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ABSTRACT

The pigeonpea (Cajanus cajan) crop has a high potential
for sustainable agricultural systems in semiarid regions due to its
robustness, multifunctionality, and ability to perform biological
nitrogen fixation in symbiosis with rhizobia. This study aimed
to isolate and characterize native rhizobia at the molecular and
symbiotic levels from pigeonpea root nodules cultivated in
soils of the Brazilian drylands. A total of 19 bacterial isolates
were obtained, 12 of which amplified the symbiotic nifH and
nodC genes, which were subjected to Box-PCR fingerprinting
and 16S rRNA gene sequencing. The isolates were classified
into the Bradyrhizobium, Rhizobium, and Agrobacterium
genera, with a notable genetic diversity observed even among
samples from the same region. In a completely randomized
greenhouse experiment under gnotobiotic conditions, 11 out
of the 12 isolates exhibited symbiotic efficiency comparable
to that of the commercial strain Bradyrhizobium pachyrhizi
BR 2003 in at least one of the evaluated parameters (shoot dry
biomass, number of nodules per plant, and N accumulation).
The results indicate the presence of promising native rhizobia
for use in inoculants adapted to the conditions of the Brazilian
semiarid region, particularly the strains ESA 769, ESA 770,
ESA775,ESA776,and ESA 777. Additionally, the presence of
Agrobacterium strains capable of forming functional nodules in
pigeonpea suggests the occurrence of horizontal gene transfer
of symbiotic genes.

RESUMO

Diversidade genética e eficiéncia simbidtica de
rizobios de guandu da regido semiarida do Brasil

A cultura do guandu (Cajanus cajan) possui alto potencial
para sistemas agricolas sustentaveis em regides semiaridas, devido a
sua robustez, multifuncionalidade e capacidade de realizar a fixagdo
biologica de nitrogénio em simbiose com rizobios. Objetivou-se
isolar e caracterizar rizobios nativos, provenientes de nddulos
radiculares de guandu cultivado em solos do semiarido brasileiro,
tanto a nivel molecular quanto simbiotico. Foram obtidos 19 isolados
bacterianos, dos quais 12 amplificaram os genes simbidticos nifHH
e nodC e foram submetidos a caracterizagdo molecular por
Box-PCR e ao sequenciamento do gene 16S rRNA. Os isolados
foram classificados nos géneros Bradyrhizobium, Rhizobium e
Agrobacterium, com notavel diversidade genética observada mesmo
entre amostras de uma mesma regido. Em um experimento em casa-
de-vegetagdo totalmente casualizado sob condi¢des gnotobidticas,
11 dos 12 isolados demonstraram eficiéncia simbidtica comparavel
a da estirpe comercial Bradyrhizobium pachyrhizi BR 2003 em
pelo menos um dos parametros avaliados (biomassa seca da
parte aérea, numero de nddulos por planta e acimulo de N). Os
resultados indicam a presenga de rizobios nativos promissores para
uso em inoculantes adaptados as condi¢des da regido semiarida
brasileira, particularmente as estirpes ESA 769, ESA 770, ESA
775, ESA 776 e ESA 777. Adicionalmente, a presenga de estirpes
de Agrobacterium capazes de formar nodulos funcionais em guandu
sugere a ocorréncia de transferéncia horizontal de genes simbioticos.

KEYWORDS: Cajanus cajan, Bradyrhizobium, Rhizobium,
Agrobacterium, biological nitrogen fixation.

INTRODUCTION

Pigeonpea (Cajanus cajan L. Millsp.) is a
multifunctional tropical legume used mainly as a

PALAVRAS-CHAVE: Cajanus cajan, Bradyrhizobium,
Rhizobium, Agrobacterium, fixagao biologica de nitrogénio.

staple food, as well as green manure and forage.
Across the tropical world, over one billion people
rely on pigeonpea as their primary source of protein,
underscoring the significance of this legume crop
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to smallholders worldwide (Odeny 2007, Abebe
2022). Adapting to low-fertility soils and growing
vigorously in marginal lands also indicate the
potential of pigeonpea for improving the health of
degraded soils (Bicalho et al. 2024). Additionally,
it is one of the most drought-tolerant crop legumes,
indicating its potential for use in drylands (Odeny
2007, Bakala et al. 2024), and is a low-input crop,
whose primary macronutrient requirements, such as
nitrogen (N) and phosphorus (P), are met through
associations with soil microorganisms (Bopape et
al. 2022).

Pigeonpea interacts with multifunctional
soil microbes, especially N-fixing bacteria (Khoiri
et al. 2025). Reported as a promiscuous legume,
able to associate with a wide range of rhizobia
strains and species, pigeonpea usually associates
with a-rhizobia, especially those belonging to the
Bradyrhizobium and Rhizobium genera (Costa et al.
2014, Rufini et al. 2016, Jain et al. 2020, Bopape et al.
2022). However, Parabukholderia (B-rhizobia) was
also reported as an active pigeonpea microsymbiont,
albeit less frequently than a-rhizobia (Singha et al.
2018, Bopape et al. 2022).

Due to its promiscuity, the species associates
with diverse native rhizobia. However, most native
strains are not symbiotically efficient; instead, they
are highly competitive at the nodulation sites, leading
to ineffective nodules with a low nitrogen fixation
rate (Martins et al. 2003). In this case, selecting
efficient soil rhizobia is necessary, and studies on the
isolation and characterization of soil-native rhizobia
must be conducted under tropical soil conditions.
The selected bacteria, with high nitrogenase activity,
competitiveness, and adaptation to local conditions,
could enhance pigeonpea growth and nitrogen
fixation, resulting in plants better adapted to field
conditions (Mapfumo et al. 2000).

