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a  b  s  t  r  a  c  t

Desmodium  spp. are  leguminous  plants  belonging  to  the tribe  Desmodieae  of  the  subfamily  Papil-
ionoideae.  They are widely  distributed  in temperated  and  subtropical  regions  and  are  used  as  forage
plants,  for  biological  control,  and in  traditional  folk  medicine.  The  genus  includes  pioneer  species  that
resist  the  xerothermic  environment  and  grow  in arid,  barren  sites.  Desmodium  species  that  form  nitrogen-
fixing  symbiosis  with  rhizobia  play an  important  role  in  sustainable  agriculture.  In  Argentina,  23  native
species  of  this  genus  have  been  found,  including  Desmodium  incanum.  In  this  study,  a  total  of  64  D.
incanum-nodulating  rhizobia  were  obtained  from  root nodules  of  four  Argentinean  plant  populations.
Rhizobia  showed  different  abiotic-stress  tolerances  and  a remarkable  genetic  diversity  using  PCR  fin-
gerprinting,  with  more  than  30 different  amplification  profiles.  None  of  the  isolates  were  found  at  more
than  one  site,  thus  indicating  a high  level  of rhizobial  diversity  associated  with  D.  incanum  in  Argentinean
soils.  In  selected  isolates,  16S rDNA  sequencing  and whole-cell  extract  MALDI  TOF  analysis  revealed
the  presence  of  isolates  related  to Bradyrhizobium  elkanii,  Bradyrhizobium  japonicum,  Bradyrhizobium
yuanmingense,  Bradyrhizobium  liaoningense,  Bradyrhizobium  denitrificans  and Rhizobium  tropici  species.
In addition,  the  nodC  gene  studied  in the  selected  isolates  showed  different  allelic  variants.
Isolates  were  phenotypically  characterized  by assaying  their  growth  under  different  abiotic  stresses.
Some  of  the local  isolates  were  remarkably  tolerant  to high  temperatures,  extreme  pH and  salinity,
which  are all  stressors  commonly  found  in  Argentinean  soils.  One  of the  isolates  showed  high tolerance  to
temperature  and  extreme  pH, and  produced  higher  aerial  plant  dry  weights  compared  to other  inoculated
treatments.  These  results  indicated  that  local  isolates  could  be  efficiently  used  for  D.  incanum  inoculation.

©  2017  Elsevier  GmbH.  All  rights  reserved.
ntroduction

The genus Desmodium is a large member of the Papilionaceae
Fabaceae) family [21]. It contains about 350 species which are

ainly distributed in tropical and subtropical regions of the
orld, as well as approximately 23 species that are distributed

n Argentina [49]. Within the Leguminosae, the tribe Desmodieae
Benth.) Hutch is known for its significant contribution to forage

roduction in the tropics, and includes several species of agronomic
oncern. These species have the capacity to adapt to low-fertility
oils and they tolerate water drought, representing important

∗ Corresponding author. Fax: +54 221 422 3409x56.
E-mail address: floppy@biol.unlp.edu.ar (M.F. Del Papa).

ttp://dx.doi.org/10.1016/j.syapm.2017.04.004
723-2020/© 2017 Elsevier GmbH. All rights reserved.
plant genetic resources for forage production, soil preservation and
improvements in marginal smallholder farming systems of subhu-
mid  and humid tropical regions [24].

In Argentina, large areas are dominated by grasslands, which
constitute a highly diverse forage resource, mostly used as a sin-
gle feed for livestock [37]. Native leguminous plants are frequently
found in these areas where legume–rhizobial symbiosis is respon-
sible for an increase in the nitrogen (N) content of the soil-plant
system via the mechanism of biological nitrogen fixation [46].

The introduction of new leguminous species is an approach
for maximizing the N-fertility of soils in these areas and increas-

ing the protein content of pastures. In this context, D. incanum
would be a promising alternative for forage preservation because
of its potential for recovering native grassland areas affected by
crops. In particular,  D. incanum DC inhabits areas with abundant or

dx.doi.org/10.1016/j.syapm.2017.04.004
http://www.sciencedirect.com/science/journal/07232020
http://www.elsevier.de/syapm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.syapm.2017.04.004&domain=pdf
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carce rainfall, and can be found in forest and savannah in flood-
lains, roadsides and cultivated areas. This legume has the ability
o adapt to a wide range of sandy to clay soils and pH (4–8), as
ell as having a high rate of survival in low fertility soils [12],

lthough it grows better in slightly alkaline or neutral and fertile
oils [20]. In addition, the phytoremediation potential of D. incanum
n petroleum-contaminated soil was recently demonstrated [28].
he known ability of wild D. incanum to tolerate these diverse con-
itions would make it a promising alternative for feeding animals

n north central and northwest regions of Argentina.
Few investigations have focused on the isolation, analysis and

ymbiotic characterization of rhizobial strains able to associate
ith Desmodium spp. [9,29]. On the basis of earlier studies in Central

nd North America, all rhizobial strains isolated from Desmod-
um spp. have been classified as bradyrhizobia [52]. Similar results

ere found in temperate and subtropical regions of China, where
ost isolates from diverse Desmodium species were character-

zed and identified as Bradyrhizobium spp. However, some isolates
rom the genera Rhizobium,  Sinorhizobium and Mesorhizobium were
lso reported [22]. Therefore, considering the potential usage of
esmodium spp. as a forage crop [9,36,48], the nature and symbi-
tic characteristics of rhizobia associated with these legumes has
arranted investigation.

