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RESUMO GERAL

O géneradBradyrhizobium representa um importante grupo de bactérias
fixadoras de nitrogénio que nodulam leguminosas.eEassistemas brasileiros,
esse g@género tem se destacado devido a sua predecim@in&omo
microssimbionte eficiente de importantes espécigurhinosas de graos,
florestais e forrageiras, e por apresentar alt@rdidade. O objetivo deste
trabalho foi definir a posicdo taxondmica e avahaeficiéncia simbidtica de
estirpes deBradyrhizobium oriundas de solos de diferentes regides brasileira
(Nordeste, Norte e Sudeste). As estirpes Uutilizadasse estudo sdo
representantes de diferentes grupos filogenéticogjéheroBradyrhizobium,
indicados em estudos prévios, com base no sequesiia de genes
housekeeping. A caracterizacao fenotipica, incuitestes de temperatura, pH,
salinidade, resisténcia a antibioticos, assimilagidiferentes fontes de carbono
e nitrogénio e a analise de MALDI-TOF MS (Matrixsiased laser desorption
ionization-time-of-flight mass spectrometry), petimidiferenciar as estirpes de
cada grupo das estirpes tipo das espécidgrattyrhizobium filogeneticamente
préximas. Os resultados das andlises de hibridizBO8A-DNA confirmaram a
existéncia de quatro novas espécies, para as gsammesBradyrhizobium
brasilense, Bradyrhizobium forestalis, Bradyrhizobium piauiense e
Bradyrhizobium neoglycine foram propostos, com as estirpes UFLA 031321
INPA 54B", UFLA 06-13 e UFLA 06-10, designadas como estirpes tipo,
respectivamente. A avaliagdo da eficiéncia simt@#dtfoi realizada usando
feijdo-fava, mucuna-preta e acacia como espécigsedeiras. As estirpes INPA
54B e INPA 86A se destacaram na producdo de matéda da parte aérea
(MSPA) de feijao-fava. As estirpes UFLA 03-144 ePIN 104A superaram o
controle com alta concentracéo de nitrogénio mireia estirpe inoculante BR
2811 na producdo de MSPA da mucuna-preta. A estiffleA 03-268 foi a
mais eficiente em simbiose com acdcia, inclusive doperior a estirpe
inoculante BR 3617. Essas estirpes apresentam egrpotncial para serem
utilizadas como inoculantes nas respectivas espéaspedeiras com as quais
formaram simbiose eficiente. Os resultados apradestnesse estudo ressaltam
a alta diversidade fenotipica, genotipica e sintAdtde estirpes de
Bradyrhizobium nativas de solos brasileiros.

Palavras-chaveBactérias fixadoras de nitrogénio. Hibridizacdo DRNA.
Taxonomia polifasica. MALDI-TOF MS. Simbioses.



GENERAL ABSTRACT

The Bradyrhizobium genus is an important group of nitrogen-fixing
bacteria that nodulate legumes. In Brazilian edesys, this genus stands out
because it predominates as efficient microsymbiarftmportant legumes,
including grains, forest and forage species, amdie it shows high diversity.
The aim of this study was to determine the taxorgnoisition and evaluate the
symbiotic efficiency ofBradyrhizobium strains from soils of different Brazilian
regions (Northeast, North and Southeast). Thenstrased in this study are
representatives from different phylogenetic growpsBradyrhizobium genus,
indicated in previous studies, based on sequencfnhousekeeping genes.
Phenotypic characterization, including tests fompgerature, pH, salinity,
resistance to antibiotics, assimilation of diffarearbon and nitrogen sources,
and analysis of MALDI-TOF MS (Matrix-assisted laskesorption ionization-
time-of-flight mass spectrometry) profiles allowdifferentiating the strains of
each group from type strains Bfadyrhizobium species phylogenetically close.
The results of DNA-DNA hybridization analysis canfied the existence of four
new species, for which the namBsadyrhizobium brasilense, Bradyrhizobium
forestalis, Bradyrhizobium piauiense and Bradyrhizobium neoglycine have been
proposed, with the strains UFLA 03-321NPA 54B", UFLA 06- 13 and
UFLA 06-10 designated as type strains, respectively. Theuatiah of
symbiotic efficiency was performed using lima beaglyet bean and acacia as
host species. Strains INPA 54B and INPA 86A stoatio the production of
shoot dry matter (SDM) of lima bean. Strains UFL3-114 and INPA 104A
were more efficient than the control with high mieleN concentration and the
inoculant strain BR 2811 in the production of SDMelvet bean. Strain UFLA
03-268 was the most efficient in symbiosis with Gaainclusive it was more
efficient than the inoculant strain BR 3617. Thesmins exhibit potential for
use as inoculants in their respective host spéciedich they have established
efficient symbiosis. The results presented in tisdy emphasize the high
phenotypic, genotypic and symbiotic diversity ofive Bradyr hizobium strains
from Brazilian soils.

Keywords: Nitrogen-fixing bacteria. DNA-DNA hybrizhtion. Polyphasic
taxonomy. MALDI-TOF MS. Symbiosis.
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PRIMEIRA PARTE

1 INTRODUCAO GERAL

A fixacao bioldgica de nitrogénio (FBN) constitunudos principais
processos para a manutengao da produtividade dssigiemas terrestres.
Esse processo é mediado por bactérias capazesderten o N a forma
inorganica combinada (N§§ e assim, torna-lo disponivel as plantas e a
outros organismos. Dentre 0s organismos diazot®ficas bactérias
fixadoras de nitrogénio que nodulam leguminosad\(BE) compreendem
um grupo que apresenta grande contribuicdo nargabtiidade agricola e
ambiental, e tém sido bastante investigadas quantocorréncia em
diferentes ambientes, a diversidade e a taxonomia.

Entre os géneros de BFNNL atualmente descritos, énerp

Bradyrhizobium destaca-se visto a sua ampla distribuicdo geegréfgama
de hospedeiros, incluindo diversas espécies danliegsas de importancia
socioecondmica e ambiental. Atualmente, existem espécies de
Bradyrhizobium descritas, as quais sdo oriundas de solos deeroliéer
regides geograficas. Ressalta-se que 18 espéciemm fodescritas
recentemente, entre os anos de 2014 e 2015, e dessas espécies sao
oriundas de solos brasileirds: viridifuturi, B. tropiciagri, B. manausense,
B. ingae e B. neotropicale (DELAMUTA et al., 2015; HELENE et al., 2015;
SILVA et al., 2014a, 2014b; ZILLI et al., 2014). deselevado numero de
espécies descritas nos Ultimos anos deve-se, paineénte, a utilizacdo de
novas técnicas da biologia molecular, e tambénmstaale de novas estirpes
isoladas de diferentes espécies hospedeiras esaggdgraficas.

Em estudos de taxonomia bacteriana, o sequenciardergene 16S
rRNA tem sido amplamente empregado. No entantoaixabdivergéncia
genética entre as sequéncias desse gene torn@adbnpara classificagdo
taxondmica ao nivel de espécie (VINUESA et al., 300WILLEMS;
COOPMAN; GILLIS, 2001a). Para o géneRradyrhizobium, diversos
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estudos ténproposto, além do gene 16S rRNA, 0 sequenciameantgedes

housekeeping, comatpD, dnaK, glnll, gyrB, recA e rpoB, que permite uma
melhor discriminacdo entre espécies intimamenteci@iadas (DURAN et
al, 2014a, 2014b; GUIMARAES et al., 2015; MENNA at, 2009;

RIBEIRO et al., 2015; RIVAS et al., 2009; VINUESA al., 2005a). O

sequenciamento desses genes tem permitido a seldedcestirpes
potencialmente representativas de novas espécies qmem avaliadas
através da andlise de hibridizagdo DNA-DNA, quenga uécnica usada
como critério padrao na descri¢do de novas esp@MAYNE et al., 1987),

contudo é muito trabalhosa e apresenta alto custo.