Nevertheless, the isolation and characterization
of pigeonpea rhizobia in different soils is important
for the continuous prospecting of new rhizobia
strains that are symbiotically effective and adapted

to the local conditions of harsh environments, such as
the Brazilian dryland soils, for example. In addition
to selecting new symbiotically efficient strains, the
bioprospection of thizobia helps in understanding the
diversity of soil microbes, indicating the existence of
new and undescribed species (Araugjo et al. 2017).

Focusing on the selection of efficient rhizobia
and the study of soil biodiversity, this study aimed
to isolate, molecularly characterize, and assess the
symbiotic properties of native pigeonpea rhizobia
from soil samples in the Brazilian drylands.

MATERIAL AND METHODS

Between January and March 2020, soils were
sampled for the present study, being collected in four
locations (Petrolina - Pernambuco state; Juazeiro -
Bahia state; and Simplicio Mendes - Piaui state) in
Northeast Brazil, under semiarid climate conditions,
all cropped with different pigeonpea accessions. A
composite sample (5-6 subsamples) of the topsoil
from each area (0-0.2 m) was taken in the field,
conditioned in plastic bags, and transported to the
laboratory, where it was kept in a cold chamber
(10-12 °C) before being used for pot filling. The
soil samples were sieved (0.5 mm) and used to fill
500-mL polystyrene pots. The soil fertility was
analyzed (Teixeira et al. 2017), and the results are
shown in Table 1.

Seeds of BRS Mandarim pigeonpea were
surface disinfected with 98 % v v'! ethanol (30
seconds), 2 % v v sodium hypochlorite (10 min),
and washed 10 times with autoclaved distilled water
(Somasegaran & Hoben 1994). This genotype was
selected for its high productive performance (Matta
et al. 2024) and responsiveness to inoculation with
selected rhizobial strains (Guimaraes et al. 2016).

Pots were irrigated daily with distilled water,
and the experiment was conducted over 60 days. At
the end of the experiment, the plants were collected,
and the nodules detached for bacterial isolation.
Nodules were surface-disinfected as described for

Table 1. Chemical characteristics of the soils used in the trap host experiment with pigeonpea (Cajanus cajan) BRS Mandarim.

Location EC pH C P K* Na® Ca>* Mg>* Al H+Al SB CEC \

mS cm’! gkg! mgdm? cmol, dm™ %
Simplicio Mendes  3.19 53 15.4 3.73 0.18 045 1.4 1.2 0.1 2.9 32 6.1 529
Juazeiro 0.96 6.7 8.5 10.57 0.21  0.62 8.8 32 0.0 1.7 12.8 145 884
Petrolina 1.06 6.1 5.0 9.71 0.12 0.23 0.9 0.4 0.0 1.0 1.7 2.6 632
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the seeds, but with a reduced sodium hypochlorite
treatment time of 5 min (Somasegaran & Hoben
1994). Afterwards, the nodules were crushed in
Petri dishes with YMA medium (Vincent 1970)
and incubated at room temperature (25 + 1° C) for
bacterial growth. Typical rhizobia colonies were
streaked on a new plate in succession until a complete
purification was achieved. The bacterial strains were
stored in 25 % v v'! glycerol at -80 °C.

All bacteria were grown in YM liquid
medium, and the DNA was extracted using the
Brasilica® DNA extraction kit (LGC Biotecnologia,
Sao Paulo, Brazil), following the manufacturer’s
instructions. The DNA was preserved in a freezer
at -20 °C, for the molecular analysis. The bacteria
were molecularly authenticated by nifH and nodC
duplex PCR (Silva et al. 2019). PCR products
were subjected to horizontal electrophoresis in 1 %
(wv) agarose gel with Diamond™ Nucleic Acid Dye
(Promega, Fitchburg, USA), and the clear bands of
both amplicons indicated the presence of both genes.
All nifH- and nodC-positive bacteria were selected
for the downstream analysis.

The genetic variability of the culture collection
was assessed using Box-PCR fingerprinting,
aiming to verify the presence of clonal strains
within the collection. The bacterial fingerprinting
was assessed by PCR using the primer BOX A1R
(CTACGGCAAGGCGACGCTGACG) (Versalovic
et al. 1994). PCR products were subjected to
horizontal electrophoresis using 1.25 % (w v'!)
agarose gel at 90 V for 3 hours. All the BOX-PCR
profiles were clustered in a similarity dendrogram
using the BioNumerics 7.6 software (Applied Maths,
Belgium), with the UPGMA method and the Dice
coefficient applied.

Twelve nifH- and nodC-positive and non-
clonal strains were identified by 16S rRNA sequence
analysis. PCR amplifications were conducted with
27F (AGAGTTTGATCMTGGCTCAG) and 1492R
(GGTTACCTTGTTACGACTT) universal primers
(Lane 1991). The PCR product was visualized in
al % (w v') agarose gel (120 V for 30 min) and
purified using the EasyPure PCR Purification Kit
(TransGen Biotech, China). The sequencing reaction
was performed with the BigDye Terminator v3.1
Cycle Sequencing Kit (Thermo Scientific, USA),
and the product was purified with 3M Sodium
Acetate. It was then precipitated in 70 % (v/v)
ethanol and resuspended in Hi-Di Formamide. Gel

electrophoresis was conducted using a SeqStudio
genetic analyzer (Applied Biosystems, USA). The
sequences were analyzed with the Sequence Scanner
2.0 software, and high-quality sequences (QV > 20)
were selected for comparison analysis against the
type strains available in the GenBank database using
the BLASTn tool. The sequences were deposited in
GenBank under the accession numbers PV628258
to PV628269.

