Polyphasic characterization of forage legumes root
nodule bacteria isolated from semiarid region in Brazil
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ABSTRACT

Forage legumes are important resources in semiarid regions due to their abilities to adapt to soils with low fertility and
fix nitrogen when associated with diazotrophic bacteria. Here, we applied a polyphasic approach to characterize a set
of legume nodule isolates obtained from Clitoria ternatea and Stylosanthes capitata cultivated in the soils of a semiarid
region of Brazil. A total of 126 bacterial isolates were obtained: 45 isolates from C. ternatea and 81 isolates from S. capitata.
Nodulation tests revealed only ten isolates that nodulated their original host: six isolates from C. ternatea and four
isolates from S. capitata. These ten legume nodule isolates were phenotypically and genotypically characterized. All
isolates grew in fructose, glucose, sodium glutamate, maltose, xylose, and sucrose. Metabolic tests showed a relationship
between tolerance to salt and high temperatures, where isolates that tolerated the highest salt concentration also
tolerated the highest temperature. Three isolates showed amylolytic activity, and four isolates showed carboxymethyl
cellulolytic activity. Streptomycin was the most limiting and nalidixic acid was the least limiting antibiotic to bacterial
growth. Seven out of ten isolates were indol-acetic acid producers. Additionally, 16S rRNA gene partial sequencing
enabled the identification of members of the genera Bacillus (1), Bradyrhizobium (4), Leifsonia (3), Microvirga (1), and
Rhizobium (1). These data reveal phenotypically and genotypically diverse bacteria inhabiting the nodules of the forage
legumes C. ternatea and S. capitata represent an important microbial source to protect new biotechnological products
and improve forage legumes in semiarid regions.
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RESUMO

Leguminosas forrageiras sao importantes recursos na regido semi-arida, devido a sua capacidade de adaptagao
a solos de baixa fertilidade e fixagdo de nitrogénio quando associados a bactérias diazotroficas. Aqui, aplicamos
uma abordagem polifasica com o objetivo de caracterizar bactérias isoladas de nodulos obtidos de Clitoria ternatea e
Stylosanthes capitata cultivadas em solos do semiarido brasileiro. O isolamento das bactérias produziu uma colegao de
126 isolados: 45 isolados de C. ternatea e 81 de S. capitata. Os testes de nodulagao resultaram em apenas dez isolados
que nodularam seu hospedeiro original: seis de C. ternatea e quatro de S. capitata. Esses dez isolados de nodulos de
leguminosas tiveram suas caracteristicas fenotipicas e genotipicos avaliadas. Todos os isolados cresceram em frutose,
glicose, glutamato de s6dio, maltose, xilose e sacarose. Testes metabolicos mostraram uma relagao entre a tolerancia ao
sal e altas temperaturas; onde o isolado que tolerou a maior concentragao de sal também tolerou a temperatura mais
alta. Trés isolados apresentaram atividade amilolitica e quatro foram capazes de produzir carboximetil celulolitico.
A estreptomicina foi o antibidtico mais limitante para o crescimento bacteriano, e o acido nalidixico foi o menos
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limitante. Sete dos dez isolados eram produtores de IAA. O sequenciamento parcial do gene 16S rRNA permitiu
identificar isolados como membros dos géneros Bacillus (1), Bradyrhizobium (4), Leifsonia (3), Microvirga (1) e Rhizobium (1).
Esses dados revelam diversidade fenotipicas e genotipicas de bactérias que habitam nddulos das forrageiras C. ternatea

e S. capitata, e representam uma importante fonte microbiana para a prospec¢ao de novos produtos biotecnoldgicos para

promover melhor desenvolvimento das leguminosas forrageiras na regiao semiarida.

Palavras-chave: Fixagao biologica de nitrogénio, Bradyrhizobium, Clitoria ternatea, Stylosanthes capitata

INTRODUCTION

The semiarid region of Brazil, with 24 million
inhabitants (IBGE, 2017), is home to the largest
population density among similar regions world-
wide. The hot and dry climate, under an irregular
rainfall regime concentrated in a few months of
the year, imposes different risks to the agricultural
activity and food security of farmers and their
families.

Despite its great natural microbiological and
genetic diversity, this ecosystem, which extends
across eight states and occupies an area equivalent
to 13% of the Brazilian territory, is the least studied
to anticipate agricultural solutions to pressures of
anthropogenic and temperature rise due to climate
change.

Biological nitrogen fixation (BNF) has the potential
for the development of technological resources in
semiarid regions based on the ability of bacteria
adapted to soil and climate to transform nitrogen
into a product readily assimilable by plants. These
diazotrophic bacteria contribute to the growth
of most cultivable legume species (Moreira and
Siqueira, 2006), and this ecological process is
widely recognized for reducing the cost of produc-
tion and the dependence of the farmer on indus-
trialized inputs and is particularly important
for tropical regions where the availability of this
element in soils is often low and limiting to agri-
cultural productivity.