However, to date, Desmodium spp. microsymbionts growing in
outh America, particularly in Argentina, have not been systemat-
cally studied. Therefore, the aim of this study was  to investigate
he biodiversity of rhizobial symbionts associated with D. incanum
n Argentinean soils and their adaptation to this environment in
rder to: (1) identify D. incanum symbionts in Argentina and their
ossible relationship with those found in Asia and North America,
nd (2) determine how these symbionts have adapted to the stress
onditions commonly found in Argentinean soils. For this purpose,
. incanum symbionts were sampled in four Argentinean regions

n order to analyze their taxonomic and phenotypic diversity. In
ddition, symbiotic performance with D. incanum using natural soil
amples was evaluated as a potential target for manufacturing and
tilization in forage production.

aterials and methods

esmodium incanum study populations

Root nodules, soil samples and seeds of D. incanum populations
ere collected from four different Argentinean areas. Geolocation
ata are presented in Table S1 and they were identified under
umbers Pensiero 6926, 6935, 7565 and 6897 in the SF Herbar-

um, Facultad de Ciencias Agrarias, Universidad Nacional del Litoral,
anta Fe, Argentina. The physicochemical characteristics of each
ampling area are shown in Table S2. Seeds were collected from
0 to 40 plants to ensure a representative sample and they were
tored at 4 ◦C.

acterial cultivation and preservation

Bacterial strains were routinely cultivated in yeast
xtract–mannitol (YEM) medium [51] and tryptone yeast (TY)
edium [10] at 28 ◦C. For solid media, 15 g agar per liter of medium
ere added. Bacterial isolates were conserved at −20 ◦C in 20%

v/v) glycerol–TY.

ollection of D. incanum-nodulating rhizobia isolated from
rgentinean soil samples
Soil samples and seeds were collected and investigated for the
resence of rhizobia using D. incanum as a trap plant. The harvested
eeds were surface-sterilized and used to produce trap plants to
d Microbiology 40 (2017) 297–307

recover D. incanum-nodulating rhizobia from soil samples obtained
at the same locations where the seeds had been collected. Exper-
iments were performed in a chamber at 28 ◦C with a 16 h-light
photoperiod under controlled conditions for two  months.

Field- and laboratory-collected nodules were surface-sterilized,
as reported by Del Papa et al. [16]. Bacterial isolates were con-
firmed for their D. incanum-nodulation phenotype and conserved
as previously stated.

Evaluation of rhizobial sensitivity to abiotic stresses operating in
the soils populated with D. incanum

Each isolate’s ability to grow in different NaCl concentrations,
pH and temperature was tested on solid YEM media under dif-
ferent stress conditions using the following procedure: 10 �L of
an isolate culture dilution containing ca. 104 cells were spotted
onto the YEM plates for the various conditions evaluated. For salt
and pH assays, the ability of each isolate to grow on the different
plates and under the specific conditions was  recorded after 10 days
incubation at 28 ◦C. The isolate’s ability to grow at various NaCl con-
centrations (0.5, 1.0, 2.0, and 3.0% w/v) or on YEM plates containing
media at pH 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 was  evaluated. The
temperature effect on isolate growth was recorded after 10 days
incubation on YEM plates (pH 7.0, NaCl 0.01%) at 28, 35, 40, or 45 ◦C.
In all these tests, bacterial growth was  estimated on a 0–3 scale (0,
lack of growth; 3, full development). Type strains of R. hainanense
CCBAU57015T, B. yuanmingense CCBAU 10071T, B. elkanii USDA 76T,
and B. liaoningense U 3622T species [22] were also included. Rhizo-
bial cells grown on YEM (pH 7.0, NaCl 0.01%) and incubated at 28 ◦C
were used as controls.

Seed disinfection

D. incanum, Macroptilium lathyroides and Vicia sativa seeds were
first manually scarified with sandpaper. Then, these or Phaseolus
vulgaris and Glycine max seeds were surface-sterilized as described
by Fornasero et al. [19], rinsed with sterile distilled water and kept
in water for one hour for swelling. Surface-sterilized seeds were
germinated on water–agar plates (1.0% w/v).

Ability of selected rhizobial isolates to support plant growth, plant
nodulation and symbiotic efficiency evaluation

D. incanum seeds were surface-sterilized, as described by For-
nasero et al. [19], rinsed with sterile distilled water and kept in
water for one hour for swelling. Seeds were then germinated in 1%
(w/v) water–agar plates and afterwards planted in pots containing
sterile vermiculite:perlite (1:1).