The sequences of our bacterial strains and
related strains were used to construct phylogenetic
trees. All phylogenetic manipulations were conducted
inR 4.1.1 (R Core Team 2023). First, the sequences
were aligned using the CrustalW algorithm, within
the “DECIPHER” R package (Wright 2016). The
distance matrix with the Jukes-Cantor model was
constructed with the “ape” R package (Paradis &
Schliep 2019), and the phylogenetic trees were
plotted with the “ggtree” R package (Yu et al. 2017).

A greenhouse experiment under gnotobiotic
conditions was conducted to evaluate the symbiotic
ability of the bacterial strains. The used substrate
was sterile sand, autoclaved twice, with a
minimum of a two-day interval. The inoculants
were prepared individually, using the 12 bacteria
isolated from pigeonpea in the present study, plus
the Bradyrhizobium pachyrhizi strain BR 2003,
commonly used in commercial pigeonpea inoculants
(Brasil 2011). The bacteria were grown in YM liquid
medium for six days, and the optical density (OD)
was adjusted to 0.5 in a spectrophotometer at 600 nm.

Seeds of the BRS Mandarim pigeonpea were
surface disinfected as previously described, and
three seeds were sown per pot. At 10 days after
germination, the spare plants were removed, and a
single plant was left per plot. For the inoculation, an
aliquot of 1 mL of each OD-adjusted broth was added
to each seed. In addition to the 12 bacteria isolated
in the present study and the BR 2003 reference
strain, two non-inoculated treatments were also
implemented: one with N fertilization and another
without, totaling 15 treatments in the greenhouse. The
N-fertilized treatment was supplied with ammonium
sulfate (0.1 mol L) weekly, totaling 100 mg plant!
of N. After the cotyledon fell, the plants were
supplied with 50 mL of an N-free nutritive solution
weekly (Norris & Mannetje 1964). The experiment
was conducted for 60 days, when the plants were
collected. The shoots were separated from the roots,
and the roots were carefully washed in running tap
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water while the nodules were detached and counted.
Shoots, roots, and nodules were placed separately
in paper bags and oven-dried at 65 °C, for 5 days,
and weighed. The shoots were ground, and the shoot
nitrogen content was determined with the semi-micro
Kjeldahl method (Liao 1981). The total nitrogen in
the shoots was estimated by multiplying the N content
(mg g! plant!) by the shoot dry mass (g plant™).

The experiment employed a completely
randomized design, with 15 inoculation treatments
and 4 replications. The data analysis was conducted in
R 4.1.1 (R Core Team 2023), using the “easyanova”
R package (Arnhold 2013). First, the normality
of the errors and variance homogeneity were
checked using the Shapiro-Wilk and Bartlett tests,
respectively. Then, the analysis of variance was
performed, followed by the Scott-Knott mean range
test (p < 0.05).

RESULTS AND DISCUSSION

We retrieved 19 bacterial isolates with typical
rhizobial colonies, of which 8 exhibited slow growth
(6-7 days) and alkaline pH reaction (characteristic of
Bradyrhizobium), and 11 were fast growers (2-3 days)
with acidic pH reaction (characteristic of Rhizobium
and Sinorhizobium). The duplex PCR reaction for
identifying one nodulation and a nitrogenase gene
revealed that, among the fast-growing bacteria, seven
out of 11 strains showed no amplification for both
genes. In contrast, all eight slow-growing strains
exhibited the presence of both nifH and nodC. These
results are quite common when assessing rhizobial
diversity, particularly in culture collections with fast-
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80
90

growing bacteria, as nodules are often co-infected
with non-rhizobial strains (Rodrigues et al. 2021,
Silva et al. 2023). Some of these non-rhizobial strains
may even have a positive effect on plant-rhizobial
interactions (Silva et al. 2023). Bacterial strains
belonging to non-rhizobial genera, such as Klebsiella
and Bacillus, are typically fast-growing and reduce the
medium pH, which can sometimes lead to them being
misidentified as Rhizobium or Sinorhizobium strains
(Silva et al. 2019, Silva et al. 2021). For this reason,
the molecular selection of these bacterial strains,
using PCR amplification of two symbiotic genes, is
a useful strategy for quickly identifying potentially
non-rhizobial bacteria within the culture collection.
The Box-PCR evaluation revealed that, among
the 12 nifH and nodC bacteria, there were no clonal
isolates, as they exhibited different banding profiles
(Figure 1). These findings indicate a large diversity
within the culture collection isolated from the soils
of Juazeiro, Petrolina and Simplicio Mendes. Even
within a small rhizobial collection, the absence of
clonal isolates is a promising result, reinforcing the
rhizobial diversity found in the soils of the Brazilian
drylands for other crops such as cowpea (Vigna
unguiculata) (Oliveira et al. 2020, Sena et al. 2020,
Oliveira et al. 2025), peanut (Arachis hypogaea)
(Santos et al. 2017), and lima bean (Phaseolus
lunatus) (Chibeba et al. 2020, Rodrigues et al. 2021),
among others. Regarding pigeonpea, studies in other
Brazilian regions, such as the Midwest (Mato Grosso
do Sul) (Costa et al. 2014) and Southeast (Minas
Gerais and Rio de Janeiro) (Fernandes Junior et al.
2012, Rufini et al. 2016), have also indicated a large
diversity of pigeonpea rhizobia across Brazil.