The cultivation of forage legumes is an alternative
to guarantee the supply of food during periods of
scarcity. Clitoria ternatea L. and Stylosanthes capi-
tata Vogel are legumes with great potential for
cultivation in the semiarid regions of Brazil, due
to their tolerance to drought, grazing, trampling,
and water stresses (Lima et al., 2009; Mistura et al.,
2010). In general, these legumes have been used in
animal feeds and as components of green manures.

Clitoria ternatea L. and Stylosanthes capitata Vogel
also present good performance when symbiotically
associated with nitrogen-fixing bacteria. However,
no studies have reported the symbiotic bacteria
associated with the nodules of these species in the
soils of semiarid regions of Brazil.

Polyphasic studies that involve phenotypic and
molecular characterization can increase the
current knowledge on the physiology, taxonomy
and potential selection of bacteria that show adap-
tations to the edaphoclimatic conditions peculiar
to this territory, in addition to the biotechnological
application of these microorganisms. Metabolic
and genetic characterization has been one of the
most used methods for initial classification and
may play an important role in the identification of
these bacteria.

Currently, no studies have yet been performed to
evaluate the genetic and metabolic diversity of
nitrogen-fixing bacteria associated with impor-
tant legumes in semiarid regions (Leite ef al., 2009;
Menezes et al., 2016). Notably, knowledge of the
diversity of this group of bacteria is limited but
necessary considering the forage importance of
these species. Therefore, the present study aims to
identify the phenotypic and genotypic characteris-
tics of the symbiotic nodules of Clitoria ternatea and
Stylosanthes capitata bacteria grown on the semi-
arid soils of Northeast Brazil.

MATERIAL AND METHODS

Bacterial isolation and nodulation tests

A survey of the root nodule bacteria associated
with the forage legumes Clitoria ternatea L. and
Stylosanthes capitata was performed by using a plant-
trap experiment. To trap the bacteria, a greenhouse
experiment was carried out by cultivating the two
legume species in nine different soil samples. Each
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soil sample comprised ten subsamples collected
from the surface horizon (0 — 20 ¢cm) of a semiarid
region of Brazil. After 60 days of cultivation, the
plants were harvested, the nodules were collected,
and subsequent bacterial isolation was performed
in yeast mannitol agar (YMA) medium according
to Vincent (1970).

Nodulation tests were performed under gnoto-
biotic conditions to confirm the capacity of the
obtained isolates to nodulate the original host
legume: 45 isolates from C. ternatea and 81 isolates
from S. capitata. Plants of C. ternatea and S. capi-
tata were cultivated in Leonard jars (Vincent, 1970)
containing autoclaved (120°C, 1 atm, 1 h) sand and
vermiculite (1:1) substrate. The substrate was auto-
claved twice on consecutive days. Five-day-old
plants were inoculated with 1 ml (10° cells) of
the tested isolate grown in yeast mannitol broth
(Vincent, 1970). Each tested isolate was repeated
thrice, and the jars were designed in a randomized
block design in the greenhouse. Two uninoculated
controls, without and with nitrogen application
(75 ml plant! of NH,NO,), were added to assess
contamination and plant growth. The plants were
irrigated weekly with a nitrogen-free solution
(Norris and Date, 1976) and distilled water when
necessary. Due to the weak capacity of S. capi-
tata to grow on a sterilized substrate, 7.5 mg of

nitrogen was applied in the jars to promote the
initial growth but not inhibit the nodulation of
legumes (Guimaraes et al., 2012). Nodulation (pres-
ence or absence, number and dry matter) and plant
growth (shoot dry matter) data were recorded from
45-day-old plants.

The isolates that nodulate the original host were
subjected to polyphasic characterization based on
growth speed in YMA medium (fast: up to three
days; and slow: over six days for colony formation),
colony morphology (Table 1), growth on different
carbon sources, enzyme activity (amylolytic
and cellulolytic), production of indol-acetic acid,
intrinsic antibiotic resistance, tolerance to different
NaCl concentrations and temperature ranges, and
genetic identification at the genus level by 165
rRNA gene partial sequencing.