The ability of rhizobial isolates to support plant growth in the
absence of fixed nitrogen was  evaluated by nodulation tests in
sterile support and Jensen mineral solution [26]. Seedlings were
planted in plastic pots containing sterile vermiculite:perlite (1:1),
and plants were inoculated with 10 mL  rhizobial suspension con-
taining ca. 108 cfu mL−1 after 15 days. Each strain was  evaluated
at least in triplicate, with uninoculated and N-fertilized plants
being used as controls. The experiments were carried out in a
chamber at 28 ◦C with a 16 h-light photoperiod. At two months
post-inoculation, plants were dried at 60 ◦C for aerial and root mass
dry-weight estimation. In addition, root nodules were counted,
nodules were dried in an oven at 60 ◦C to constant weight and the
dry weight per plant was determined. For cross nodulation assays,
Macroptilium lathyroides,  Vicia sativa,  Phaseolus vulgaris and Glycine

max plants were employed. In order to evaluate the infectivity of
isolates, five seedlings were transferred to pots containing sterile
vermiculite:perlite (1:1). Seedlings were inoculated with individ-
ual strains by adding exponentially growing rhizobial cultures



 Applie

(
c
u

D

v

B

D
[
fi

A

i
c

A

s
l
W

D

o
d
K
t
f
r
r
t
w
w
i
s
p
(
f
p
(

M
s

w
t
B
e
p
e
B
i
r
b
c
f
p
0
o

M.A. Toniutti et al. / Systematic and

108 cfu/seedling). Uninoculated seedlings were used as negative
ontrols. In all assays, plants were analyzed two months after inoc-
lation.

NA preparation and PCR set up for strain analysis.

DNA preparation and manipulation were carried out with pre-
iously established techniques [41].

OXA1R PCR genomic-fingerprinting analysis
The rhizobial isolate collection was genotypically typed by total

NA-amplification fingerprints using either BOXA1R or MBOREP
50] primers, as described by Fornasero et al. [19]. Fingerprint pro-
les were analyzed using FAMD 1.2 software [43].

mplification of nodC gene partial sequences
The nodC gene fragments (848 bp) from D. incanum-nodulating

solates were amplified with primers nodCF–nodCI using the
ycling conditions described by Laguerre et al. [30].

mplification of partial 16S rDNA sequences
DNA fragments (ca. 1440 bp) containing partial nucleotide

equences of the 16S rDNA gene from D. incanum-nodulating iso-
ates were amplified with primers 27f and 1385r, as described by

eidner et al. [55].

NA sequencing and phylogenetic analysis

The partial nucleotide sequences of 16S rDNA and nodC were
btained by the sequencing service at INTA Castelar (Argentina) and
eposited in GenBank under the accession numbers KX857639 to
X857654 and KX857655 to KX857659, respectively. DNA and pro-

ein similarity searches were carried out with the BLAST program
rom the National Center for Biotechnology Information [4]. The 16S
DNA sequence analysis was performed against the EzBiocloud 16S
DNA database (which only contains the curated sequences from
ype strains; http://www.ezbiocloud.net/). Nucleotide sequences
ere aligned with ClustalW [47]. The MEGA7 software package
as used for phylogenetic analyses using the setting indicated

n each specific figure. nodC alignments were performed using
equence stretches that covered ca. 680 bp with the homologous
ositions to nucleotides 460–1140 in B. elkanii USDA 76T nodC
HQ233221). Alignments of 16S rDNA internal fragments were per-
ormed using sequence stretches that covered the homologous
ositions to nucleotides 180–1350 in B. elkanii USDA 76T 16S rDNA
U35000).

atrix-assisted laser desorption/ionization time-of-flight mass
pectrometry (MALDI-TOF MS)  analysis

Identification and classification of rhizobia by MALDI-TOF MS
as performed using an Ultraflex III MALDI-TOF/TOF mass spec-

rometer and the MALDI Biotyper 3.1 software (Bruker Daltonics,
remen, Germany), according to Jia et al. [27]. Firstly, a refer-
nce database with Rhizobium and Bradyrhizobium was  built, as
reviously reported by Ferreira et al. [18] and Sánchez-Juanes
t al. [42]. Rhizobium strains included in the extended MALDI
iotyper 3.1 library database for MALDI-TOF MS-based species

dentification are shown in Table S3. Sample preparation was  car-
ied out according to the manufacturer’s recommendation, either
y picking a single colony (direct smear) or using 1 �L protein-
ontaining supernatant (ethanol/formic acid extraction method)

rom Bradyrhizobium spp. and Rhizobium spp. strains cultured in
eptone–salts–yeast extract (PSY) medium supplemented with
.1% arabinose or TY medium, respectively. Samples were spotted
nto the MALDI target and overlaid with a 1 �L saturated solution of
d Microbiology 40 (2017) 297–307 299

�-cyano-4-hydroxycinnamic acid in an organic solution (50% ace-
tonitrile, 2.5% trifluoroacetic acid). Spectra were recorded by Flex
Control 3.3 software (Bruker Daltonics) in a linear positive mode at
an accelerated voltage of 19 KV in the range from 2 to 20 KDa. The
laser intensity was  chosen in order to obtain spectra with maximum
absolute peak intensities, ranging from approximately 5 × 103 to
104 arbitrary units. External calibration was performed with the
Bruker bacterial test standard (Bruker Daltonics). MALDI-TOF MS
identifications were classified using the score values described in
Ferreira et al. [18]: ≥2 species identification; between 1.7 and 1.9
genus identification; <1.7 no identification.

Statistical calculations and analyses

Statistical calculations were performed with the software pack-
age InfoStat [14]. Analysis of variance (ANOVA) and Tukey’s test
were performed on the plant and root dry weights and the total N
per plant. For the principal components analysis (PCA) of the stress-
tolerance phenotypes, the XLSTAT software package was used.

Results

Isolation of rhizobia from D. incanum root nodules and analysis of
microbial diversity

In order to study the diversity of native rhizobial populations
able to nodulate D. incanum, different regions from Argentina were
sampled and investigated for the presence of nodulated plants nat-
urally present at the different sampling sites (Table S1). In addition,
a trap-plant assay was performed in order to obtain D. incanum-
nodulating rhizobia in greenhouse experiments. In this regard, a
rhizobial collection was  assembled comprising a total of 64 iso-
lates, including those recovered from different trap plants grown
in pots (62 isolates), as well as isolates from field-nodulated plants
(2 isolates).