Strain Location

© 1 Esaves

ESA 769
) EsATT
ESA 767
ESA 772
ESA 770
ESA 775
ESA 776
ESA 777
ESA778
ESA 774
ESA 773

Juazeiro
Juazeiro
Petrolina
Juazeiro
Simplicio Mendes
Simplicio Mendes
Simplicio Mendes
Juazeiro
Petrolina
Petrolina
Simplicio Mendes
Juazeiro

Figure 1. Similarity dendrogram built with the banding patterns of Box-PCR fingerprinting of 12 pigeonpea rhizobial strains. UPGMA

methods and the Dice coefficient were used.
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The 16S gene sequence analysis showed that
the bacterial strains obtained in the present study were
classified into two main genetic groups. The strains
ESA767,ESA768,ESA769, ESA771,ESA772,ESA
776, ESA 777, and ESA 778 were classified within
the Bradyrhizobium genus (Figure 2A). Among those
Bradyrhizobium strains, only ESA 771 clustered
within the B. elkanii superclade and was closely
related to B. embrapense SEMIA 6208, The seven
other bradyrhizobia were classified within the
B. japonicum superclade, clustering with B. ingae
BR 10250" (ESA 772), B. zhanjiangense CCBAU
51778 (ESA 778), B. glycinis CNPSo 4016 (ESA
767), B. yuanmingense NBRC 100594 (ESA 769
and ESA 776), B. frederickii CNPSo 3426" (ESA
771), and B. diversitatis CNPSo 40197 (ESA 768).
The eight Bradyrhizobium strains were distributed
among the soils sampled in this study.

Pigeonpea is commonly reported as a regular
Bradyrhizobium macro-symbiont. Additionally, the
bacteria within the B. japonicum clade are reported
to occur at a higher frequency in pigeonpea root
nodules than those of Bradyrhizobium from other
genetic affiliations (Rufini et al. 2016, Bopape
et al. 2022). However, the bacterium officially
recommended for pigeonpea inoculant production

58\Bradyrhizobium ingae BR 102507 (NR_133985)
95|Bradyrhizobium iriomotense NBRC 1025207 (NR_114138)
ESA 772 (PV5628262)

2[ESA 778 (PV628262)

2\Bradyrhizobium zhanjiangense CCBAU 517787 (CP_022221)
Bradyrhizobium kavangense 14-3T (NR_145925)
Bradyrhizobium huanghuaihaiense CCBAU 233037 (NR_117945)
radyrhizobium arachidis CCBAU 0511077 (NR_117791)
Bradyrhizobium diazoefficiens USDA 1107 (NR_074322)

0| Bradyrhizobium frederickii CNPSo 34267 (NR_174292)

ESA 771 (PV628261)

ESA 767 (PV62825)

Bradyrhizobium glycinis CNPSo 40167 (MKG676047)

Bradyrhizobium agreste CNPSo 4010T (NR_180492)

Bradyrhizobium yuanmingense NBRC 1005947 (NR_112928)

(A)

65

100

in Brazil is B. pachyrhizi BR 2003 (SEMIA 6156),
which belongs to the B. elkanii supercluster (Zilli et
al. 2020), indicating efficient pigeonpea nodulation
and N fixation with strains from both main clades.
Bradyrhizobium strains that are closely related to the
same type strains as the pigeonpea rhizobia classified
in the present study were already retrieved from soils
ofthe Brazilian drylands using different crops as trap
hosts (Oliveira et al. 2020, Sena et al. 2020, Rodrigues
et al. 2021, Oliveira et al. 2025), corroborating the
large species diversity of bradyrhizobia in soils of
the Brazilian drylands.

The bacterial strains ESA 770, ESA 773,
ESA 774, and ESA 775 were classified within the
Rhizobium/Agrobacterium complex (Figure 2B).
ESA 770 was related to the R. gilianshanense
CCNWQLSO01T, whereas the bacteria ESA 773 and
ESA 775 clustered with 4. salinitolerans YIC 5082T,
and ESA 774 was related to A. pusense NRCPB10".
Three out of four Agrobacterium/Rhizobium strains
were isolated from the Simplicio Mendes sampling
site, and a single isolate was retrieved from the
Juazeiro soil. In addition to Bradyrhizobium,
pigeonpea is also nodulated by Rhizobium and other
fast-growing rhizobia (Bopape et al. 2022, Kumar et al.
2023). Despite not being reported as the pigeonpea’s

82—ESA 773 (PV628267)
ESA 775 (PV628269)
-Agrobacterium salinitolerans Y1C 50827 (NR_157010)
-Agrobacterium tumefaciens A1T (PP_760177)
Agrobacterium pusense NRCPB10T (NR_116874)
ESA 774 (PV628268)
Agrobacteriumsp. IRBG 74 (AF_271637)
Rhizobium oryzihabitans M15T (MH_569334)
95 Rhizobium tropici CIAT 8997 (NR_118084)
—(:Rhlzobmm etli CFN 427 (NR_116338)
100 ESA 770 (PV628266)
Rhizobium gilianshanense CCNWQLS01T (NR_1326086)

(B)

100

ESA 776 (PV628263)

ESA 769 (PV628260)

Bradyrhizobium japonicum USDA 67 (NR_112552)

97L_ Bradyrhizobium cajani AMBPC1010T (NR_157857)
Bradyrhizobium diversitatis CNPSo 40197 (NR_180490)
ESA 768 (PV628259)

ESA 777 (PV528264)

Bradyrhizobium embrapense SEMIA 62087 (NR_145861)
Bradyrhizobium viridifuturi SEMIA 6907 (NR_145860)

radyrhizobium elkanii USDA 767 (MN_338958)
Bradyrhizobium ripae WR4T (NR_179732)

Bradyrhizobium tropiciagri SEMIA 61487 (NR_145862)

100
100

0.025

Azorhizobium caulinodans ORS 571T (NR_119216)

0.025

Azorhizobium caulinodans ORS 5717 (NR_119216)

Figure 2. Maximum likelihood 16S rRNA phylogenetic trees of eight pigeonpea strains and 19 Bradyrhizobium reference
strains (A), and four pigeonpea strains alongside eight Rhizobium/Agrobacterium reference strains (B). The final datasets
had 1108 and 1255 bp for trees A and B, respectively. The Jukes-Cantor’s method and the UPGMA algorithm were used
in both trees. Azorhizobium caulinodans ORS 571" was used as an outgroup in both trees.
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main micro-symbionts, Rhizobium and related
Rhizobiaceae are commonly obtained from pigeonpea
root nodules, varying from those classical rhizobia
like Rhizobium, Sinorhizobium, and Mesorhizobium
(Jain et al. 2020, Bopape et al. 2022) to uncommon
Rhizobiaceae closely related to Agrobacterium, such
as Neorhizobium (Kumar et al. 2023).