Growth on different carbon sources

We used YMA medium (Vincent, 1970) to assess
the capacity of the isolates to grow in the pres-
ence of different carbon sources (CS) by replacing
mannitol with one of the following fourteen CS:
arabinose, sodium acetate, citric acid, maleic acid,
malic acid, succinic acid, casein, potassium citrate,
fructose, glucose, sodium glutamate, maltose,

Table 1 - Cultural characterization and identification based on the 16S rRNA gene partial sequencing of bacterial strains
isolated from effective nodules of Clitoria ternatea and Stylosanthes capitata. The sequences of the strains were
compared based on the most similar sequences found in the GenBank

Colony Mucus pH ex:g?sigg(Ap b) Most similar sequences found in the GenBank
Isolate Gtrimh Size ) Accession Similarity
Color (mm) Type Quantity Genus
number (%)
Clitoria ternatea
263-2 Fast! Yellow <2 Viscous High  Neutral 1122 Leifsonia sp. KY292428.1 99
263-3 Slow?  White <2 Viscous Low  Alkaline 1291 Bradyrhizobium sp.  KT900890.1 99
271-2 Fast Yellow <2 Viscous Low Acidic 1113 Bacillus sp. KX871897.1 99
273-2 Fast Yellow 2 Viscous High Acidic 1348 Rhizobium sp. MG818728.1 99
291-4 Fast Yellow 2 Viscous Low Acidic 1122 Leifsonia sp. KY292428.1 100
292-6 Fast Cream >2 Viscous High  Neutral 1184 Leifsonia sp. KY292428.1 100
Stylosanthes capitata

391-9 Slow White <2 Viscous Low  Neutral 1357 Microvirgasp.  NR_133786.1 100
391-11 Slow White <2 Viscous Low  Neutral 1355 Bradyrhizobium sp.  JN085496.1 99
391-12 Slow Cream <2 Flocculent Low  Neutral 1359 Bradyrhizobium sp. MG798784.1 100
391-13 Slow White <1 Viscous Low  Alkaline 1354 Bradyrhizobium sp. MG798784.1 100

1Fast — up to three days; 2Slow - over six days
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xylose, and sucrose at 1% (w/v). The original YMA
medium with mannitol was used as reference
control. The isolates were incubated at 28°C for
up to ten days, and the growth was subsequently
assessed. Positive capacity was attributed to
isolates that grew in a manner similar to the refer-
ence control (mannitol).

Amylolytic and carboxymethyl cellulolytic
activities

Amylolytic and cellulolytic activities were veri-
fied on YMA medium by replacing mannitol with
maize starch (Maizena®) and carboxymethyl cellu-
lose (CMC) at 1% (w/v), respectively. Bacterial
growth was achieved after incubating three pure
colonies in YM broth (Vincent, 1970) at 28°C with
shaking at 150 rpm for 5 days. Then, we inoculated
10 pL of bacterial culture broth at three equidistant
points on 90 mm diameter-Petri dishes containing
the tested medium (Fernandes Jtnior ef al., 2012).
Amylolytic activity was detected by inoculating
5 mL of iodine dye solution (0.2% v/v) on seven-
day-old incubated plates. Positive activity was
considered when a smooth yellow halo formed
around the colony, contrasting with the dark blue
medium, according to Oliveira et al. (2006a).

Carboxymethyl cellulase activity was detected at 15
days after incubation by applying 5 mL of a Congo
red solution (0.12% in 0.1 N KOH) and incubating
for 5 minutes until the indicator was absorbed by
the medium, and the excess was discarded. Then,
5 mL of a 10% acetic acid solution was applied,
resulting in a change in medium color from blue
to purple, enabling the appearance of a light halo
around the colonies to indicate enzyme activity.

Enzyme activity was estimated as the ratio
between the diameter of the halo and the diameter
of the colony, expressed as an enzyme index (EI)
(Hankin and Anagnostakis, 1975).

Indol-acetic acid (IAA) production

To determine the IAA produced by each isolate,
the colorimetric method described by Sarwar and
Kremer (1995) was employed with modifications.
Twenty microliters of each isolate was inoculated

onto 3 mL of yeast mannitol broth (YM broth) with
168 pug mL of L-tryptophan and incubated at 28°C
under constant agitation of 120 rpm for five days.
Subsequently, the optical density (OD) of each
isolate was recorded at 540 nm, and adjusted to an
OD540 of 0.5. Then, 2 ml aliquots of each bacterial
isolate were centrifuged at 8000 rpm for 10 minutes,
and 1200 uL of the supernatant was mixed with
800 pL of Salkowski’s reagent (2% 0.5 FeCl, in 35%
HCLO, solution) and incubated in the dark at room
temperature. After 30 minutes, the optical density
(OD) was recorded at 520 nm by using the Gold
Spectrumlab 53 spectrophotometer. The concen-
trations of the indolic compounds produced by the
isolates were estimated according to the standard
curve equation generated with known concentra-
tions of synthetic IAA.