The diversity of the 64 rhizobial germplasms associated with D.
incanum was assessed by BOXA1R and MBOREP PCR-fingerprinting
(Fig. S1). A UPGMA dendrogram analysis based on the Dice
similarity index extracted from the electrophoretic mobility of
amplified DNA fragments (Fig. S2) revealed notable genetic diver-
sity among D. incanum-nodulating rhizobia in Argentinean soils
(strain richness index of 0.32) [33]. Bacterial isolates recovered
from populations 5, 8, and 9 were highly diverse (strain richness
index of 0.55; 0.62 and 0.41, respectively) [33]. By contrast, iso-
lates recovered from population 10 (Corrientes Province) formed a
single group with approximately >90% similarity among the bacte-
rial isolates. The genetic heterogeneity of the rhizobial collection of
populations 5, 8, and 9 was detected using both the MBOREP PCR
and BOXA1R approaches. Taken together, these results showed that
D. incanum-nodulating rhizobia showed different levels of similar-
ity between the studied populations.

Phenotypic diversity of rhizobial isolates

In order to explore the phenotypic diversity of the strain col-
lection, the 64 rhizobial isolates were evaluated for their capacity
to grow on YEM solid media under different stress conditions that
commonly occur in local agricultural soils (e.g. extreme pH, high
temperature and high salinity; Table S4). Thus, 98% of isolates
behaved as slow-growing rhizobia on YEM medium at 28 ◦C.

The results showed that although 97% of the isolates were
unable to grow at 3% [w/v] NaCl, 44% of the isolates were able to

grow in the presence of a low amount of salt (0.5% [w/v] NaCl).
Only 6% of the isolates (P5 97, P5 94, P10 115 and P10 117) were
able to grow well on YEM medium supplemented with 2% (w/v)
NaCl (score 2, in a 0–3 scale) and showed a broad pH tolerance.

http://www.ezbiocloud.net/
http://www.ezbiocloud.net/
http://www.ezbiocloud.net/
http://www.ezbiocloud.net/
http://www.ezbiocloud.net/
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Table  1
Growth of rhizobia that nodulate Desmodium incanum evaluated under different abiotic stress conditions on YEM agar medium.

Population ID Growth at the indicated
temperature (◦C)

Growth at the
indicated pH

Growth at the
indicated NaCl (% w/v)
concentrations

BOXA1R Type

28◦ 35◦ 40◦ 45◦ 4 5 6.8 8 9 10 0.01 0.5 1 2 3

P5 97 3 2 1 0 0 2 3 3 2 2 3 3 2 2 0 A
501  3 0 0 0 0 3 3 3 3 3 3 1 0 0 0 B
505  3 3 1 0 0 3 3 3 0 0 3 0 0 0 0 C
514  3 3 2 0 0 2 3 3 1 0 3 0 0 0 0 D

P8 802  3 3 0 0 0 3 3 2 0 0 3 0 0 0 0 E
810  3 3 1 0 1 2 3 3 1 0 3 2 1 0 0 E
823  3 3 0 0 0 3 3 2 0 0 3 0 0 0 0 F
828  3 3 0 0 0 2 3 0 0 0 3 0 0 0 0 G

P9 118  3 3 2 0 3 3 3 1 1 0 3 0 0 0 0 H
904  3 3 2 0 3 3 3 1 1 0 3 0 0 0 0 H
907  3 3 1 0 0 3 3 0 0 0 3 0 0 0 0 I
915  3 3 2 0 0 3 3 3 0 0 3 0 0 0 0 J

P10 85  3 3 0 0 1 3 3 2 1 0 3 2 1 0 0 K
102  3 3 0 0 0 3 3 2 2 0 3 1 0 0 0 K
117  3 2 1 0 3 3 3 3 3 1 3 3 3 2 0 L
130  3 2 2 0 3 3 3 3 2 1 3 1 0 0 0 M

S 1  3 2 0 0 0 2 3 3 0 0 3 0 0 0 0 –
2  3 3 0 0 0 2 3 3 1 0 3 2 0 0 0 –
3  3 3 0 0 0 2 3 1 0 0 3 1 0 0 0 –
4  3 2 0 0 1 3 3 3 2 2 3 3 2 1 0 –
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cores from 3 to 0 indicate the ability of rhizobia to grow under the investigated
umbers correspond to: (1) Bradyrhizobium yuanmingense CCBAU 10071T; (2) B. elk

ost selected isolates grew significantly over a wide range of pH,
hereas isolates P5 97 and P5 501 grew in pH ranging from 5 to 10,

nd isolates P10 117 and P10 130 grew within the range of 4–10.
ome rhizobial isolates (P5 97, P5 505, P5 514, P8 810, P9 118, P9
04, P9 915, P10 117, P10 130 among others) exhibited the com-
ined ability to grow well at pH 8 and 40 ◦C, which is a temperature
ommonly found in the geographic region populated by D. incanum
n Argentina.