Em ecossistemas brasileiros, o gén&madyrhizobium além de
compor o microssimbionte mais abundante identificain nddulos de
leguminosas (GUIMARAES et al., 2012, 2015; JARAM{Let al., 2013;
LIMA et al., 2009; MOREIRA, 1991; MOREIRA et al.993; MOREIRA;
HAUKKA; YOUNG, 1998; PERRINEAU et al., 2011), formsimbiose
eficiente com uma ampla gama de hospedeiros deriémmia agricola,
florestal e pastoril. No Brasil, a maioria das rests de BFNNL aprovadas
pelo Ministério da Agricultura Pecuéaria e Abastemimmo (MAPA) para
inoculacdo em espécies leguminosas pertence aaogBnadyrhizobium
(BRASIL, 2011).

Recentemente, estudos desenvolvidos pelo nosso gesprabalho
demonstraram, através do sequenciamento de genesgkieeping &tpD,
dnak, gyrB, recA erpoB), alta diversidade entre estirpesBtadyrhizobium
isoladas de nodulos de espécies leguminosas ens stgo diferentes
ecossistemas/regides brasileiras, e indicaram ngvopos filogenéticos
dentro desse género, que possivelmente representavaas espécies
(GUIMARAES et al.,, 2015; RIBEIRO et al., 2015). Nmtanto, seriam
necessarios mais estudos para definir a posicaadeaica desses grupos.

Em estudos de descricdo de novas espéciBsadgrhizobium, além
da caracterizacdo genética e fenotipica, a caizant@o simbiodtica por meio

de testes de nodulacdo em diferentes espécies ileggan tem sido
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amplamente empregada (CHANG et al., 2011; DURANalet 2014a;
VINUESA et al., 2005a, XU et al., 1995; YAO et &002; ZHANG et al.,
2012). Além disso, para utilizacdo de espécies/amtdeBradyrhizobium
como inoculantes em culturas agricolas, forrageieisu florestais
exploradas no pais sdo necessarios testes deneificgmbidtica.

O objetivo deste trabalho foi definir a posicdmtadmica e avaliar a
eficiéncia simbidtica de estirpes @eadyrhizobium oriundas de solos de

diferentes regides brasileiras (Norte, NordestadeSte).
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2 REFERENCIAL TEORICO
2.1 Bactérias fixadoras de nitrogénio noduliferasne leguminosas

O nitrogénio (N) é um dos nutrientes de maior indrwia para
manutencdo e funcionamento dos ecossistemas. E aoromutriente
requerido em grande quantidade pela maioria dostaisg pois atua como
componente estrutural de macromoléculas, como ipeste aminoacidos,
acidos nucléicos, entre outras. No ar atmosféicdl € o elemento mais
abundante (compreende cerca de 78%) e encontrasemrma N. A
transformacdo do Na formas inorganicas combinadas pode ser realizada
através de trés processos: fixacdo atmosféricagdix industrial e fixagdo
biologica (FBN). Apesar da contribuicdo dos proossmdustriais para o
fornecimento de N aos sistemas agricolas e flosestaFBN € 0 processo
que contribui com a maior parte do N fixado anual@@o planeta, cerca de
65% do total (MOREIRA; SIQUEIRA, 2006).

A FBN é mediada por um grupo restrito de procasi@oe possuem
0 complexo enziméatico nitrogenase, tornando-oszeepde quebrar a tripla
ligacdo da molécula do,Npara obter a forma inorganica combinadaszNH
que pode, assim, tornar-se disponivel as planta®w@tros organismos. Os
organismos fixadores de ,Napresentam alta diversidade morfoldgica,
fisiol6gica, genética e filogenética, garantindacarréncia da FBN nos mais
diversos tipos de ecossistemas. Eles podem seridde livre, formar
associacfes e/ou simbioses com outros organismantreD esses
organismos, aqueles que formam simbiose com legga# denominados
de bactérias fixadoras de nitrogénio noduliferadeguminosas (BFNNL),
destacam-se visto a ampla diversidade, distribuggagréafica e utilizacdo
das plantas dessa familia e a maior eficiénciardoggso devido a formacao
de estruturas especializadas nas raizes e/ou ne, anamadas nddulos
(MOREIRA; SIQUEIRA, 2006).
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As BFNNL tém sido investigadas extensivamente quaat
ocorréncia em diversos ecossistemas cultivados teramm além da
diversidade e taxonomia. Atualmente, sd@o conheciti®sgéneros de
BFNNL. Dentre esses, a maioria pertence a subclagz®teobactéria:
Rhizobium (FRANK, 1889), Bradyrhizobium (JORDAN, 1982),
Azorhizobium (DREYFUS; GARCIA; GILLIS, 1988), Snorhizobium
(Ensifer) (CHEN; YAN; LI, 1988), Mesorhizobium (JARVIS et al., 1997),
Allorhizobium (DE LAJUDIE et al., 1998)Methylobacterium (SY et al.,
2001), Devosia (RIVAS et al.,, 2002),0Ochrobactrum (TRUJILLO et al.,
2005), Phyllobacterium (VALVERDE et al., 2005), Shinella (LIN et al.,
2008),Agrobacterium (COMMINGS et al., 2009)Microvirga (ARDLEY et
al.,, 2012) e Aminobacter (MAYNAUD et al.,, 2012), Neorhizobium
(MOUSAVI et al., 2014) d2ararhizobium (MOUSAVI et al., 2015). Apenas
dois géneros pertencem a subclag$eroteobactéria: Burkholderia
(MOULIN et al., 2001) eCupriavidus (CHEN et al., 2001).

Espécies leguminosas e estirpes de BFNNL podemarvate
altamente especificas até altamente promiscuasmag espécies, como o
siratro Macroptilium atropurpureum) e o feijdo-caupi\{igna unguiculata),
podem ser infectadas por diferentes géneros de BF{ODSTA et al.,
2013; GUIMARAES et al., 2012; JARAMILLO et al., 2B1LIMA et al.,
2009; MOREIRA, 2010); enquanto outras espécies, oc@nSesbania
virgata, sdo extremamente especificas (MOREIRA et al.,6R0R
inoculagcdo de espécies leguminosas com estirpeBRINNL eficientes
representa uma técnica alternativa indispensaval @austentabilidade dos
agroecossistemas, devido a economia no uso dézéertes nitrogenados
industrializados, além da reducdo dos impactos emtdis decorrentes do
manejo inadequado desses fertilizantes.

Adicionalmente ao processo de FBN, algumas estideeBFNNL
podem também beneficiar o hospedeiro atuando empsoytrocessos
promotores do crescimento vegetal, tais como: m@&aude acido-3-indol

acético (AlA), producdo de sideroforos e solubgéa de fosfatos
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inorganicos insoluveis (CARSON et al.,, 1992; MARR&A al., 2011;
COSTA et al,, 2013; OLIVEIRA-LONGATTI et al., 201&O0STA et al.,

2015), entre outros.

2.2 O géneraBradyrhizobium

O géneroBradyrhizobium engloba bactérias que vivem em vida
livre, em associagdo com plantas, e principalmeste simbiose com
espécies leguminosas. Esse género apresenta edtisidiade fenotipica,
genotipica e simbidtica e ampla distribuicdo gefigaae € bastante versatil,
incluindo representantes com capacidade para f$inarbi fosfatos
inorganicos insoliveis (MARRA et al., 2011) e produsubstancias
promotoras do crescimento vegetal (OLIVEIRA-LONGATEE al., 2013),
embora a sua maior contribuicdo, relatada em digeestudos, seja na
aquisicdo de nitrogénio para as plantas atravésimbiose com espécies
leguminosas. A origem dBradyrhizobium ainda ndo esta esclarecida, mas
foi sugerido que essgénero, provavelmente, é originario dos trépicos
(NORRIS, 1965), onde ha uma grande diversidadejg&ocges leguminosas.