Intrinsic antibiotic resistance

Intrinsic antibiotic resistance was analyzed by
using discs impregnated with antibiotics (Bauer
et al., 1966). The isolates were cultivated in YM
broth (120 rpm for five days). Then, 100 uL of bacte-
rial culture (10° cells) was spread onto Petri dishes
containing YMA medium and a disc of the tested
antibiotic. The antibiotics evaluated (Sensifar®)
were streptomycin (10 pg), rifampicin (5 ug),
neomycin (30 ug), erythromycin (15 ug), vanco-
mycin (30 ug), nalidixic acid (30 pg), gentamicin,
ampicillin (10 pg) and chloramphenicol (30 ug).
Each antibiotic was tested in triplicate on three
different plates incubated at 28°C for seven days.
The resistance or sensitivity was recorded based
on the absence or presence of an inhibition zone of
the tested antibiotic, respectively.

Growth in different NaCl concentrations
and temperature ranges

Isolates were inoculated Petri dish containing
YMA medium supplemented with different
NaCl concentrations [1, 2 and 3% (w/v)]. The plates
were incubated at 30 °C. For the high-tempera-
ture tolerance tests, the isolates were inoculated
in YMA medium and incubated at 41, 43, 45, 47,
49, 51, 53, and 55 °C. In both assays, tolerance was
recorded after seven days of incubation. Tolerance
was attributed to isolates that grew along the
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streak, and non-tolerance was attributed to isolates
that did not show visible growth.

Genetic characterization

Genomic DNA was extracted from cell cultures
according to the Wizard® Genomic DNA extrac-
tion kit (#A1125, Promega). The 16S rRNA gene
was amplified from the DNA through PCR in
a final 50-puL volume containing: 1X buffer,
MgCl, 1.5 pmol L, Taq DNA polymerase 1.75 U
(Invitrogen cat. N.11615-010), dNTP 250 pmol L,
and 0.2 umol L' of each initiator. The primers 27F
(5-AGAGTTTGATCMTGGCTCAG-3') and 1492R
(5-TACGGYTACCTTGTTACGACTT-3') were used
for the 165 rRNA amplification (Weisburg et al., 1991).
PCR was performed on a PTC-200 Peltier Thermal
Cycler (M] Research, Waltham, EUA) with the
following cycle program: initial denaturation at 95°C
for 3 minutes, followed by 30 cycles of denaturation
at 95°C for 1 minute, annealing at 55°C for 1 minute,
extension at 72°C for 1 minute, and a final extension
at 72°C for 5 minutes. The amplification product
was sent to Macrogen (South Korea) for purifi-
cation and sequencing. The obtained sequences
were compared by using the Blast tool (http://blast.
ncbi.nlm.nih.gov) for the identification of correlated
sequences and deposited at the National Center for
Biotechnology Information GenBank database (http://
www.ncbi.nlm.nih.gov/) as MH201287 — MH201296.

Phylogenetic analysis was performed by using
MEGA program version 4.0 (Tamura et al., 2007).
Multiple sequence alignment was performed by
using CLUSTALW (Thompson et al., 1994) imple-
mented on the MEGA program with default
parameters. The aligned sequences were used to
select the best-fit substitution model measured
by Bayesian information criteria (Schwarz, 1978).
A phylogenetic tree was inferred by using the
maximum likelihood method based on the Tamura
3-parameter model, as implemented in the boot-
strap consensus tree inferred from 100 replicates
(Felsenstein, 1985).

Experimental design and statistical analyses

All assays were conducted with a completely rand-
omized triplicate design. The treatment means for
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the enzyme activity (amylolytic and carboxyme-
thyl cellulolytic), and production of indoleacetic
acid (IAA) were compared by the Scott-Knott test
at 5% probability by using Sisvar 5.3 statistical
analysis software (Ferreira, 2011).

RESULTS AND DISCUSSION

The bacterial isolation yielded a collection of
45 isolates from Clitoria ternatea and 81 isolates
from Stylosanthes capitata nodules. The nodula-
tion capacity was identified in only ten isolates:
six isolates from C. ternatea and four isolates from
S. capitata (Table 1). Then, these isolates were
subjected to polyphasic characterization.

The legume nodule isolates showed different
profiles regarding the use of carbon sources. All
of the isolates were capable of growing in fructose,
glucose, sodium glutamate, maltose, xylose, and
sucrose. However, maleic acid, sodium acetate,
and casein were the most limiting sources, each
inhibiting the growth of four bacteria (Table 2).

There was a correlation between the growth time of
the isolates and capability to metabolize C sources.
Isolates with fast growth (263-2, 271-2, 273-2, 291-4
and 292-6) were capable of using a higher number of
C sources; the growth of 263-2, 291-4, and 292-6 was
limited only by maleic acid, whereas 271-2 and 273-2
grew in all sources evaluated. For isolates with slow
growth, a higher selectivity in the use of C sources
was observed, and the most limiting sources to
these isolates were sodium acetate and casein.