Overall stress conditions acting on the physiology of the dif-
erent isolates were determined by multivariate analysis. PCA
Pearson-n; XLSTAT software package) was performed with refer-
nce to the numerical-tolerance ranking of each isolate for each
tress (variables). Isolate distribution in the PC1–PC2 space served
o group isolates into regions of clear dominance with respect to
ach of the investigated stress tolerance phenotypes, as follows:
ower right, tolerance to high pH; upper right, tolerance to low pH
nd high temperature; right center, salt tolerance (Fig. 1). These
wo components together represented approximately 50% of the
bserved phenotypic variation.

Phenotypical results indicated that the rhizobial collection com-
rised isolates with different levels of abiotic stress tolerance, and
hat some isolates tolerated more than one stress (Table S4). There-
ore, isolate selection was based on broader selective criteria in
rder to choose bacterial strains with pronounced tolerance to abi-
tic stresses that would benefit the end user by the successful
stablishment of the strain showing the desired phenotypes. Con-
equently, 16 native rhizobial isolates were selected as candidates
or further evaluation of their taxonomy and symbiotic properties
Table 1).

hylogeny of chromosomal and symbiotic markers from selected
hizobial isolates

6S rDNA
In order to infer the taxonomic position of the isolates obtained,
n internal fragment of the 16S rRNA gene was amplified by PCR,
nd its nucleotide sequences were compared with the homol-
gous amplicons from rhizobia type strains (Table S5). Fig. 2
hows the phylogenetic analysis of the 16S rRNA gene, includ-
tion (3 = full development in 2 days, 0 = absence of growth). S: strains. The strain
SDA 76T; (3) B. liaoningense U 3622T; and (4) Rhizobium hainanense CCBAU57015T.

ing recently described Bradyrhizobium and Rhizobium species. The
results showed the placement of 15 selected isolates within the
bradyrhizobial clade (i.e. closely related to B. yuanmingense,  B.
guangxiense, B. denitrificans, B. elkanii,  and B. kavangense among oth-
ers), whereas isolate P10 117 was included within a rhizobial clade
close to R. tropici,  R. hainanense, and R. multihospitium.

Among the Bradyrhizobium spp. isolates, strains P9 118, P5 505,
P9 904, P10 130, P9 907, P5 514 P8 823, P8 828 and P9 915 were
located in group I, and strains P10 85, P10 102, P5 501, P8 802,
P8 810 and P5 97 in group II, according to the phylogenetic divi-
sion of the genus Bradyrhizobium proposed by Menna et al. [34]. Gu
et al. [22] and Granada et al. [20] previously reported that most
Desmodium species microsymbionts belonged to Bradyrhizobium
species closely related to B. elkanii,  B. japonicum,  and B. yuanmin-
gense. The results in the current study demonstrated that the D.
incanum population present in Argentina could be nodulated by
either bradyrhizobia or rhizobia strains (Fig. 2).

nodC
The nodC gene encodes for N-acetylglucosaminyltransferase, the

enzyme responsible for the first step in rhizobial Nod factor assem-
bly [35]. Based on the results indicating that diverse species of
rhizobia were able to nodulate D. incanum, nodC phylogeny was
investigated in some of the 16 native rhizobial isolates selected
for their phenotypic and/or symbiotic properties. These sequences
would help to assess similar or different nodC alleles in geograph-
ically different D. incanum-nodulating isolates, and to determine
whether there really was some kind of preference of the host plant
in relation to the nodC sequence. BLASTn sequence analysis showed
that the nodC genes from P5 514, P8 810, P9 118, P9 915 and P10 85
isolates were highly similar to the B. elkanii nodC gene. However,
Fig. 3 shows that nodC from strains P9 915 and P10 85 clustered
within a nodC clade that included B. tropiciagri isolated from root
nodules of Neonotonia wightii, a nitrogen-fixing symbiont of soy-
bean [15]. By contrast, the nodC fragments from P5 514 and P9 118

were highly similar over the amplified fragment and did not cluster
with any of the reported bradyrhizobial nodC variants. nodC from
P8 810 clustered with B. neotropicale. Unfortunately, none of the
primer pairs reported by Laguerre et al. [30] allowed the amplifica-
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A: P5 94, P9 90 8; B: P5 97; C: P5
50, P5 502, P5 503, P5 505, P5
506, P5 507, P5 508, P5 509, P5
511, P5 516, P5 518, P5 520, P8
802, P8 811, P8 812, P8 814, P8
816, P8 820, P8 821, P8 822, P8
823, P8 825, P9 905, P9 906, P9
907, P9 913, P10 103; D: P5 501;
E: P5 510; F: P5 513; G: P5 514,
P5 519, P5 521, P9 91 0, P9 915;
H: P8 800, P10 110, P10 12 1; I: P8
803, P8 804, P8 828, P9 919; J: P8
805; K: P8 810, P10 85, P10 113;
L: P9 118, P9 904; LL: P9 911, P10
102; M: P9 914; N: P10 74; Ñ: P10
131; O: P10 106, P10 120, P10
122; P: P10 105; Q: P10 117; R:
P10 130; S: P10 104; T: P10 115