Na primeira classificagdo de BFNNL, todas as essirioram
agrupadas no géneRhizobium (FRANK, 1889) e a taxonomia das espécies
tinham como base, principalmente, a especificiddae estirpes com as
espécies leguminosas hospedeiras que fossem cajmfesnar nddulos e
fixar nitrogénio Posteriormente, esse critério deixou de ser reteygois
foi verificada a promiscuidade simbiotica entrérpss de BFNNL, e entre
espécies leguminosas.

Com base em caracteristicas morfolégicas e fisicddg foi
proposto por Jordan (1982) que estirpes, até eaffiopadas no género
Rhizobium, de crescimento lento e com capacidade de alzatioi meio de
cultura 79 (FRED; WAKSMAN, 1928), utilizando marlitoomo fonte de
carbono, deveria formar um novo géndsoadyrhizobium, o qual difere do
género Rhizobium, formado por bactérias de crescimento rapido e que

acidificam no meio de cultura 79. Assim a espéiezobium japonicum,
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simbionte da soja, foi reclassificada corBoadyrhizobium japonicum.
Posteriormente, analises fenotipicas e genotipicktectaram alta
diversidade entre estirpes Beadyrhizobium japonicum, identificando-se a
segunda espéciBradyrhizobium ekanii (KUYKENDALL et al., 1992). A
terceira espéciagradyrhizobium liaoningense, também microssimbionte da
soja, foi descrita por Xu et al. (1995). Desde entiestudo de estirpes de
diferentes regides geograficas e espécies hospedeas constantes avangos
nas técnicas de biologia molecular tém permitidaealassificagdo e
identificacdo de novas espécies Btadyrhizobium. Atualmente, o género
possui 37 espécies descritas, com representantedifetentes regifes
geogréficas, plantas hospedeiras e capacidade&icabi(Tabela 1), mas
certamente novas espécies serdo descritas nompHANoS, considerando-

se o grande interesse pelo estudo desse génerariam negides do mundo.

2.3 Métodos empregados na caracterizacdo fenotipiea genotipica de

estirpes do génerdradyrhizobium

Varios métodos sao aplicados no estudo da divelsidaaxonomia
bacteriana. Segundo recomendacdo do Comité Intenadc para
Sistematica de Procariotos (International Commifteethe Systematics of
Prokaryotes), para definicdo da posicdo taxonbuéchactérias é necessario
realizar tanto a caracterizacdo genotipica, quiamotipica, para obter uma
descricdo precisa da nova espécie (WAYNE et aB71GRAHAM et al.,
1991).

Os métodos fenotipicos compreendem caracterizagaiturat,
morfoldgica, fisioldgica e bioquimica. Dentre ostouds fenotipicos estédo
também as técnicas quimiotaxonémicas, que sdo axjugle permitem a
geracdo de informacdes sobre varios constituineecéula, através de
métodos analiticos (VANDAMME et al., 1996). No ekiude BFNNL, a

caracterizacgao fenotipica, com base em caractagsmorfofisioldgicas, tem
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permitido o agrupamento de um grande nimero dgestpara posterior
selecdo de representantes que serdo analisadde quautras caracteristicas
fenotipicas mais complexas e/ou quanto a diversidagnética e
posicionamento filogenético (GUIMARAES et al, 20122015;
JARAMILLO et al., 2013; LIMA et al., 2009; MOREIRAL991; MOREIRA
et al., 1993; MOREIRA; HAUKKA; YOUNG, 1998; SILVAteal., 2012;
SILVA et al., 2014a).
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Tabela 10rigem geografica, hospedeiro de origem e teste®delacdo na espécie de origem e/ou em outrasiespéguminosas
hospedeiras

- . . Origem Hospedeiro Nodulacéo Referéncias
Espécie/Estirpe tipo . : — -
geografica  de origem Positiva Negativa
B. japonicum LMG 6138 Japéao Glycine max ChEnzene gl ND Jordan (1982)
Atropurpureum

Estados Unidos Kuykendall et al

B. elkanii LMG 6134 (Maryland) Glycine max Glycine sp. ND (1992)
S . o Pisurn sativum, Lotus
B Ilaca)_nl ngense LMG Chma(Pr_c_)vmuc Glycine max Glycine max sp, Astragalussinicus ~ Xu et al. (1995)
1823 Heilongjiang) e Mdlilotus sp.
Glycine max, Phaseolus
. China Lespedeza sp., vulgaris, Pisum sativum,
gigl;pml ngense LMG (Provincia Lespedeza Vigna unguiculata e Glycyrrhiza Galega officinalis, Yao et al. (2002)
Beijing) cuneata uralensis Trifoliumrepense
Leucaena leucocephala
B. betae LMG 21987 Espanha Betawvulgaris ND Paéﬂ;ﬁiﬁzﬁ);ﬁ pa R'E’;;Oig &,
Espanha Lupinus spp, Adenocarpus spp,
B. canariense LMG 22265 (”h'; das Chamaecytisu Chamaecytisus proliferus, Glycine max e Vinuesa et al.
' Canérias) sproliferus Spatocytisus supranubius, Teline spp. Glycine soja (2005a)
e Ornithopus spp.
B. denitrificans LMG . — Van Berkum et
8443 Alemanha Aeschynomene indica ND al. (2006)
Japéo Entada Macroptilium ND Islam et al.

s T
B. iriomotense EKOS (Ilha Iriomote)  koshunensis Atropurpureum (2008)
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- . . Origem Hospedeiro Nodulacéo Referéncias
Espécies/Estirpe tipo e ; — -
geografica  de origem Positiva Negativa
. Honduras  Pachyrhizus Pachyrhizus erosus e Glycine Max RamirezBahene
B. jicamae PAC68 (Copan) erosus Lespedeza sp. et al. (2009)
L Costa Rica  Pachyrhizus . Glycine max e Lespedeza RamirezBahen:
B. pachyrhizi PAC48 (Guanacaste)  erosus Pachyrhizus erosus sp. et al. (2009)
Glycine max, Trifolium
China . repens, Lotus
B. lablabi CCBAU 23086 (Provincia Lelg &l fabial PUPUIreus, Arf';lchls corniculatus, Vigna (Gl S £l
Anhui) purpureus hypogaea e Vigna unguiculata radiata. Pisum sativum e (2011)
Medicago sativa
Moroccos . .
B. cytis CTAW11 (Montanhas de Qytlws Cytisus villosus Glycine max Chahboune et ¢
Rif) villosus (2011)
Lotus corniculatus,
Trifolium repens,
B. huanghuaihaiense ( P?g\ll?r?cia Glycine max, Glycine soja e Vigna Megtic\i?r?q %tr']va’ Filus:m Zhang et al.
CCBAU23303 . Glycine max unguiculata N, Fhaseo (2012)
Huang-Huai-Hali vulgaris, Leucaena
leucocephala e Méelilotus
albus.
B. dagingense CCBAU Ch|_na . , Glycine max, Vigna unguiculata e Trn‘ql um repens, Lotus Wang et al.
(Provincia  Glycine max . . corniculatus, Phaseolus
15774 L Medicago sativa . : (2012)
Heilongjiang) vulgaris e Pisum sativum
B. oligotrophicum LMG Japéo rx RamirezBahens

ND

10737 (Kashimadai)