According to Stowers (1985), fast-growing rhizobia
are capable of using a wide range of sugars, salts,
and organic acids, whereas slow-growing rhizobia
are ineffective in using disaccharides, trisaccha-
rides, and organic acids for growth. In addition,
the use of sucrose was restricted to fast-growing
rhizobia, and slow rhizobia were incapable of
metabolizing this carbohydrate and other disac-
charides, such as maltose. This finding was not
confirmed in the present study, as sucrose and
maltose were metabolized by all the isolates evalu-
ated. However, organic salt sodium acetate limited
the growth of the bacteria identified as slow-
growing isolates and was used as a C source by all
fast-growing isolates.



Table 2 - Phenotypic characteristics of Clitoria ternatea and Stylosanthes capitata isolates related to use of different C sources,
intrinsic antibiotic resistance, and tolerance to different NaCl concentrations and high temperatures

Isolates
Characteristics Clitoria ternatea Stylosanthes capitata
263-2 263-3 271-2 273-2 291-4 292-6 391-9 391-11 391-12 391-13
Use of different C sources

Arabinose +1 -2 + + + + - + + +

Sodium acetate + - + + + + + - _
Citric Acid + + + + + + - - + -
Maleic acid - - + + - - + + + +
Malic acid + + + + + + + + + +
Succinic acid + - + + + + + + _ +
Casein + + + + + +
Potassium citrate + - + + + + - + + +
Fructose + + + + + + + + + +
Glucose + + + + + + + + + +
Sodium glutamate + + + + + + + + + +
Maltose + + + + + + + + + +
Mannitol + + + + + + + + + +
Sucrose + + + + + + + + + +
Xylose + + + + + + + + + +

Intrinsic antibiotic resistance
Streptomycin -1 -2 - - - - - - _ _
Rifampicin - - + + + + - - - +
Neomycin - - - + - - - + +
Erythromycin - - - + - + - + + +
Vancomycin - + - + - + ¥ + + 4
Nalidixic acid + + + + + + + + + +
Gentamycin - - - - - + + _ + N
Ampicillin - + - + + + - + +
Chloramphenicol - - + + - - - + + +
NaCl tolerance (%)
1 - + + + - - - -
2 - + - - - - - _
3 - - - - - - - - -
High temperature tolerance (°C)

39 + - + + - + + + +

41 + - + + - - -
43 + - + - - - - -
45 - - + - - - - - - -
47 - - + - - - - - - -
49 - - + - - - - - - -
51 - - + - - - - - - -
53 - - + - - - - - - -

! +: positive growth; 2-: no isolate growth.

Previous studies have reported a high diversity
in the use of carbohydrates by rhizobia isolates
from different legumes (Kiigiik et al., 2006; Kumari
et al., 2009; Razika et al., 2012). Rhizobium strains
obtained from the nodules of Phaseolus vulgaris
were capable of growing in fructose, galactose,
glucose, mannitol, sucrose, starch, succinate,

rhamnose, and malate, but were not able to grow
in citrate and dulcitol (Kiictik ef al., 2006). In the
present study, only two isolates did not use potas-
sium citrate (263-3 and 391-9).

Kumari et al. (2009) evaluated the growth of five
strains of Rhizobium isolates from nodules of the
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genus Indigofera on different carbon sources and
observed maximum isolate growth for strains
cultivated in media containing monosaccharides
(glucose, galactose, arabinose, fructose, raffinose,
and xylose), followed by mannitol, disaccharides
(lactose, maltose, and sucrose), and polysaccha-
rides (starch and cellulose).

The study of bacterial behavior, e.g., regarding the
use of different carbon sources, is used to char-
acterize and determine the diversity of bacteria.
Each strain, cultivated in culture media containing
different carbohydrates, shows better development
with certain sugars than with others (Castellane
and Lemos, 2007, Kumari et al., 2009). In addi-
tion, the metabolic diversity in the use of C might
indicate the adaptability of microorganisms to
different environmental conditions, influenced by
the root exudates of plants (Shetta et al., 2011).

Regarding intrinsic antibiotic resistance, strepto-
mycin (STR) was the most limiting antibiotic for
bacterial growth, and all isolates were sensitive to
this substance. However, nalidixic acid (NAL) did not
limit the growth of any evaluated isolate (Table 2).

Antibiotic resistance analysis of five Rhizobium
strains, three isolates from pigeonpea (Cajanus
cajan) nodules and two isolates from cowpea (Vigna
unguiculata) nodules, showed the high tolerance
of bacteria to NAL and high sensitivity to STR
(Fernandes & Fernandes et al., 2003). The authors
also observed that their strains had high resist-
ance to chloramphenicol (CLO), which was also
observed by Keneni ef al. (2010) when analyzing
Rhizobium isolates of faba beans (Vicia faba L.) culti-
vated in soils from Ethiopia. In the present study,
this antibiotic limited the growth of five isolates
(263-2, 263-3, 291-4, 292-6, and 391-9).