A: P5 94, P9 908; B: P5 97; C: P5
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802, P8 811, P8 812, P8 814, P8
816, P8 82 0, P8 82 1, P8 822, P8
823, P8 82 5, P9 90 5, P9 906, P9
907, P9 913, P10 103; D: P5 50 1;
E: P5 510; F: P5 513; G: P5 51 4;
P5 52 1, P8 800, P10 110, P10 12 1;
H: P5 519, P9 91 0, P9 915; I: P8
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805; K: P8 810, P10 85, P10 11 3,
L: P9 904, P10 120; LL: P9 91 1,
P10 102; M: P9 914; N: P10 74; Ñ:
P10 131; O: P9 118, P10 106, P10
122, P: P10 10 5, Q: P10 117; R:
P10 13 0; S: P10 10 4; T: P10 115
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Fig. 1. Principal component analysis (PCA)-based separation of isolates according to differences in their tolerance to abiotic stresses. Vector-correlation plot of the variables
examined (i.e. tolerance to stresses) and components of the PC2 and PC3 variation. PCA analysis (Pearson-n; XLSTAT software package) was performed with respect to the
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umerical tolerance ranking of each isolate to each stress (variables) listed in Tables
ariation) served to separate isolates into regions of clear dominance with respect t
pper right, tolerance to high temperature; upper right, salt tolerance.

ion of the nodC fragment from the local Rhizobium sp. P10 117 and
radyrhizobium sp. P10 130 strains, suggesting that these isolates
arried nodC allelic variants different from those in the rhizobial and
radyrhizobial symbionts characterized here. These results showed
hat D. incanum was nodulated by different rhizobia that may  code
hylogenetically different nodC genes.

dentification of rhizobial strains by MALDI-TOF MS analysis

It is widely known that 16S rDNA has a limited resolution for
olving taxonomic positions at the species level [7]. In order to
mprove taxonomic allocation by sequencing the 16S rRNA gene,
train identification was  applied using MALDI-TOF MS  as a comple-
entary method to rapidly identify bacterial isolates and further

iscriminate the species of the selected rhizobial isolates [59]. Fig.
3 shows the mass spectra of the selected isolates of each popula-
ion. The P5 505, P5 514, P8 828, P9 118, P9 904, P9 907 and P10
30 mass spectra were similar to the B. yuanmingense spectrum,

hereas those for isolates P5 97, P5 501, P8 802, P8 810, P10 85

nd P10 102 were similar to the B. elkanii spectrum. Finally, the P8
23 mass spectrum corresponded to that of B. japonicum.  Although
9 915, in particular, could not be identified with a high score, it had
 S4. The distribution of isolates in the PC2–PC3 space (representing 24% of the total
 of the investigated stress tolerance phenotypes: lower right, tolerance to low pH;

the typical Bradyrhizobium spp. spectrum and a low identification
score with B. denitrificans (Fig. 2, Table 2).

Symbiotic properties of the isolates

Some D. incanum seeds collected from Argentina populations
did not germinate well. Due to the low germination percentage and
the lack of a commercial source for D. incanum seeds, D. incanum
nodulation tests could only be performed with selected isolates.
First, a preliminary experiment was performed in a growth cham-
ber in order to compare the symbiotic efficiency of the 16 selected
native rhizobial isolates (shown in Table 1) on D. incanum plants.
The reference strain R. hainanense CCBAU57015T was used as a pos-
itive control, as it is known to induce nodules in Desmodium species
[22].

Differences among the analyzed strains were revealed in N-free
mineral solution. In fact, six Bradyrhizobium strains isolated from

different sites (P5 514, P8 810, P9 118, P9 915, P10 85 and P10
130) showed statistically significant differences in their nodulation
pattern (data not shown) and shoot dry biomass production (Fig. 4).
Nodule dry weight and shoot dry weight correlation in this host was
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Fig. 2. Phylogenetic analysis based on 16S rDNA sequences from the isolates recovered from D. incanum plants collected in Argentina. The evolutionary history was inferred
by  using the maximum likelihood method based on the Tamura 3-parameter model, which showed the lowest BIC scores (Bayesian Information Criterion) considered as the
best  for describing the substitution pattern. The tree with the highest log likelihood (−3524.4965) is shown. The percentage of trees in which the associated taxa clustered
together is shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by applying neighbor-joining and BioNJ algorithms to a matrix
of  pairwise distances estimated using the maximum composite likelihood (MCL) approach, and then selecting the topology with the highest log likelihood value. A discrete
gamma  distribution was used to model evolutionary rate differences between sites (5 categories (+G, parameter = 0.2313)). The rate variation model allowed for some sites to
be  evolutionarily invariable ([+I], 48.2369% sites). The analysis involved 56 nucleotide sequences. All positions containing gaps and missing data were eliminated. Evolutionary
analyses  were conducted in MEGA7 [28]. The DNA sequences used were obtained from GenBank under the accession numbers indicated after the name of each rhizobium.
Superscript T indicates that strains are type strains. Solid black circles indicate the isolates characterized in this study.
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Fig. 3. Phylogenetic analysis of nodC rhizobial sequences. The evolutionary history was inferred by using the maximum likelihood method based on the Tamura 3-parameter
model,  which showed the lowest BIC scores (Bayesian Information Criterion) considered as the best for describing the substitution pattern. The tree with the highest log
likelihood (−4201.2109) is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the heuristic search
were  obtained automatically by applying neighbor-joining and BioNJ algorithms to a matrix of pairwise distances estimated using the maximum composite likelihood (MCL)
approach, and then selecting the topology with the higher log likelihood value. A discrete gamma  distribution was  used to model evolutionary rate differences among sites
(5  categories (+G, parameter = 0.9287)). The tree is drawn to scale, with branch lengths measured as the number of substitutions per site. The analysis involved 43 nucleotide
sequences. All positions containing gaps and missing data were eliminated. Evolutionary analyses were conducted in MEGA7 [28]. The DNA sequences used were obtained
from  GenBank under the accession numbers indicated after the name of each rhizobium. Superscript T indicates that strains are type strains. Solid black circles indicate the
isolates  characterized in this study.
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Table  2
MALDI BioTyper identification results for selected D. incanum-nodulating isolates.