ND

et al. (2012)
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- . . Origem Hospedeiro Nodulacéo Referéncias
Espécies/Estirpe tipo e ; — -
geografica  de origem Positiva Negativa
Moroccos .
B. rifense CTAW71" (Montanhas de C_:ﬁtlsus Cytisus villosus Glycine max Cha|1hboune et
Rif) villosus al.(2012)
Moroccos Retama Retama sphaerocarpa e . Guerrouj et al.
B. retamae Ro19 (Ras el Ma) monosperma Retama monosperma CEITSi (2013)
B. arachidis CCBAU Chl_na . Arachis  Arachis hypogaea e Lablab I\f/lf_eo_hcalago sa’_[:cv?, Melilotus Wang et al.
051107 (Provm_(:la hypogaea pUrpUreus officinalis, Trifo ium repens, (2013)
Hebei) Phaseolus vulgaris e G. max
B. diazoefficiens USDA Estados Unido Glvcine max Glvcine max ND Delamuta et al.
110° (Florida) y y (2013)
, Glycine max, Pisum .
B. paxllaeri LMTR 21" Peru (Ica) Phaseolus Phaseolusll_matus Vigna Sativum, Medicago sativa, Lupinus Duran et al.
lunatus unguiculata . (2014a)
mariaejosephae
: Glycine max, Pisum A
. T Phaseolus  Phaseolus lunatus, Vigna . . - : Duran et al.
B.icense LMTR 13 Peru (Ica) lunatus unguiculata Sativum, Med_lca_go sativa, Lupinus (2014a)
mariaejosephae
China Acacia Acacia melanoxylon, Medicago sativa, Pisum sativum, Lu et al. (2014)
B. ganzhouense RITF806 (Jiangxi Acacia aneura, Acacia edicag P . ’ '
. melanoxylon . " L Trifolium albus, Vigna unguiculata
Province) victoriae, Acacia implexa
V. unguiculata, Cajanus Arachis hypogaea, Acacia ligulata,
B. manausense BR 3357 Brasﬂ _ V|_gna cajan, M. atropur_pureum, Crotalarlajgncgae, G. max, LUmeSSilva et al. (2014a)
(Amazbnia) unguiculata Vigna angularis, P. angustifolius, Ornithopus

vulgaris, Vignaradiata  compressus, P.sativum, Vicia faba
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Espécies/Estirpe tipo

Origem Hospedeiro Nodulacéo Referéncias
geogréfica  de origem Positiva Negativa

B. ottawaense 0099

B. valentinum Lmjm3"

B. ingae BR 10250

B. neotropicale BR 10247

Glycine max, Glycine soja,
. Macroptilium atropur pureum,
Canada . . .
Glycine max Desmodium canadense, Vigna
(Ottawa) : .
unguiculata, Amphicarpaea
bracteata, Phaseolus vulgaris

Leucaena leucocephala,

Desmodium glutinosum Yuetal. (2014)

Lupinus Lupinus angustifolius,

Espanha mariae Lupinus mariae-josephae, Retama Lupinus cosentinii, Lupinus Duran et al.
(Valencia) . raetam, Retama sphaerocarpa X N (2014b)
josephae luteus, Lupinus micranthus
Acacia ligulata, Cajanus
Inga edulis, Arachis hypogaea, cz;u_an., CI’Ota|al’Iij ”l'.‘cea’
Brasil . Macroptillium atropurpureum, upinus angustitolius, .
(Amazonia) Inga laurina Vigna radiata, Vigna unguiculata, Ornithopus Compressus, Silva et al. (2014b)
Glycine max Phgseol us_vm_JIgarls, Pllsum
sativum, Vicia faba, Vigna
angularis
Centrolobium paraense, Arachis
hypogaea, Acacia ligulata, Cajanus
cajan, Crotalaria juncea, Glycine max
Brasil Centrolobium  Macroptillium atropurpureum, '

Lupinus angustifolius,  Zilli et al. (2014)

(Amazobnia) paraense Vigna unguiculata, Vigna angularis, e o e

Vigna radiata, Ornithopus
compressus, Phaseolus
Vulgaris
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- . , Origem Hospedeiro Nodulacéo Referéncias
Espécies/Estirpe tipo e ; — _
geogréfica  de origem Positiva Negativa
. Erythrophleum fordii, Arachis
B. erythrophlel CCBAU China Erythr_qphleu hypogaea, Lablab purpureus and ND Yao et al. (2015)
53325 m fordii .
Glycine max
A Erythrophleum fordii, Arachis
B. ferriligni CCBAU . Erythrophleu :
51509 China miordii hypogaeaLablag‘g)L(lrpureus Glycine ND Yao et al. (2015)
B. subterraneum 58 2-1 Namibia Arachis Arachis hypogaea, Vigna unguiculata, ND Gronemeyer et al.
hypogaea Vigna subterranea (2015a)
B. tropiciagri CNPSo Brasil Neonotonia Neo\r;&to:rl?vvl\l/lg;::t;lo, Ti?iztjsr.;ol us ST Delamuta et al.
1117 (S&o Paulo) wightii gans, P y (2015)
atropurpureum
B. embrapense CNPSo Colombia Desmodium D Sﬁmarrlieterl\z)ggrgog I,i E;amol us Glycine max, Delamuta et al.
2833 heterocarpon garis, P Neonotonia wightii (2015)
atropurpureum
L . Brasil Centrosema Helene et al.
B. viridifuturi SEMIA 690" (Rio de Janeiropubescens Centrosema pubescens ND (2015)
B. guangdongense CCBAU China Arachis Arachis hypogaea, LabI_ab purpureus, ND Li et al. (2015)
51649 hypogaea Aeschynomene indica
B. guangxiense CCBAU . Arachis Arachis hypogaea, Lablab purpureus, .
53363 S hypogaea Aeschynomene indica ND Lt e, (20s)
i Vigna Vigna subterranea, Vigna Gronemeyer et al
B. kavangense 14-3 Namibia unguiculata unguiculata, Arachis hypogaea, ND (2015b)

Lablab purpureus.
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“Tabela 1, conclusao”

. . . Origem Hospedeiro Nodulacéo Referéncias
Espécies/Estirpe tipo e ; — _
geogréfica  de origem Positiva Negativa
Vigna Vigna subterranea, Vigna Grénemever et al
B. vignae 7-2" Namibia gne unguiculata, Arachis hypogaea, ND 4 '
unguiculata (2015c)
Lablab purpureus

*B. denitrificans foi isolada de agua superficial de um lago B*oligotrophicum foi isolada diretamente de solo sob plantagcéo dezaND -
N&o determinado.
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Em estudos de descricdo de novas espéciddratyrhizobium, a
caracterizacdo fenotipica € baseada em variosste®® principais sao:
toleréncia a diferentes valores de pH, temperawancentracdes de NacCl,
resisténcia a antibioticos, utilizacdo de diferenfentes de carbono e
nitrogénio, além da caracterizacdo morfologica lael(iTabela 2). Jordan
(1982) foi o primeiro a aplicar esses testes nargé® deB. japonicum.
Testes quimiotaxondmicos como: determinagdo da ositgo de acidos
graxos e, principalmente, do teor de guanina (Qitesina (C) (mol%)
também séo bastante utilizados. Este ultimo fate gk recomendacao para
descrigdo padrédo na taxonomia bacteriana (STACKBBRR et al., 2002).
Estirpes com diferengas em mais de 5% no teor dé G40 devem ser
considerados da mesma espécie, e aqueles com enaid%a de diferenca
ndo devem ser classificados dentro do mesmo gén@&odLL;
GOODFELLOW; SLATER, 1992).

Recentemente, novas técnicas de caracterizacadipieno de
estirpes deéBradyrhizobium, como a analise de ionizacdo/dessorcédo a laser
assistida por matriz acoplada a espectrometria alssanpor tempo de voo
(MALDI-TOF MS - Matrix-assisted laser desorptionnization—time-of-
flight mass spectrometry) tem sido sugerida (DURAN al., 2014b;
SANCHEZ-JUANES et al., 2013). Essa andlise permibea rapida e
confiavel caracterizagdo dos perfis proteicos taristicos de cada estirpe
bacteriana, permitindo, assim uma boa discriminagéitve espécies, e
também entre estipes Beadyrhizobium (SANCHEZ-JUANES et al., 2013;
DURAN et al., 2014b).

De uma maneira geral, a caracterizagdo fenotisodadamente,
tem aplicabilidade limitada na definicdo da posit@@ndmica. No entanto,
continua até hoje sendo de extrema importancias foinece dados
complementares aos dados genotipicos na descegdovds espécies.