Antibiotic resistance might be correlated with the
production of mucus by Rhizobium isolates. In an
analysis of three Rhizobium isolates, two isolates
obtained from pigeonpea nodules and one isolate
obtained from cowpea nodules, higher tolerance to
antibiotics was observed in isolates that produced
more mucus (Fernandes and Fernandes, 2000). This
correlation was not observed in the present study:
the most susceptible isolate produced a large quan-
tity of mucus (263-2) and the most resistant isolate,
391-13, produced little mucus (Tables 1 and 2).
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None of the isolates evaluated were capable of
growing in culture medium supplemented with 3%
NaCl (Table 2). Isolates 263-3, 391-9, 391-11, 391-12,
and 391-13 were inhibited by 1% NaCl; isolates
291-4 and 292-6 grew in the medium supplemented
with 1% NaCl but were inhibited by 2% NaCl. The
isolates most tolerant to salinity were 263-2, 271-2,
and 273-2, which grew in medium containing 2%
NacCl (Table 2).

As for tolerance to high temperatures, there was
variation among isolates (Table 2). Isolate 271-2
(Bacillus sp.) was able to grow at a temperature up
to 53 °C, showing the highest thermal tolerance.
However, the most sensitive isolates were 263-3 and
291-4, which did not grow at a temperature of 39°C.

Salinity and high temperatures are factors limiting
the symbiotic process between rhizobia and
legumes, affecting several important stages of the
infection process, nodule formation, bacteroid
differentiation, and nitrogen fixation. However, the
adverse effect of these environmental conditions
on the symbiotic process depends on the macro
and micro-symbiont, and the selection of suitable
partners is a mitigating factor for these environ-
mental factors (Moreira and Siqueira, 2006).

Although in vitro responses to growth-limiting
factors do not predetermine the bacterial behavior
under field conditions, this type of analysis might
be one of the first steps in selecting isolates tolerant
to different environmental stresses, as these
studies enable a larger number of evaluations in a
shorter period of time with lower costs. Tolerance
to different NaCl concentrations and maximum
temperatures for legume-nodulating bacteria is
well reported and diversified in the literature (Ali
et al., 2009).

Allisolates were capable of growing in the medium
supplemented with starch; however, only three
isolates showed extracellular amylolytic activity
(2712, 291-4 and 391-12). According to Oliveira
et al. (2006a), the enzyme index (EI) is one of the
most commonly used semiquantitative parame-
ters to evaluate the ability of microorganisms to
produce enzymes in solid media. The evaluation
of enzyme-producing organisms directly corre-
lates the diameter of the degradation halo with the
degrading ability of microorganisms, and an EI >



2.0 is recommended to consider a microorganism
as a producer of enzymes in a solid medium.

None of the evaluated isolates increase the enzyme
index (EI) to greater than 2 (Table 3), and the highest
EI was obtained for isolate 291-4 (1.72). Previous
studies observed EI values of 3.1 for cowpea rhizo-
bial isolates (Oliveira et al., 2006b) and values of
up to 3.5 for fast-growing isolates from pigeonpea
(Cajanus cajan) (Fernandes Janior etal., 2012).
Kumari et al. (2010) reported the importance of the
enzymes urease, protease, amylase, and gelatinase
in the formation of nodules, stating that rhizobia
that produce these enzymes are considered more
effective in nodulation and N fixation.

All ten isolates evaluated grew in the medium
supplemented with carboxymethyl cellulose
(CMCQ) as the only carbon source. However, four
isolates (291-4, 292-6, 391-9, and 391-11) were capable
of extracellularly producing carboxymethyl cellu-
lase (CMCase). Considering that an organism is
a good producer when its EI is > 2, isolate 292-6
stood out regarding this characteristic, with an EI
equal to 2.70. Other isolates, 291-4 and 391-11, were
intermediaries in the extracellular production of
CMCase, and isolate 391-9 showed lower produc-
tion of this enzyme (EI equal to 1.23) compared to
that of the other isolates (Table 3).

The enzyme cellulase is essential to the symbiotic
process between rhizobia and legumes, actively
participating in the bacterial infection of root hairs
and the subsequent release of bacteria to the infec-
tion thread inside host nodule cells. Thus, rhizobia
capable of nodulating their host produce at least
one type of cellulase at some point (Robledo et al.,
2008).