The three bacterial strains classified as
Agrobacterium in the present study showed more
than 99.3 % of similarity with the Agrobacterium
sp- IRBG74, a well-characterized nodulating
Agrobacterium. This strain was isolated from
root nodules of Sesbania cannabina and can re-
nodulate the same host alongside other Sesbania
species (Cummings et al. 2009). Genomic analysis
showed that Agrobacterium sp. IBPG74 possesses
a large (> 500 kb) symbiotic plasmid containing
nodulation and nitrogenase genes related to those of
Sinorhizobium meliloti, suggesting that this bacterium
may have acquired this plasmid through horizontal
gene transfer (Crook et al. 2013). The Agrobacterium-
related strains in this study also harbor nodulation
genes, as shown by the nifH and nodC duplex PCR
assessment. However, their putative location on
symbiotic plasmids still needs further investigation.

The symbiotic effectiveness of the pigeonpea
bacterial isolates showed a significant variability
in the bacterial efficiency. Eleven bacterial strains

exhibited the same shoot dry mass as observed
in treatments inoculated with BR 2003 and those
supplied with mineral N (Table 2). On the other
hand, six inoculation treatments with the pigeonpea
strains yielded the same root dry mass as observed
in the BR 2003 and N-supplied treatments. The N
concentration in the shoots was the same for all
inoculated treatments, resulting in 12 inoculation
treatments (BR 2003 plus 11 pigeonpea strains)
with the same N accumulation in the shoots, which
was lower than that observed in the N-fertilized
treatment.

Despite several rhizobial species being
retrieved from pigeonpea nodules, Bradyrhizobium
has been reported as the main pigeonpea micro-
symbiont (Rufini et al. 2016, Aratjo et al. 2017).
The symbiotic responses of the inoculated strains
in the present study revealed that ESA 773 was the
only strain with low symbiotic potential, resulting
in lower plant biomass, fewer nodules and reduced
N accumulation. This bacterium was classified
as an Agrobacterium closely related to IBPG74,
which, despite being able to nodulate Sesbania, also
exhibited impaired nodulation with other legumes,
such as Lotus japonicus (Garcia-Soto et al. 2023).
Bradyrhizobium from the Brazilian drylands has
already been selected for several legumes, including
cowpea (Marinho et al. 2017, Sena et al. 2020),

Table 2. Plant dry mass, nodulation, and shoot nitrogen in BRS Mandarin pigeonpea inoculated with 12 rhizobia strains from the
Brazilian drylands and Bradyrhizobium pachyrhizi BR 2003 under gnotobiotic conditions in a greenhouse experiment.

Inoculation Plant dry mass Number of Shoot nitrogen ———
Shoot Root Nodules nodules Concentration Accumulation
treatment
g plant! mg plant’! nod plant’! mg g’! mg plant!

ESA 767 1.53 a* 0.76 b 143.75a 24 a 28.35b 41.87b
ESA 768 1.50a 0.86b 80.75 a 24 a 26.85b 40.38b
ESA 769 1.53a I.1la 13550 a 30a 27.76 b 42.50b
ESA 770 1.68 a 1.02 a 109.75 a 36a 27.09 b 45.50b
ESA 771 1.90a 0.86b 168.25a 34a 30.35b 59430
ESA 772 1.46 a 0.90b 11575 a 28 a 28.53b 41.57b
ESA 773 098D 1.19a 37.25b 9b 23.30b 23.00 ¢
ESA 774 140 a 0.81b 105.25a 26 a 26.18 b 34.84 b
ESA 775 2.12a 097 a 160.00 a 42 a 26.64 b 5746 b
ESA 776 1.81a 1.17 a 157.50 a 23 a 26.96 b 51.48b
ESA 777 195a 1.26 a 148.75 a 26 a 25.52b 49.98 b
ESA 778 1.83a 0.72b 114.50 a 19a 26.84 b 50.30b
BR 2003 2.02a 1.03 a 171.00 a 41 a 2741b 54.59b
Nitrogen 2.19a 144 a 0.00 b 0b 40.68 a 88.49 a
Control 0.50b 049 b 0.00b 0b 14.51 ¢ 7.21d
CV (%) 9.77 29.88 40.03 16.29 15.87 18.24

* Averages followed by the same letter do not differ by the Scott-Knot mean range test (n = 4). CV: coefficient of variation.
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soybean (Ribeiro et al. 2015), and peanut (Santos et
al. 2017), among others.

The present study contributes another piece
to the puzzle of Bradyrhizobium-legume association
in the Brazilian drylands, indicating the presence of
efficient strains within the culture collection. Notably,
the study highlights that the strains ESA 769, ESA 770,
ESA 776, and ESA 777, in addition to Agrobacterium
sp. ESA 775, performed well in all variables assessed
in the greenhouse experiment. Further investigation
is necessary to ensure the efficacy of rhizobia under
non-sterile conditions, as well as to dig deeper into the
taxonomy and biology of Rhizobium/Agrobacterium.