ID Organism (best match) Scorea

Population 5
P5 97 B. elkanii USDA 76T 2.266
P5  501 B. elkanii USDA 76T 2.088
P5  505 B. yuanmingense CCBAU0071T 2.350
P5  514 B. yuanmingense CCBAU0071T 2.342

Population 8
P8 802 B. elkanii USDA 76T 2.254
P8  810 B. elkanii USDA 76T 2.363
P8  823 B. japonicum USDA 6T 2.276
P8  828 B. yuanmingense CCBAU0071T 2.238

Population 9
P9 118 B. yuanmingense CCBAU0071T 2.221
P9  904 B. yuanmingense CCBAU0071T 2.345
P9  907 B. yuanmingense CCBAU0071T 2.213
P9  915 B. denitrificans DSM 1113T(#) 1.582 (#)

Population 10
P10 85 B. elkanii USDA 76T 2.164
P10  102 B. elkanii USDA 76T 2.070
P10  117 Rhizobium tropici CIAT 899T 2.150
P10  130 B. yuanmingense CCBAU0071T 2.252

aScore value > 2 indicates species identification; 1.7 < score value < 2 indicates genus
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Fig. 4. Symbiotic performance of rhizobial strains. Seeds were recovered from D.
incanum:  (A) Population 5; (B) Population 8; (C) Population 9; (D) Population 10.
Uninoculated plants without N addition (T), N-fertilized plants (T + N), R. haina-
nense CCBAU57015T (Rh) and selected rhizobial treatments were included in the
experiment. Plants were harvested 60 days after inoculation for dry-weight anal-
yses. Mean ± SD values of the plant dry weights are shown. Asterisks indicate that
the  means for the samples are different (P = 0.05) from those of uninoculated plants

North America, and indicated that they harbored genotypes sim-
dentification; score value < 1.7 indicates no identification (#) [17].

bserved in studies performed in pots with vermiculite and N-free
ensen solution (Fig. S4).

These six bradyrhizobial isolates were checked for cross nodula-
ion in Macroptilium lathyroides,  Vicia sativa,  Phaseolus vulgaris and
lycine max  plants in order to investigate their symbiotic prop-
rties. All tested rhizobia failed to nodulate Vicia sativa, which
s a restrictive host [5]. In contrast, isolates P8 810, P9 118
nd P10 85 nodulated Phaseolus vulgaris, but only P9 118 was
apable of significantly increasing the plant shoot dry weights
ompared with the uninoculated Phaseolus vulgaris treatment.
owever, isolates P8 810 and P10 85 produced effective nodu-

ation with Macroptilium lathyroides, which is a non-selective
ost nodulated by rhizobia from different alpha- and beta-
roteobacterial genera [17,23,32]. In addition, none of the six

solates produced nodules in soybean (Glycine max) under the
pecified experimental conditions, although diverse Bradyrhi-
obium [13,6,8,25,44,45,53,54,57,58], Rhizobium [3] and Ensifer
6,31,39,58] genera have been reported as Glycine max symbionts.

iscussion

The study of D. incanum-nodulating rhizobia biodiversity is
ot only important for their role as microsymbionts of legumes
ith forage potential, but also for their potential as a biotic factor

or the establishment of Desmodium species in Argentinean soils.
. incanum was found in different soil types and locations from
here specimens were collected, which represented the diversity

f the phytogeographic districts. In this study, the 64 native strains
ssociated with D. incanum showed phenotypic heterogeneity and
enetic diversity, despite their site of origin. Many isolates were
olerant to abiotic stresses, such as high temperature and salin-
ty, while a few were also able to grow at a pH as high as 10 in
gar-containing solid medium. From an applied point of view, the
emperature tolerance shown by some of the isolates could con-
titute a positive feature that would likely favor rhizobial survival
oth on the surface of inoculated seeds and in soils. In addition, the

enotypic characterization by BOXA1R and MBOREP fingerprinting
llowed a high level of genetic diversity to be demonstrated among
hizobial isolates.
(T).

Regardless of the potential displayed by Desmodium spp. as a
forage alternative [9,36,48], little work has been focused on the rhi-
zobial symbionts associated with these particular legumes. Parker’s
pioneering studies [38] reported the isolation of bacteria from root
nodules of D. glutinosum, a common herbaceous legume in eastern
ilar to B. japonicum.  However, these bacteria were closely related
to B. elkanii both in terms of the alleles of symbiotic genes and
behavior outside the plant. Later, Gu et al. [22] made progress