Seven of the ten isolates tested produced IAA in
medium supplemented with L-tryptophan. The
IAA concentration ranged from 2.26 to 19.36 uM/mL;
isolate 271-2, obtained from C. ternatea nodules,
had the highest production, and isolate 391-13,
derived from the nodules of Stylosanthes, had
the lowest production. Isolates 291-4 and 391-9
produced the same amount of IAA, at 3.40 uM/mL
(Table 3). Among the three isolates that did not
produce IAA (263-3, 391-11, and 391-12), only
one isolate was obtained from the nodules of
C. ternatea (263-3).

In other studies (Chagas Janior et al., 2009; Coatti
et al., 2010; Sahasrabudhe, 2011), the production
of IAA was associated with fast-growing isolates,
mainly those belonging to the genus Rhizobium.
These data corroborate the present findings, as
the highest values of IAA were recorded in fast-
growing isolates (Tables 1 and 3).

Table 3 - Enzyme activity (amylolytic and carboxymethyl cellulolytic) and production of indolacetic acid (IAA) of bacterial
isolates of nodules from forage legumes Clitoria ternatea and Stylosanthes capitata

Indolacetic acid

Isolate Amylolytic EI Carboxymethyl Cellulolytic EI'

uM/mL
Clitoria ternatea
263-2 0.00 0.00 0.00 c 0.00 0.00 0.0c 10.57 b
263-3 0.00 0.00 0.00 c 0.00 0.00 0.0c 0.00 e
271-2 1.02 0.77 1.32b 0.00 0.00 0.0c 19.36 a
273-2 0.00 0.00 0.00 c 0.00 0.00 0.0c 6.38 ¢
291-4 0.97 0.56 1.72a 1.09 0.58 1.88Db 340d
292-6 0.00 0.00 0.00 c 1.25 0.46 270 a 4.57d
Stylosanthes capitata

391-9 0.00 0.00 0.00 c 0.56 0.43 123 ¢ 3.40d
391-11 0.00 0.00 0.00 c 0.64 0.37 1.73Db 0.00e
391-12 0.65 0.47 136b 0.00 0.00 0.00 c 0.00e
391-13 0.00 0.00 0.00 c 0.00 0.00 0.00 c 2.26d
CV - - 6.31% - - 7.95% 18.05%

IEI - enzyme index
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The ability to produce plant hormones is widely
distributed among microorganisms in the soil,
where approximately 80% of bacteria isolated from
rhizospheres are IAA producers (Sahasrabudhe,
2011). The ability of rhizobia to process these
plant hormones has been widely studied due
to the suggestion that these organisms have a
mechanism that provides a positive physiolog-
ical response to their hosts (Machado et al., 2011).
The performance of these in vitro assays for IAA
production from L-tryptophan

has shown good results in the

50]391-13 (MH201296)

51[| B- yuanmingense CCBAU 100717 (AF193818)
391-12 (MH201295)

B. subterraneum 58 27-1 (KP308152)

B. manausense BR 33517 (LJYG01000047)

B. cytisi CTAW11T (EU561065)

B. canariense BTA-1T (AJ558025)

B. lupini DSM 301407 (X87273)

B. dagingense CCBAU 157747 (HQ231274)

B. liaoningense 22817 (AF208513)

B. diazoefficiens UDSA 1107 (BA000040)

B. denitrificans LMG 84437 (X66025)

5= B. oligotrophicum ATCC 430457 (JQ619230)

81 B. cajani AMBPC1010T (KY349447)

B. stylosanthis BR 4467 (KU724142)

B. arachidis CCBAU 0511077 (HM107167)

B. huanghuaihaiense CCBAU 23303 (HQ231463)
391-11 (MH201294)

B. kavangense 14-3T (KP899562)

100

selection of effective Rhizobium
isolates (Stroschein, 2011).

BLAST analysis of the partial
165 rRNA gene sequences of the
ten legumes nodules isolates —
that show positive nodulation
on the original host enabled the
identification of Bacillus (271-2),
Bradyrhizobium  (263-3, 391-11,
391-12, and 391-13), Leifsonia (263-2,

B. ingae BR 102507 (KF927043)

56 B. iriomotense EKO5T (AB300992)

B. retamae Ro19" (KC247085)

B. jicamae PAC68T (AY624134)

B. erythrophlei CCBAU 53325 (KF114645)

B. embrapense SEMIA 62087 (AY904773)

B. neotropicale BR 102477 (KF927051)

B. paxllaeri LMTR 217 (AY923031)

B. lablabi CCBAU 230867 (GU433448)

B. icense LMTR 13T (CP016428)

B. ferriligni CCBAU 515027 (KJ818096)
+263-3 (MH201288)

B. tropiciagri SEMIA 6148 LFLZ01000084
99 B. elkanii USDA 76 KB900701

B. pachyrhizi PAC 48 LFIQ01000091

M. guangxiensis 25BT (EU727176)

— M. subterranea Fail4T (FR733708)