Os métodos genotipicos compreendem vérias andlisssonadas
ao estudo das moléculas de RNA ou DNA. Técnicakialagia molecular

utilizadas na caracterizacdo genotipica de BFNNknam possivel
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determinar objetivamente as diferencas inter e ipfneros e/ou espécies, as
quais ndo eram possiveis de determinar utilizaed@genas métodos

fenotipicos.
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Tabela ZTestes fenotipicos e bioquimicos usados na calzaép e identificacdo de estirpes tipdBdadyrhizobium. Tolerancia
a diferentes condi¢Bes de temperatura (1), satieid2) e pH (3); sensibilidade a antibioticos ésimilacao de fontes
de carbono (5); assimilacéo de nitrogénio (6); cddude nitrato (7); atividade da urease (8); modial da célula (9);
conteudo de guanina + citosina (G+C) no DNA (1@)fibde acidos graxos (11); perfil de lipideo pald2); quinonas
respiratérias (13); sorologia (14), reacdo LitmugkNIL5); reacdo Voges-Proskauter (16); Toleraricieorantes (17);
EPS (18); SDS-PAGE (19), MALDI TOF MS (20). Testesalizados nos trabalhos de descricdo de cadaiespéc

Espécies/Estirpes tipo 1 2 3 4 5 6 7 8 9 1a1 12 1314 15 16 17 18 19 20

B. japonicum LMG 6138 X X X

B. elkanii LMG 6134

B. liaoningense LMG 18230
B. yuanmingense LMG 21827
B. betae LMG 21987

B. canariense LMG 22265

B. denitrificans LMG 8443

B. iriomotense EK05"

B. jicamae PAC68

B. pachyrhizi PAC48

B. lablabi CCBAU 23086

B. cytis CTAW11

B. huanghuaihaiense CCBAU23303
B. dagingense CCBAU 15774
B. oligotrophicum LMG 10732
B. rifense CTAW71"

X X X X X X X

X
X
X

X x X X X
<
<

X X X X
X X x X
X
X
X X X X

X x X x X x
X X x X x X
x X x X

X X X X X X X X X X X X x X
X X X X x X X

X X X X X X X X X

x X X X x X x X x X X X x X
x X X X x X x X x X X

X X X X 5 X 5w X X X X X X X
X X X X s X o X X



“Tabela 2, continua”

Espécies/Estirpes tipo 7 8 9 1a1 12 1314 15 16 17 18 19 20
B. retamae Ro19" X X X X X X X x X X

B. arachidis CCBAU 051107 X X X X X X X x X X X X X X

B. diazoefficiens USDA 110" X X X X X X X x X X X

B. paxllaeri LMTR 21" X X X X X X X x X X X

B.icense LMTR 13" X X X X X X x X X X

B. ganzhouense RITF806" X X X X X X X X X X X X
B. manausense BR 3351" X X X X X X X X

B. ottawaense 0099" X X X X X X X X

B. valentinum LmjM3 " X X X X X X X X X X
B. ingae BR 10250 X X X X X X X X

B. neotropicale BR 10247" X X X X X X X X

B. erythrophlei CCBAU 53325 X X X X X X X

B. ferriligni CCBAU 51502 X X X X X X X

B. subterraneum 58 2-1T X X X X X X X

B. tropiciagri CNPSo 1112 X X X X X X X X

B. embrapense CNPSo 2833 X X X X X X X X

B. viridifuturi SEMIA 690" X X X X X X X X

B. guangdongense CCBAU 51649 X X X X X X X X

B. guangxiense CCBAU 53363 X X X X X X X X

B. kavangense 14-3" X X X X X X X X

31
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Espécies/Estirpes tipo

7

8 9 111

12 1314 15 16 17 18 19 20

B. vignae 7-2"

X X X

32
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Varias técnicas vém sendo empregadas na caracBiganética de
espécies de Bradyrhizobium, como: RAPD (Random Amplified
Polymorphic DNA), AFLP (Amplified Fragment Lengtholgmorfism),
RFLP (Restriction Fragment Length Polymorphis) dgido do DNA que
codifica 0 gene 16S rRNA e da regido intergénideeens genes 16S e 23S
rRNA, PCR de sequéncias repetitivas de DNA (rep-RPC&etitive DNA
elements) conprimers especificos, como o BOX e REP (Tabela 3). A
aplicagdo dessas técnicas permite indicar diveisidantre estirpes de
Bradyrhizobium pertencentes a diferentes grupos e/ou pertencentas
mesmo grupocontudo, ndo permite determinar a sua posicao femima.

Em estudos de taxonomia bacteriana, o sequenciardergene 16S
rRNA tem sido amplamente empregado, pois esse genstitui um
excelente marcador molecular (WOESE; KANDLER; WHEE,[1990). No
entanto, a variacdo genética entre as sequéncize dene € geralmente
baixa, ndo tendo, portanto, boa resolucdo paraedifeacdo a nivel de
espécie. Para o géneBoadyrhizobium, diversos estudos téproposto, além
do gene 16S rRNA, o sequenciamento de genes haysegeatpD, dnak,
glnll, gyrB, recA e rpoB), ou regifes ribossomais, como o gene 23S rRNA e
0 espaco transcrito intergénico entre os geneselB®3ES rRNA (ITS) para
obtencdo de uma melhor resolucdo a nivel de esBUMARAES et al.,
2015; MENNA et al., 2009; RIBEIRO et al., 2015; RAS et al., 2009;
SILVA et al., 2014b; STEPKOWSKI et al., 2005; VINSE et al., 2005a;
WILLEMS; COOPMAN; GILLIS, 2001b). Essas andlisespnesentam,
juntamente com a andlise de hibridizacdo DNA-DN#pdncipais métodos
genotipicos aplicados na caracterizacdo e idesmtic das estirpes tipo de
Bradyrhizobium j& descritas (Tabela 3).

Os genes housekeeping sdo genes responsaveis podesu
metabdlicas fundamentais para o funcionamento aeluncontram-se
amplamente distribuidos no genoma bacteriano esséigpre expressos
(STACKEBRANDT et al, 2002; ZEIGLER., 2003). Em @dbs

relacionados a diversidade de estirpes do géBeadyrhizobium, 0os genes
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housekeepingatpD, dnaK, gInll, gyrB, recA e rpoB tém sido os mais
utilizados (DELAMUTA et al., 2012; GUIMARAES et aR015; ISLAM et
al.,, 2008; MENNA et al., 2009; VINUESA et al., 2@G05VINUESA et al.
2008; RIBEIRO et al., 2015; RIVAS et al. 2009). Dsdesses genes sdo
codificadores de importantes proteinastfD codifica para a subunidafie
da membrana da ATP sintasajnaK codifica para proteina Hsp70 da classe
chaperone, @inll codifica para a subunidagleda proteina DNA girase, 0
gyrB codifica para topoisomerase Il,recA codifica para a recombinase A,
envolvida na recombinacdo de sequéncias compleraerda DNA e opoB

codifica para a subunidafieda proteina RNA polimerase.
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Tabela 3 Andlises moleculares usadas na camzatén e identificacdo de estirpes tipdBdadyrhizobium: 1 (16S rRNA); 2 (23S

rRNA); 3 (ITS 16S-23S rRNA); 4 (IGS 16S-23S rRNA)(nodA); 6 (nodC); 7 (nodD); 8 (nifH); 9 (virA)0l(pufM); 11
(atpD); 12 (giInll); 13 (recA); 14 (dnaK); 15 (rpaB)6 (gyrB); 17 (Restriction Fragment Length Polyfism - RFLP);
18 (Random Amplification of Polymorphic DNA - RAPD]9 (rep-PCR); 20 (BOX-PCR); 21 (Amplified Fragrhen
Length Polymorfism - AFLP); 22 (Multilocus EnzymdeEtrophoresis MLEE); 23 (DNA-DNA hybridization),42
(Average Nucleotide Identity - ANI). Testes reatlpa nos trabalhos de descricdo de cada espécie