CONCLUSIONS

1. Both Bradyrhizobium and Agrobacterium/
Rhizobium native to the soils of the Brazilian
drylands nodulate BRS Mandarim pigeonpea,
highlighting the strains ESA 769, ESA 770, ESA
775, ESA 776, and ESA 777, with symbiotic
potential for pigeonpea inoculant development;

2. Uncommon rhizobia belonging to Agrobacterium
harbor symbiotic genes and successfully induce
functional nodules in pigeonpea.

REFERENCES

ABEBE, B. The dietary use of pigeon pea for human
and animal diets. The Scientific World Journal, v. 2022,
e4873008, 2022.

ARAUJO, J.; FLORES-FELIX, J. D.; IGUAL,J. M.; PEIX,
A.; GONZALEZ-ANDRES, F.; DIAZ-ALCANTARA, C.
A.; VELAZQUEZ, E. Bradyrhizobium cajani sp. nov.
isolated from nodules of Cajanus cajan. International
Journal of Systematic and Evolutionary Microbiology,
v. 67,n. 7, p. 2236-2241, 2017.

ARNHOLD, E. Package in the R environment for analysis
of variance and complementary analyses. Brazilian

Journal of Veterinary Research and Animal Science,
v. 50, €488, 2013.

BAKALA,H.S.; DEVLJ.; SINGH, G.; SINGH, I. Drought
and heat stress: insights into tolerance mechanisms and
breeding strategies for pigeonpea improvement. Planta,
v. 259, €123, 2024.

BICALHO, T. F.; SOUZA, G. C.; PEGORARO, R. F,;
DUARTE, A. C. S.; ALVES, P. F. S.; SILVA, U. C.;
FERREIRA, E. A.; FRAZAO, L. A. Biological activity of
soil cultivated with pigeon pea under different fertilization
managements. Ciéncia Rural, v. 54, €20220635, 2024.

BOPAPE, F. L.; BEUKES, C. W.; KATLEGO, K.;
HASSEN, A. I.; STEENKAMP, E. T.; GWATA, E. T.
Symbiotic performance and characterization of pigeonpea
(Cajanus cajan L. millsp.) rhizobia occurring in South
African soils. Agriculture, v. 13, 30, 2022.

BRASIL. Ministério da Agricultura, Pecuaria e
Abastecimento. Instru¢do Normativa Federal
n° 13 de 24 de marco de 2011. 2011. Available at:
https://www.normasbrasil.com.br/norma/instrucao-
normativa-13-2011_78540.html. Access on: Aug. 10,
2023.

CHIBEBA, A. M.; PEREIRA, C. S.; ANTUNES, J. E.
L.; RIBEIRO, R. A.; LOPES, A. C. de A.; GOMES, R.
L. F.; HUNGRIA, M.; ARAUJO, A. S. F. Polyphasic
characterization of nitrogen-fixing and co-resident bacteria
in nodules of Phaseolus lunatus inoculated with soils
from Piaui state, Northeast Brazil. Symbiosis, v. 80, n. 3,
p.- 279-292, 2020.

COSTA, F. M.; SCHIAVO, J. A.; BRASIL, M. S
LEITE, J.; XAVIER, G. R.; FERNANDES JUNIOR P. 1.
Phenotypic and molecular fingerprinting of fast growing
rhizobia of field-grown pigeonpea from the eastern edge of
the Brazilian Pantanal. Genetics and Molecular Research,
v. 13, n. 1, p. 469-482, 2014.

CROOK, M. B.; MITRA, S.; ANE, J.-M.; SADOWSKY,
M. J.; GYANESHWAR, P. Complete genome sequence
of the Sesbania symbiont and rice growth-promoting
endophyte Rhizobium sp. strain IRBG74. Genome
Announcements, v. 1, 00934, 2013.

CUMMINGS, S. P.; GYANESHWAR, P.; VINUESA,
P.; FARRUGGIA, F. T.; ANDREWS, M.; HUMPHRY,
D.; ELLIOTT, G. N.; NELSON, A_; ORR, C.; PETTITT,
D.; SHAH, G. R.; SANTOS, S. R.; KRISHNAN, H. B;
ODEE, D.; MOREIRA, F. M. S.; SPRENT, J. I.; YOUNG,
J. P. W.; JAMES, E. K. Nodulation of Sesbania species
by Rhizobium (Agrobacterium) strain IRBG74 and other
rhizobia. Environmental Microbiology, v. 11, n. 10,
p. 2510-2525, 20009.

FERNANDES JUNIOR, P.I.; LIMA, A. A. de; PASSOS,
S.R.; GAVA, C. A. T.; OLIVEIRA, P. J. de; RUMJANEK,
N. G.; XAVIER, G. R. Phenotypic diversity and amylolytic
activity of fast growing rhizobia from pigeonpea [Cajanus
cajan (L.) Millsp.]. Brazilian Journal of Microbiology,
v.43,n. 4, p.1604-1612, 2012.

GARCIA-SOTO, 1.; ANDERSEN, S. U.; MONROY-
MORALES, E.; ROBLEDO-GAMBOA, M.;
GUADARRAMA, J.; AVILES-BALTAZAR, N. Y.;
SERRANO, M.; STOUGAARD, J.; MONTIEL, J. A
collection of novel Lotus japonicus LORE1 mutants
perturbed in the nodulation program induced by the
Agrobacterium pusense strain IRBG74. Frontiers in Plant
Science, v. 14, 1326766, 2023.

e-ISSN 1983-4063 - www.agro.ufg.br/pat - Pesqui. Agropecu. Trop., Goidnia, v. 55, 83256, 2025



8 J. W. M. dos Santos et al. (2025)

GUIMARAES, S. L.; NEVES, L. C. R. D. A. S;
BONFIM-SILVA, E. M.; CAMPOS, D. T. D. A. S.
Development of pigeon pea inoculated with Rhizobium

isolated from cowpea trap host plants. Caatinga, v. 29,
n. 4, p. 789-795, 2016.

