotic promiscuity of A. spiror-
bis is structured by the type of soil, and Paraburkholderia sp.
strains were only found in nodules sampled in UF soils, whereas
Bradyrhizobium sp. strains were isolated from both UF and VS
soils. Molecular data showed that the metal resistance gene cnrA
and the nreB gene were more frequent in strains sampled from
UF soil than those sampled from VS soil (Table 5).

UF soils are characterized by low concentrations of the major
elements (nitrogen, phosphorus and potassium), a strongly
unbalanced calcium:magnesium ratio and high concentrations
of iron oxides with heavy metals, notably cobalt, chromium,
manganese and nickel (Brooks 1988). Growth conditions in UF
soils are reasonably harsh for plant development, and con-
sequently promote plant endemism and speciation (Isnard
et al. 2016). Several authors have reported that plant specia-
tion towards heavy metals found in UF soils also involves rhi-
zobia, in particular with Paraburkholderia sp. and Bradyrhizobium
sp. (Chaintreuil et al. 2007; Klonowska et al. 2012; Gonin et al.
2013). One study from Gonin et al. (2013) in NC showed that
the rhizosphere of naturally occurring Costularia spp. (Cyper-
ceae) in UF soils is dominated by Paraburkholderia sp. (28%), fol-
lowed distantly by Bradyrhizobium sp. (9%). This study of Costu-
laria spp.-associated rhizobacteria led to the description of two
novel rhizospheric Paraburkholderia sp. (formerly Burkholderia sp.)
that have adapted to UF conditions. Another study done in NC by
Klonowska et al. (2012) described the biodiversity of M. pudica rhi-
zobial symbionts (Cupriavidus taiwanensis, Rhizobium mesoamer-
icanum) and their adaptation to UF soils. Moreover, one study
reported the presence of Bradyrhizobium sp. symbionts on Seri-
anthes calycina Benth., an endemic species (Caesalpinieae) from
NC growing on both UF and nickel-free soils (Chaintreuil et al.

2007). All rhizobial symbionts isolated from nodules of S. calycina
were reported to closely resemble B. elkanii (Chaintreuil et al.
2007). Serianthes calycina rhizobial symbionts from UF soils were
more tolerant to nickel and cobalt toxicity than strains from
nickel-free soils, thanks to the occurrence of metal resistance
genes such as the cnrA and the nreB genes (Chaintreuil et al.
2007). The present study also shows that the cnrA and nreB genes
harbored by A. spirorbis symbionts are more frequent in rhizobia
from UF soils (Table 5), in agreement with the results of the pre-
viously performed study (Chaintreuil et al. 2007). Taken together,
these observations suggest that the cnrA and nreB genes found
in rhizobia associated with A. spirorbis are involved in the adap-
tation of the symbiont to the extreme soil properties found in UF
soils, enabling the legume to establish symbioses in this harsh
environment.

In vitro experiments conducted to test the metal tolerance
of A. spirorbis symbionts revealed no significant correlation
between the presence of metal resistance genes (nre or cnr) and
the values of ICso. This suggests that other mechanisms may
be involved in bacterial tolerance to metals, such as exclusion,
active removal, biosorption, precipitation or bioaccumulation in
external and intracellular spaces, transport mechanisms and/or
chelation, all such mechanisms being driven by genes other than
the nre or cnr gene families (Haferburg and Kothe 2007).

In VS soils, the rhizobial symbionts of A. spirorbis belonged to
Bradyrhizobium sp. These strains were also tolerant to metals but
at lower levels than those observed in Bradyrhizobium sp. strains
isolated from UF soils. These results may be related to the pres-
ence of metals in VS soils at lower concentrations that those
found in UF soils (Table 2), suggesting that when present in VS
soils, Bradyrhizobium sp. have adapted to the specific edaphic
conditions of these soils. These results are in agreement with
those reported for Australian Acacia species that occur naturally
on heavy metal-free acidic soil (Ashwath et al. 1995) and estab-
lish symbioses with Bradyrhizobium species, mainly B. japonicum
and B. elkanii (Lafay and Burdon 2001; Leary et al. 2006). A pre-
vious study reported that Bradyrhizobium bacteria are adapted
to acidic soil and more tolerant than other rhizobia-nodulating
Acacia species (Marsudi, Glenn and Dilworth 1999). Therefore,
the fact that A. spirorbis is able to establish nitrogen-fixing sym-
bioses with Bradyrhizobium sp. adapted to both VS or UF edaphic
conditions confirms the capacity of this legume to develop
symbiotic interactions with any local rhizobia present in soils
and, in this way, to colonize other environments. Lastly, it is
worth noting that the diversity of symbionts associated with A.
spirorbis in natural conditions reported in the present study has
no impact on its nitrogen-fixing capacity (Vincent et al. 2018).
These results suggest that the symbiotic promiscuity of A.
spirorbis with local rhizobia adapted to edaphic conditions and
their optimal nitrogen-fixing rates in UF and VS soils may be
two of many keys to the successful adaptation of A. spirorbis to
contrasted environments. In that perspective, it would be inter-
esting for future research to address the question of the possible
synchronous activity of both alpha- and beta-rhizobia, either
through an in vitro experiment of seedlings co-incubation and
time-dependent RNA or protein analysis, or through a similar
approach on the original habitat using a meta-transcriptomic
approach.

CONCLUSIONS

Our study is one of the first to report (i) symbionts of an endemic
Acacia species within its natural ecosystems with the presence
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in nodules of both alpha- and beta- rhizobia, genera Bradyrhizo-
bium and Paraburkholderia, (ii) evidences of their nitrogen-fixing
capacity and (iii) that their taxonomic and symbiotic efficiency
are adapted to edaphic conditions, whereby Paraburkholderia sp.
symbionts are mainly found in UF soils and the symbiotic effi-
ciency of Bradyrhizobium sp. strains differed between UF and VS
soils.

Such an establishment of nitrogen-fixing symbioses by A.
spirorbis with both Bradyrhizobium and Paraburkholderia species
may be involved with its adaptation to UF and VS soils. On one
hand, rhizobial taxonomy, symbiotic efficiency and metal toler-
ance are structured by the soil properties (Tables 3 and 4). On the
other hand, a legume tree can interact with a limited number
of rhizobial species (Peix et al. 2015). Taken together, these find-
ings suggest that the more a legume tree can interact and estab-
lish symbioses with rhizobial symbionts, the better the plant
can adapt to contrasted soils and colonize different ecosystems.
This hypothesis has already been confirmed for A. spirorbis, as
we previously reported that the biological nitrogen fixation of
this tree legume in natural ecosystems reaches optimal rates,
regardless of the soil type (Vincent et al. 2018). Moreover, this
rhizobial broad symbiotic promiscuity is complementary to the
one observed in ectomycorrhizal fungi symbiosis in A. spirorbis
(Houles et al. 2018), which could be one of the many keys to the
successful adaptation of A. spirorbis to contrasted soils.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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