Espécies/ Estirpe tipo 1234567 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
B. japonicum LMG 6138 X
B. elkanii LMG 6134 X X X
B. liaoningense LMG 18230 x X
B. yuanmingense LMG X X X
21827

B. betae LMG 21987 X X X X X X X
B. canariense LMG 22265 X X X X X X X X X X
B. denitrificans LMG 8443  x X X X X

B. iriomotense EK05" X X X X X X X X X X
B. jicamae PAC68 X X X X X X X X
B. pachyrhizi PAC48 X X X X X X X X
B. lablabi CCBAU 23086  x X X X X X X X X X
B. cytis CTAW11 X X X X X X X X
B. huanghuaihaiense X X X X X X X
CCBAU23303 x X X

B. dagingense CCBAU X X X X X X
15774 x X X

B. oligotrophicum LMG X X X X X

10732



“Tabela 3, continua”
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Espécies/ Estirpe tipo 12 3456 7 8 10 11 12 13 14 15 16 17 18 19 20 21 22 23
B. rifense CTAW71' X X X X X
B. retamae Ro19 X X X X X X
B. arachidis CCBAU X X X X X X X
051107 X X
B. diazoefficiens USDA 110 x X X X X X X X
B. paxllaeri LMTR 21" X X X X X X X X
B.icense LMTR 13" X X X X X X X X
B. ganzhouense RITF806 X X X X X X X
B. manausense BR 3351 X X X X X X X X X
B. ottawaense 0099 X X X X X X X X X
B. valentinum LmjM3" X X X X X X X
B. ingae BR 10250 X X X X X X X X X
B. neotropicale BR 10247 X X X X X X X X X
B. erythrophlei CCBAU X X X X X
53325 X X
B. ferriligni CCBAU 51502  x X X X X X X
B. subterraneum 58 2-1 X X X X X X X X X
B. tropiciagri CNPS01112  x X X X X X X X X X
B. embrapense CNPS02833  x X X X X X X X X X
B. viridifuturi SEMIA 690 X X X X X X X
B. guangdongense CCBAU
51649 X X X X X X
B. guangxiense CCBAU

X X X X X X

53363

24
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“Tabela 3, conclusao”

Espécies/ Estirpe tipo 12 34567 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
B. kavangense 14-3" X X X X X X X X X X
B. vignae 7-2" X X X X X X X X X X
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De maneira geral, no géneRBradyrhizobium, as sequéncias dos
genes housekeeping mencionados acima apresentam diveayéncia
genética bem maior em relacdo as sequéncias do IE®aRNA, mas
conservam-se o suficiente para manter a informgeéética, e por isso séo
considerados marcadores filogenéticos alternatipasa uma melhor
discriminacéo entre estirpes (VINUESA et al. 20B8/AS et al. 2009). A
combinagdo de sequéncias de trés ou mais geneskeeping em uma
analise concatenada, ou seja, uma andlise de s#agiémultiiocus (MLSA),
tem gerado informacgBes precisas sobre as relagdogenéticas dentro do
géneroBradyrhizobium, e indicado grupos com estirpes representativas de
novas espeécies (DELAMUTA et al, 2012; GUIMARAES &, 2015;
RIBEIRO et al., 2015; RIVAS et al., 2009; STEPKOWS# al., 2005;
VINUESA et al., 2005a), que deverdo ser avaliadata mnalise de
hibridizacdo DNA-DNA para confirmacao.

A hibridizacdo DNA-DNA é uma técnica baseada em ganacoes
das sequéncias do genoma de diferentes organisnfos, de calcular as
suas semelhancas genéticas em geral (STACKEBRAMIDEBEL, 1994).
Essa técnica é recomendada como um critério padradescricdo de uma
nova espécie de bactéria e valores de hibridiz¢&a-DNA inferiores a
70% séo indicativos de novas espécies (WAYNE efl@B7). No entanto, €
uma técnica que requer uma grande quantidade ded@N#ta qualidade, o
que muitas vezes ndo é facilmente obtido a paeirestirpes do género
Bradyrhizobium (WILLEMS; COOPMAN; GILLIS, 2001a). Além disso, é
muito trabalhosa tecnicamente e realizada em pdabosatorios do mundo.
Considerando essas limitacdes, € recomendavelajadeita, previamente,
uma selecdo, através da andlise de ITS (16S-23R\)rRIdu de genes
housekeeping em uma abordagem multilocus, de estipptencialmente
representativas de novas espécies, buscando-seudind numero de
experimentos de hibridizacdo DNA:DNA necessériosa pigentificacdo
taxondmica de uma nova espécie (MARTENS et al082WWILLEMS;
COOPMAN; GILLIS, 2001b).
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A andlise de ANI (Average Nucleotide Identity —itidade Média
de Nucleotideos) das sequéncias do genoma bactddaproposta como
uma alternativa para substituir a analise de hHiagio DNA-DNA na
taxonomia bacteriana (GORIS et al, 2007), e temo sutilizada,
recentemente, na descricdo de novas espécies @oodgmradyrhizobium
(DELAMUTA et al., 2013; DURAN et al., 2014a, 2014HELENE et al.,
2015).

2.4 Ocorréncia e diversidade do géner®radyrhizobium em solos de

ecossistemas brasileiros

Em ecossistemas brasileiros, o génBradyrhizobium destaca-se,
pois além de compor um grupo de BFNNL identificagim nddulos
radiculares de vérias espécies de leguminosas eseaptar ampla
distribuicdo geografica, forma simbiose eficienbencdiversos hospedeiros
nativos e exoticos. Estudos desenvolvidos em sales diferentes
ecossistemas e/ou regides brasileiras tém mogtradominancia do género
Bradyrhizobium entre os géneros de BFNNL isolados (ARAUJO et al.,
2015; GRANADA et al., 2015; GUIMARAES et al., 201.PARAMILLO et
al,. 2013; LIMA et al., 2009; MOREIRA et al, 1993OREIRA,
HAUKKA; YOUNG, 1998; RIBEIRO et al., 2015; RUFINItel., 2013;
SILVA et al., 2012).

Cerca de 800 estirpes isoladas de nodulos de vasipécies de
leguminosas florestais das trés subfamilias: Cpiesaideae, Mimosoideae
e Papilionoideae na regido Amazoénica e Mata Attantdo Brasil foram
caracterizadas culturalmente e a maioria delasapireu crescimento lento
ou muito lento e capacidade de alcalinizar o meicdtura (MOREIRA,
1991; MOREIRA et al.,, 1993). Posteriormente, 171ssds estirpes,
representantes culturais de diferentes grupos deergdincia de
Leguminosae, foram estudadas quanto a diversidadelacao ao perfil de
bandas de proteinas totais obtidas por SDS-PAG#&®oDodecyl Sulfate

Polyacrylamide Gel Electrophoresis) e comparadadaawo de dados da
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Universidade de Ghent, na Bélgica. Dentre essaB, fatam agrupadas
dentro do génerdradyrhizobium (MOREIRA et al., 1993). A posicdo
taxonbmica detd estirpes representantes dos grupos formadostia g
andlise de SDS-PAGE foram estudadas por Moreirajkkéa e Young
(1998) através do sequenciamento parcial do ger® rBRNA, e esses
autores confirmaram a validade de identificagdo B@S-PAGE e a
predominancia de estirpes do géndéadyrhizobium entre as estirpes
estudadas.

A partir da andlise do padrdo de bandas obtido Si8-PAGE
(LIMA; PEREIRA; MOREIRA, 2005) e da andlise filog&tica do gene 16S
rRNA (LIMA et al., 2009) de estirpes de isoladasndelulos de siratro em
solos da regido Amazonica Ocidental, verificou+sglpminancia do género
Bradyrhizobium e alta diversidade entre as estirpes desse géheimaraes
et al. (2012) e Jaramillo et al. (2013), traballamodm estirpes também
isoladas dessa regido, utilizado feijdo-caupi cqiamta isca, verificaram
predominancia do géner8radyrhizobium, através do sequenciamento
parcial do gene 16S rRNA, e alta diversidade eestrpes, através da
analise rep-PCR (BOX).