291-4, and 292-6), Microvirga
(391-9), and Rhizobium (273-2)
genera represented in the collec-
tion (Table1). Bradyrhizobium,
Microvirga, and Rhizobium genera
are well-known root legume
nodule symbionts. Bacillus and

96l| 77— M. zambiensis WSM3693T (HM362433)
M. ossetica V5/3MT (KX576552)
M. lotononidis WSM35577 (HM362432)
2| 73" M. lupini Lute™ (K1912026)

M. makkahensis SV1470T (JN989300)
M. vignae BR3299T (JX504804)
511 391-9 (MH201293)

R. sophorae CCBAU 033867 (KJ831229)
Gilr_f;._etliCFN 427 (U28916)

R. phaseoli ATCC 144827 (EF141340)
68— R. leguminosarum USDA 23707 (U29386)
| ”ffﬁl—R. endophyticum CCGE2052T (EU867317)

Leifsonia  isolates have been
reported as nonrhizobial endo-
phytes of the nodule microbiome 0,02

(Muresu et al., 2008; Rajendran

et al., 2008; Selvakumar et al., 2008, Cardoso et al.,
2012; Leite et al., 2017). These two genera were
isolated from C. ternatea nodules. This forage
legume hosts nonrhizobial endophytes inside the
root nodules (Aeron et al., 2015). The positive nodu-
lation results of isolates 271-2 (Bacillus), and 263-3,
391-11, 391-12, and 391-13 (Leifsonia) must result
from contamination or the mixture of culture with
rhizobia under low density.

A phylogenetic analysis based on the 16S rRNA
gene was performed with the isolates obtained
in the present study, which belong to the known
legume-nodulating bacteria genera Bradyrhizobium,
Microvirga, and Rhizobium (Table 1). The maximum
likelihood separated the isolates into five different
lineages (Figure 1). S. capitata isolates 391-11, 391-12,
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R. cauense CCBAU 1010027 (JQ308326)

1004 IR, mesoamericanum CCGE 501T (JF424606)

70)Rhizobium sp. HR9 (MG818728)
SBRhizobium sp. CCBAU 51330 (GU433459)
59 273-2 (MH201290)

Rhizobium sp. 8317 (FJ870553)
so|Rhizobium sp. Moz42 (KY426378)
R. miluonense HAMBI 29717 (EF061096)
Rhizobium sp. Glm-10 (AF510368)

R. paranaense PRF 35T (EU488753)
851 R, calliandrae CCGE524T (JX855162)
Rhizobium sp. ADU4 (KF933537)

R. tropici CIAT 8997 (CP004015)
R. freirei PRF 817 (AQHN01000056)

82

Figure 1 - Maximum-likelihood phylogeny tree inferred from
16S rRNA sequences (1276 aligned positions) of the
forage legumes (Clitoria ternatea and Stylosanthes
capitata) nodule isolates (blond) and type and
referencerhizobiastrains. Bootstrap supportvalues
are indicated at tree nodes when above 50 %. Bar,
2 substitutions per 1000 nucleotides. Accession
numbers are indicated within parentheses. B:
Bradyrhizobium, M: Microvirga, and R: Rhizobium.



and 391-13 were placed into the large subgroup
I of the Bradyrhizobium genus (Menna et al,
2009), with 391-12 and 391-13 isolates correlated
with Bradyrhizobium yuanmingense, and isolate
391-11 strongly affiliated (97% of bootstrap) with
Bradyrhizobium kavangense. The S. capitata isolate
3919 was phylogenetically close to Microvirga
vignae BR3299T, a cowpea symbiont isolated from
semiarid region in Brazil (Radl et al., 2014).

Stylosanthes spp. are typically nodulated by a-Pro-
teobacteria (Date, 2010), mainly belonging to
the genus Bradyrhizobium (Ramesh et al., 2004).
Recently, (3- Proteobacteria members were isolated
from Stylosanthes nodules (Chaves et al,, 2016),
expanding the knowledge of the symbiotic capacity
of Stylosanthes species. In the present study, we
report the symbiotic capacity of S. capitata to form
symbiosis with Microvirga, an o-Proteobacteria
genus with members reported as legume-nodu-
lating symbionts (Ardley et al., 2012; Radl et al.,
2014; Msaddak et al., 2017a, b; Safronova et al., 2017).

In addition to its genotypic characteristic, isolate
391-9 showed phenotypic similarities with other
representatives of the genus Microvirga, such as
growthin YMA culture medium for a period longer
than three days, inability to hydrolyze starch,
susceptibility to the antibiotics streptomycin,
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