JAIN,D.; KUMARIA.; SAHEEWALA, H.; SANADHYA,
S.; MAHESHWARI, D.; MEENA, R. H.; SINGH, A;
GERA, R.; MOHANTY, S. R. Biochemical, functional and
molecular characterization of pigeon pea rhizobia isolated
from semi-arid regions of India. Archives of Microbiology,
v. 202, n. 7, p. 1809-1816, 2020.

KHOIRI, A. N.; COSTA, N. R.; CRUSCIOL, C. A.
C.; PARIZ, C. M.; COSTA, C.; CALONEGO, J. C;
CASTILHOS, A. M. de; SOUZA, D. M. de; MEIRELLES,
P.R.deL.;CRU,IL V; MORETTIL L. G.; BOSSOLANILJ.
W.; KURAMAE, E. E. Pigeon pea-mediated soil microbial
shifts improve agroecosystem multifunctionality in long-
term maize-palisade grass intercropping. Environmental
Microbiome, v. 20, €60, 2025.

KUMAR, S. C.; SINGH, P.; KUMAR, M.; RAJAWAT,
M. V. S.;; ANSARI, W. A.; RAO, D. L. N.; SAXENA, A.
K. Population and diversity of pigeonpea rhizobia from
the Indo-Gangetic plains of India. Symbiosis, v. 90, n. 2,
p. 213-230, 2023.

LANE, D. J. 16S/23S rRNA sequencing. [n:
STACKEBRANDT, E.; GOODFELLOW, M. (ed.).
Nucleic acid techniques in bacterial systematics. New
York: John Wiley and Sons, 1991. p. 115-175.

LIAO, C. F. H. Devarda’s alloy method for total nitrogen
determination. Soil Science Society of America Journal,
v.45,n. 5, p. 852-855, 1981.

MAPFUMO, P.; MPEPEREKI, S.; MAFONGOYA,
P. Pigeonpea rhizobia prevalence and crop response to
inoculation in Zimbabwean smallholder-managed soils.
Experimental Agriculture, v. 36, n. 4, p. 423-434, 2000.

MARINHO, R. de C. N.; FERREIRA, L. de V. M.; SILVA,
A. F. da; NOBREGA, R. S. A.; MARTINS, L. M. V;
FERNANDES-JUNIOR, P. I. Symbiotic and agronomic
efficiency of new cowpea rhizobia from Brazilian semi-
arid. Bragantia, v. 71, n. 2, p. 273-281, 2017.

MARTINS, L. M. V.; XAVIER, G. R.; RANGEL, F. W,;
RIBEIRO, J. R.A.; NEVES, M. C. P, MORGADO, L. B.;
RUMIJANEK, N. G. Contribution of biological nitrogen
fixation to cowpea: a strategy for improving grain yield
in the semi-arid region of Brazil. Biology and Fertility of
Soils, v. 38, n. 6, p. 333-339, 2003.

MATTA, F. de P.; GODOY, R.; OLIVEIRA, P. P. A
FERRAZ JUNIOR, R. S. Row spacing for pigeon pea
sowing and its influence on the recovery of degraded

pasture. Pesquisa Agropecudaria Brasileira, v. 59,e03516,
2024.

NORRIS, D. O.; MANNETIJE, L. T. The symbiotic
specialization of African Trifolium spp. in relation to
their taxonomy and their agronomic use. East African
Agricultural and Forestry Journal, v. 29, n. 3, p. 214-
235, 1964.

ODENY, D. A. The potential of pigeonpea (Cajanus cajan
(L.) Millsp.) in Africa. Natural Resources Forum, v. 31,
n. 4, p. 297-305, 2007.

OLIVEIRA, C. S.; BARROS, J. R. A.; SILVA, V. S. L,;
RIBEIRO, P. R. de A.; ANGELOTTI, F.; FERNANDES-
JUNIOR, P. I. High temperatures and Bacillus inoculation
affect the diversity of Bradyrhizobia in cowpea root
nodules. Journal of Basic Microbiology, v. 65, n. 9,
€70058, 2025.

OLIVEIRA, G. S.; SENA, P. T. S.; NASCIMENTO, T.
R. do; FERREIRA NETO, R. A.; PEREIRA, J. R. C;
MARTINS, L. M. V.; FREITAS, A. D. S. de; SIGNOR,
D.; FERNANDES-JUNIOR, P. I. Are cowpea-nodulating
bradyrhizobial communities influenced by biochar
amendments in soils?: genetic diversity and symbiotic
effectiveness assessment of two agricultural soils of
Brazilian drylands. Journal of Soil Science and Plant
Nutrition, v. 20, n. 2, p. 439-449, 2020.

PARADIS, E.; SCHLIEP, K. Ape 5.0: an environment for
modern phylogenetics and evolutionary analyses in R.
Bioinformatics, v. 35, n. 3, p. 526-528, 2019.

R CORE TEAM. R: a language and environment for
statistical computing. Vienna: R Foundation for Statistical
Computing, 2023.

RIBEIRO, P. R. de A.; SANTOS, J. V. dos; COSTA, E.
M. da; LEBBE, L.; ASSIS, E. S.; LOUZADA, M. O,
GUIMARAES, A. A.; WILLEMS, A.; MOREIRA, F. M.
de S. Symbiotic efficiency and genetic diversity of soybean
bradyrhizobia in Brazilian soils. Agriculture, Ecosystems
and Environment, v. 212, n. 1, p. 85-93, 2015.