A caracterizacdo morfofisioldégica de 417 estirpgdadas de soja
em cinco areas sob uso frequente de inoculanteim@Rinde do Sul foi
realizada por Giongo et al. (2008). Dessa colecEd) estirpes que
apresentavam crescimento lento e reacdo alcalinamem 79 foram
avaliadas quanto a diversidade genética, atravéandése de rep-PCR
(ERIC e BOX) e AFLP e comparadas com as quatrepestiinoculantes:
SEMIA 587, SEMIA 5019 B. elkanii), SEMIA 5079 B. japonicum) e
SEMIA 5080 B. diazoefficiens). Estes autores verificaram alta diversidade
entre as estirpes estudadas, o que indica que ddénestirpes utilizadas
como inoculante havia presenca de estirpes natieaBradyrhizobium.
Bizarro et al. (2011), também estudando a varidduilé genética pela anélise
de rep-PCR (ERIC, REP e BOX) de 75 estirpe8rdlyrhizobium isoladas

de soja em solos inoculados do Rio Grande do Stficagam alta
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diversidade genética entre as estirpes, e apen¥s r@bstraram alta
similaridade com estirpes inoculantes da soja.v&sala analise de rep-PCR
(BOX), Vargas et al. (2007) constataram a formadgioez grupos distintos
de estirpes dBradyrhizobium isoladas de nédulos de acécia-negra, em cinco
regides no estado do Rio Grande do Sul.

A partir de uma colegdo de 188 estirpes de nodigoeijdo-caupi
cultivado com solos da Amazénia sob diferentegsiat de uso, incluindo
floresta nativa, areas em recuperagcdo e monocultbfa estirpes
representativas de diferentes areas foram estudpdasto a diversidade
genética e ao posicionamento filogenético, atragiéssequenciamento
parcial do gene 16S rRNA (SILVA et al., 2012). En&ssas estirpes, 46
foram identificadas como pertencentes ao gén@&madyrhizobium.
Posteriormente, a analise filogenética dos geneasekeepingginll, recA,
rpoB, dnaK, gyrB indicou que 6 estirpes desse grupo pertenciam aavo
grupo dentro d@radyrhizobium, e a analise de hibridizacdo de DNA-DNA
confirmou essa indicacdo, sendo assim, proposta umam espécie
(Bradyrhizobium manausense) (SILVA et al. 2014a). Outras duas espécies
de Bradyrhizobium, oriundas de solos da Amazénia, foram recentemente
descritasB. ingae, isolada de nodulo dega laurina (SILVA et al., 2014b)

e B. neotropicale, isolada de ndédulo deentrolobium paraense (ZILLI et al.,
2014).

Além das trés espécies oriundas de solos da Anmzéxistem mais
duas espécies dBradyrhizobium atualmente descritas, oriundas de solos
brasileiros:B. tropiciagri, isolada de nodulo d€eonotonia wightii em solo
do estado de Sao Paulo (DELAMUTA et al., 2015, ®iridifuturi, isolada
de nodulo deCentrosema pubescens em solo do estado do Rio de Janeiro
(HELENE et al., 2015). Esse impulso na taxonomiasigecies do género
Bradyrhizobium isoladas de solos brasileiros nos ultimos anog-devaos
avancos nas técnicas da biologia molecular, edpeside 0 sequenciamento
de genes housekeeping, que tem permitido selecipupos representativos

de novas espécies.
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Alta variabilidade genética foi detectada por Merhal. (2009) ao
realizarem o sequenciamento parcial de genes heesielg étpD, dnak,
ginll, e recA) de 40 estirpes (23 de origem brasileira) isolatiasliferentes
espécies leguminosas. Nesse estudo, foram idewlific varios grupos
filogeneticamente distantes das estirpes tipo daspéokes de
Bradyrhizobium. Delamuta et al. (2012) também detectaram, atraees
sequenciamento de genes housekeepiegA( atpD, ginll, gyrB e rpoB),
alta diversidade genética entre 12 estirpeBraeyrhizobium (6 de origem
brasileira) isoladas de diferentes espécies legusag Posteriormente uma
dessas estirpes (SEMIA 6148) foi descrita como umo&a espécie
(Bradyrhizobium tropiciagri) (DELAMUTA et al., 2015).

Em trabalho conduzido por Perrineau et al. (20&f), solos dos
estados de S&o Paulo e Rio de Janeiro, em areasocétadas e inoculadas
comB. elkanii, foram obtidas 79 estirpes 8eadyrhizobium de nédulos de
Acacia mangium. Através do sequenciamento de trés genes housegeep
(ginll, dnaK e recA) verificou-se que a maioria das estirpes foi agdap
com a espéciB. elkanni, o que indica uma preferencialidadeAdenangium
por esse microssimbionte. Ressalta-se que 39 destsigees foram oriundas
de solos que nunca haviam sido inoculados, o glieaira ocorréncia natural
dessa espécie deadyrhizobium em ecossistemas brasileiros. Granada et al.
(2015), ao avaliarem 74 estirpes Biadyr hizobium simbiontes de.upinus
albescens em solos da regido sul do Brasibnstataram alta diversidade
genética, através do sequenciamento dos geneskhepsggdnaK, atpD,
recA, ginll, rpoB e gyrB. Nesse estudo verificou-se a formacdo de novos
grupos que possivelmente representam novas espé@eadyr hizobium.

Um total de 50 estirpes dBradyrhizobium isoladas de espécies
leguminosas em diferentes ecossistemas brasileimsplos da Amazénia e
Minas Gerais, identificadas em estudo pelo nosapayde trabalho prévio
(GUIMARAES et al., 2012; JARAMILLO et al,. 2013; MREIRA et al,
1993; MOREIRA, HAUKKA; YOUNG, 1998; RUFINI et al2013) foram

analisadas quanto a diversidade genética atravésedoenciamento de
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genes housekeepingtD, dnaK, gyrB e recA) por Guimardes et al. (2015).
As andlises filogenéticas desse estudo mostraranrdadersidade genética
entre as estirpes, e indicaram varios grupos cdirpes potencialmente
representativas de novas espécies. A posicao taMoamdde dois desses
grupos esté incluida nos objetivos deste trabalho.

Em outro estudo recente desenvolvido pelo nossmogie trabalho,
46 estirpes de bactérias fixadoras de nitrogémiadss de nodulos de soja
inoculada com solos de diferentes regides brassle(Nordeste, Centro
Oeste, Sudeste e Sul), com histérico de inoculagéo as estirpes SEMIA
587, SEMIA 5019 B. elkanii), SEMIA 5079 B. japonicum) e SEMIA 5080
(B. diazoefficiens), foram identificadas comBradyrhizobium sp., por meio
do sequenciamento parcial do gene 16S rRNA e egizatlas com base na
analise de sequéncia multilocus (MLSA) de genessékaeping dtpD,
dnaK, gyrB, recA erpoB) (RIBEIRO et al., 2015). Essa andlise indicou dois
NoVos grupos, 0s quais também sdo objetivos dedsaHo.