 Applie

i
n
r
i
w
a
S
s
l
r
s
P
h
y
B
i
f
m
i
j
b
h
s
i
s
c
i
p
t

t
i
a
v
t
f
o
U
l
w
c
f
l
t
e
(
i
o
o
A
p
b
t
p
f
c
e
l
t
a
s
n
i
t
q
s

M.A. Toniutti et al. / Systematic and

n the characterization of rhizobia nodules recovered from nine
ative Desmodium species growing in temperate and subtropical
egions of China. These authors found that more than 70% of the
solates were identified as slow-growing Bradyrhizobium, which

ere highly related to B. elkanii, B. japonicum and B. yuanmingense,
lthough they also found some strains associated with Rhizobium,
inorhizobium and Mesorhizobium. Subsequently, Granada et al. [20]
tudied the genetic diversity of D. incanum-nodulating isolates col-
ected in Brazil. Recently, Xu et al. [56] analyzed 34 strains of
hizobia obtained from the root nodules of four wild Desmodium
pecies found in China, and reported the presence of Rhizobium,
ararhizobium, Mesorhizobium and Bradyrhizobium isolates with a
igh level of diversity. In this current study, the phylogenetic anal-
sis of D. incanum rhizobia symbionts revealed the majority were
radyrhizobium and isolates clustered with previously character-

zed Desmodium-nodulating rhizobia according to data available
rom other countries. The selected D. incanum-nodulating isolates

ainly belonged to the genus Bradyrhizobium (≥85% similarity
n the 16S rRNA gene) and were closely related to B. elkanii,  B.
aponicum and B. yuanmingense (Fig. 2). Only one isolate (P10 117)
elonged to the genus Rhizobium,  with R. tropici,  R. rhizogenes,  R.
ainanense, R. multihospitium and R. lusitanum as the closest related
pecies (Fig. 2). Misidentification at the species level was  observed
n some cases in MALDI-TOF analysis. Consequently, the expan-
ion of the data base with the inclusion of other bradyrhizobia that
ould be more closely related to the studied isolates would certainly
mprove the sample scores. Therefore, further research involving a
olyphasic approach should be conducted in order to shed light on
he identification of these strains.

The current findings, together with previous results, indicated
hat D. incanum exhibited a degree of symbiotic promiscuity, since
t was nodulated by rhizobia from different genera/species. Such

 complex picture prompted us to characterize the type of nod
ariants (i.e. nodC) present in selected Argentinean isolates and
o investigate the phylogenetic relationships with nodC homologs
rom other rhizobia. Rogel et al. [40] found that the phylogenies
f rhizobia nod genes correlated with species of legume guests.
nfortunately, it was not possible to amplify the nodC allele of

ocal isolates Rhizobium sp. P10 117 and Bradyrhizobium sp. P10 130,
hich suggested the existence of an additional nodC variant asso-

iated with D. incanum symbionts. The BLASTn analysis of the nodC
ragments sequenced in this study showed a high sequence simi-
arity with B. elkanii nodC genes (81–95% identity) (Table S6), while
he nodC sequences of isolates analyzed were members of sev-
ral clades that included various Bradyrhizobium nodC sequences
Fig. 3). In contrast, Xu et al. [56] analyzed four Desmodium spp.
solates and showed 100% sequence similarity with nodC genes
f Ensifer strains isolated from Leucaena trees in China, whereas
ther nodC sequences were related to Bradyrhizobium sequences.
ltogether, these observations showed that the chromosomal and
lasmid phylogenies did not always coincide and that there might
e some kind of geographical preference of the host plant in rela-
ion to the nodC sequence. In this sense, Aguilar et al. [1] reported
olymorphism in the nodC gene among R. etli strains with dif-
erent nodC alleles in American strains that correlated with the
enters of bean genetic diversification. In addition, testing for pref-
rential D. incanum nodulation by geographically related rhizobia
ineages could provide information concerning possible coevolu-
ion in the centers of host genetic diversification. In order to achieve

 deep understanding of the early signs of the symbiotic relation-
hip between rhizobia and Desmodium spp., future efforts will be
eeded in order to undertake nodC gene sequencing from more
solates and other groups of nod genes, in addition to the struc-
ural elucidation of the corresponding Nod factors. The underlying
uestion thus is whether or not D. incanum symbionts produce the
ame family of Nod signal molecules or, alternatively, whether all
d Microbiology 40 (2017) 297–307 305

these rhizobia produce a diverse—albeit symbiotically active—set
of nodulation factors.

Several isolates were able to support plant growth in the absence
of a source of fixed nitrogen and some of them produced higher
plant dry weights compared to those of the N-fertilized plants
(Fig. 4). The symbiotic performance of native bacteria seems to be
related to specific features of each isolate and not to their over-
all genetic composition, since isolates showing different symbiotic
properties were grouped in the same cluster of the 16S rDNA den-
drogram (e.g. Bradyrhizobium sp. P10 130 and Bradyrhizobium sp.
P5 505, Bradyrhizobium sp. P9 118 and Bradyrhizobium sp. P9 904).
In addition, the analysis of root weight in vermiculite allowed the
detection of a root-growth-promoting effect of rhizobia P10 130.
Although it is not known which mechanisms operate in the pro-
motion of root growth, the inoculated strain could have most likely
produced one or more phytohormones, or have used phosphate
solubilisation, as has already been observed in other bradyrhizobial
strains [2,11].

Taken together, the results obtained in this study showed the
characteristics of D. incanum-nodulating rhizobia genotypic diver-
sity and the phylogenetic position of the symbionts obtained from
Argentinean soils. The available evidence allowed the best can-
didate for inoculation to be selected based on broader selective
criteria. However, the remarkable temperature and broad pH tol-
erance of B. yuanmingense P10 130, together with its symbiotic
performance in N-free plant medium, make this isolate a suitable
candidate as a D. incanum rhizobial inoculant that will require more
extensive basic and field evaluations.
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