RODRIGUES, T. L.; COSTA, E. M. da; RIBEIRO, P. R.
de A.; CARVALHO, F. de; RUFINI, M.; SILVA, A. O,;
TEIXEIRA, A. F. dos S.; PEREIRA, T. de A.; SALES, F.
S.; MOREIRA, F. M. de S. Diversity and biotechnological
potential of rhizobia isolated from lima bean nodules
collected at a semiarid region. Soil Science Society of
America Journal, v. 85,n. 5, p. 1663-1678, 2021.

RUFINI, M.; OLIVEIRA, D. P.; TROCHMANN, A_;
SOARES, B. L.; ANDRADE, M. J. B. de; MOREIRA, F.
M. de S. Bradyrhizobium spp. strains in symbiosis with
pigeon pea cv. Fava-Larga under greenhouse and field

conditions. Revista Brasileira de Ciéncia do Solo, v. 40,
e0160156, 2016.

SANTOS, J. W.M. dos; SILVA, J. F. da; FERREIRA, T. D.
S.; DIAS,M. A.M.; FRAIZ,A.C.R.; ESCOBAR, I.E. C,;
SANTOS, R. C. dos; LIMA, L. M. de; MORGANTE, C.

e-ISSN 1983-4063 - www.agro.ufg.br/pat - Pesqui. Agropecu. Trop., Goiania, v. 55, 83256, 2025



Genetic diversity and symbiotic efficiency of pigeonpea rhizobia from the Brazilian drylands 9

V.; FERNANDES-JUNIOR, P. I. Molecular and symbiotic
characterization of peanut bradyrhizobia from the semi-
arid region of Brazil. Applied Soil Ecology, v. 121, n. 12,
p. 177-184,2017.

SENA, P. T. S.;; NASCIMENTO, T. R. do; LINO, J.
de O. S.; OLIVEIRA, G. S.; FERREIRA NETO, R.
A.; FREITAS, A. D. S. de; FERNANDES-JUNIOR, P.
I.; MARTINS, L. M. V. Molecular, physiological, and
symbiotic characterization of cowpea rhizobia from soils
under different agricultural systems in the semiarid region
of Brazil. Journal of Soil Science and Plant Nutrition,
v. 20, n. 3, p. 1178-1192, 2020.

SILVA, T. R. da; RODRIGUES, R. T.; JOVINO, R. S.;
CARVALHO, J. R. de S.; LEITE, J.; HOFFMAN, A.;
FISCHER, D.; RIBEIRO, P. R. de A.; ROUWS, L. F. M,;
RADL, V.; FERNANDES-JUNIOR, P. 1. Not just passengers,
but co-pilots!: non-rhizobial nodule-associated bacteria
promote cowpea growth and symbiosis with (brady)rhizobia.
Journal of Applied Microbiology, v. 134, elxac013, 2023.

SILVA, V. B. da; BOMFIM, C. S. G.; SENA, P. T. S.;
SANTOS, J. C. S.; MATTOS, W. da S.; GAVA, C. A. T.;
SOUZA, A. P. de; FERNANDES-JUNIOR, P. I. Vigna
spp. root-nodules harbor potentially pathogenic fungi
controlled by co-habiting bacteria. Current Microbiology,
v. 78, n. 5, p. 1835-1845, 2021.

SILVA, V. B. da; SILVA, A. F. da; SILVA, T. R. da;
SANTOS, J. W. M. dos; SILVA, J. F. da; SOUZA, A. P.
de; FREITAS, A. D. S. de; FERNANDES-JUNIOR, P. 1.
de. Fast and efficient symbiotic gene-based duplex PCR
approach for the preliminary selection of legume root
nodule bacteria. Rhizosphere, v. 10, €100144, 2019.

SINGHA, B.; MAZUMDER, P. B.; PANDEY, P.
Characterization of plant growth promoting rhizobia from

root nodule of two legume species cultivated in Assam,
India. Proceedings of the National Academy of Sciences,
India Section B: Biological Sciences, v. 88, 1. 3, p. 1007-
1016, 2018.

SOMASEGARAN, P.; HOBEN, H. J. Handbook for
rhizobia: methods in legume-rhizobium technology. New
York: Springer-Verlag, 1994.

TEIXEIRA, P. C.; DONAGEMMA, G. K.; FONTANA,
A.; TEIXEIRA, W. G. (ed.). Manual de métodos de andlise
de solo. 3. ed. Brasilia, DF: Embrapa, 2017.

VERSALOVIC, J.; SCHNEIDER, M.; BRUIIN, F. J. de;
LUPSKI, J. R. Genomic fingerprinting of bacteria using
repetitive sequence-based polymerase chain reaction.
Methods in Molecular and Cellular Biology, v. 5, n. 1,
p- 25-40, 1994.

VINCENT, J. M. 4 manual for the practical study of
root-nodule bacteria. London: International Biological
Programme/Blackwell Scientific, 1970.

WRIGHT, E. S. Using DECIPHER v2.0 to analyze big
biological sequence data in R. The R Journal, v. §, n. 1,
p. 352-359, 2016.

YU, G.; SMITH, D.; ZHU, H.; GUAN, Y.; LAM, T. T.-
Y. ggtree: an R package for visualization and annotation
of phylogenetic trees with their covariates and other
associated data. Methods in Ecology and Evolution, v. 8,
n. 1, p. 28-36, 2017.

ZILLL J. E.; SIMOES-ARAUIJO, J. L.; ROUWS, L. F.
M.; SOARES, L. H. de B. Draft genome sequence of
Bradyrhizobium elkanii BR 2003, an efficient rhizobium
strain for Cajanus, Canavalia, Crotalaria, and Indigofera.

Microbiology Resource Announcements, v. 9, ¢01565,
2020.

e-ISSN 1983-4063 - www.agro.ufg.br/pat - Pesqui. Agropecu. Trop., Goidnia, v. 55, 83256, 2025