De maneira geral, ainda sdo poucos 0s estudos vpleam a
ocorréncia e a diversidade genética do gémBeemlyrhizobium no Brasil,
especialmente no Centro Oeste e Nordeste. No entastinformacdes ja
disponiveis na literatura séo suficientes paranafirque esse género ocorre
naturalmente em ecossistemas brasileiros, pois @mosvtrabalhos aqui
apresentados, realizados em diferentes regidesaj@ag, as estirpes de
Bradyrhizobium foram isoladas em florestas nativas ou areasagsicem
historico de uso de inoculantes. Mesmo em alguaisalihos em que as
bactérias foram isoladas de areas inoculadas,efecthda alta diversidade
genética, o que indica a ocorréncia de estirpagasatambém nessas areas.
A ocorréncia natural dBradyrhizobium em ecossistemas brasileiros conflita
com relatos de alguns trabalhos (LOPES; GIARDINIIHK, 1976;
MARTINEZ-ROMERO; CABALLERO-MELLADO, 1996) indicandaue
os solos brasileiros eram originalmente desprovidactérias do género
Bradyrhizobium, e estas foram introduzidas a partir do uso nareutia soja

de inoculantes com estirpes exéticas, que se disaeEam pelo pais.
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2.5 Eficiéncia deBradyrhizobium em simbiose com espécies leguminosas

em ecossistemas brasileiros

A familia Leguminosae (Fabaceae), de maneira geralpntra-se
bem representada em ecossistemas brasileiros, aaegtéo incluidas
diversas espécies de porte herbaceo, arbustivibdtea que séo capazes de
estabelecer simbiose com BFNNL. A inoculagdo deé@sp leguminosas
com estirpes de BFNNL selecionadas, além de prap@c economia no
uso de fertilizantes nitrogenados, reduz os imgagtovocados pelo manejo
inadequado desses fertilizantes. A selecédo tenoipjetivo a obtencdo de
estirpes eficientes na FBN, adaptadas a diversadig@ies edafoclimaticas,
competitivas frente as populagbes nativas de BFNdIo) capacidade de
estabelecer simbiose com diferentes hospedeirosiee agresentem alta
estabilidade genética.

Dentre os géneros de BFNNL que ocorrem no Brasil, o
Bradyrhizobium tem grande destaque visto a sua capacidade delestr
simbiose eficiente com diversas espécies de legqgas de importancia
agricola, pastoril e florestal. Uma grande vantagksse género € que a
maioria dos seus genes de nodulacdo e fixacaotrdgénio localiza-se no
cromossomo, e com isso sdo mais estaveis, ou 1&fa,sdo perdidos
facilmente em condi¢cbes adversas (MOREIRA; SIQUEIRA06). Essa
caracteristica é extremamente importante para gstirpe selecionada ndo
perca a eficiéncia simbiotica ao longo dos anos.

No Brasil, estirpes de BFNNL ja foram selecionadaasutorizadas
pelo MAPA para producdo de inoculantes de 83 espéldguminosas
(BRASIL, 2011). Dentre essas, 25 espécies herbdpeadutoras de graos,
adubacdo verde e forrageiras) e 27 espécies asb@@ssuem estirpes
inoculantes pertencentes ao gén@&adyrhizobium. Entre as espécies
leguminosas produtoras de graos que possuem estimpeulantes desse
género tem-se a soj&lf/cine max) e o feijdo-caupi\(igna unguiculata). O

melhor exemplo de contribuicdo do génemradyrhizobium em
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agroecossistemas brasileiros € para a culturajdaem que a inoculacao
com estirpes desse género substitui totalmente wbagéo quimica
nitrogenada, o que representou, em 2006, uma edamara o pais de cerca
de USS$ 3,3 bilhdes, considerando uma area de 2besilde hectares, onde
se produziu 57 milhdes de toneladas de grédos (MRRE2010).

Para o feijao-caupi, diversos trabalhos tém mosteadontribui¢céo
da inoculacdo com estirpes autorizadas pelo MARA pasa cultura (INPA
03-11B, UFLA 03-84 e BR 3267), na substituicdo ltada adubacgao
nitrogenada, em diferentes regides brasileiras [@O%t al., 2011,
LACERDA et al., 2004; MARINHO et al., 2014; SOARES al., 2006;
ZILLI et al., 2009). O fornecimento de nitrogéniara essa cultura via
inoculacdo com estirpes eficientes representa umpartante estratégia na
reducdo dos custos de producdo, uma vez que eaclatprincipalmente por
pequenos e médios produtores. No entanto, a ghlizde inoculantes ndo é
uma pratica comum no cultivo dessa e de outras riautes espécies
leguminosas de graos, adubacdo verde, forrageirasbéreas que ja
possuem estirpes selecionadas.

Com excecao da soja, a recomendacao das estigmsgantes para
as demais espécies leguminosas foi baseada emspexgerimentos e em
condi¢cBes edafoclimaticas particulares. Assim,texasnecessidade de mais
estudos que visem testar a eficiéncia simbidticaesdirpes j& selecionadas
em diferentes ecossistemas, e também a selec&uvds estirpes eficientes
para culturas de interesse. Como exemplo de umaniegsa de graos de
interesse agricola, principalmente para a regiaméste, pode-se citar o
feijio-fava Phaseolus lunatus L.), uma cultura capaz de estabelecer
simbiose eficiente conBradyrhizobium e outros géneros de BFNNL em
solos brasileiros (SANTOS et al., 2011; ARAUJO kt 2015), contudo,
ainda ndo ha estirpes selecionadas para otimipsoaesso de FBN nessa

cultura.



46

REFERENCIAS

ARAUJO, A. S. F. et al. Diversity of native rhizabhodulatingPhaseolus
lunatus in Brazil. Legume ResearchNew Delhi, v. 38, n. 5, p. 653-657.
Oct. 2015.

ARDLEY, J. K. et alMicrovirga lupini sp. nov.Microvirga lotononidis sp.
nov., andviicrovirga zambiensis sp. nov. ardlphaproteobacterial root
nodule bacteria that specifically nodulate andhfikogen with
geographically and taxonomically separate legunststioternational
Journal of Systematic and Evolutionary Microbiology, Reading, v. 62, n.
11, p. 2579-88, 2012.

BIZARRO, M. J. et al. Genetic variability of soylrebradyrhizobia
populations under different soil managemeBtslogy and Fertility of
Soils Berlin, v. 47, n. 3, p. 357-362, 2011.

BRASIL. Ministério da Agricultura, Pecuaria e Abasitnento.nstrucao
normativa n° 13 de 24 de marco de 2011. Disponivel em:
<http://www.inmetro.gov.br/barreirastecnicas/poaotail/..%5Cpontofocal%
5Ctextos%5Cregulamentos%5CBRA_347_ADD_1.pdf>. Acess: 12
dez. 2015.

BULL, A. T.; GOODFELLOW, M.; SLATER, J. H. Biodiveity as a source
of innovation in biotechnologyAnnual Review of Microbiology, Palo
Alto, v. 46, p. 219-252, 1992.

CARSON, K. C. et al. Siderophore and organic actdipction in root
nodule bactériaArchives of Microbiology, Berlin, v. 157, n. 3, p. 264-271,
1992.

CHAHBOUNE, R. et alBradyrhizobium cytisi sp. nov. isolated from
effective nodules ofytisus villosus. International Journal of Systematic
and Evolutionary Microbiology, Reading, v. 61, n. 12, p. 2922-2927, 2011.

CHAHBOUNE, R. et alBradyrhizobiumrifense sp. nov. isolated from
effective nodules ofytisus villosus grown in the Moroccan RifSystematic
and Applied Microbiology, Stuttgart, v. 35, n. 5, p. 302-305, 2012.



47

CHANG, Y. L. et al.Bradyrhizobium lablabi sp. nov., isolated from
effective nodules ofablab purpureus andArachis hypogaea. International
Journal of Systematic and Evolutionary Microbiology, Reading, v. 61, n.
10, p. 2496-2502, 2011.

CHEN, W. M. et al. Ralstonia taiwanensis sp. nswldted from nodules of
Mimosa species and sputum of a cystic fibrosisepatinternational
Journal of Systematic and Evolutionary Microbiology, Reading, v. 51, n.
5, p. 1729-1735, 2001.

CHEN, W. X.; YAN, G. H.; LI, J. L. Numerical taxon@c study of
fastgrowing soybean rhizobia and a proposalRhitobium fredii be
assigned t@norhizobium gen. novinternational Journal of Systematics
Bacteriology, Ames, v. 38, n. 4, p. 392-397, 1988.

COMMINGS, S. P. et al. Nodulation of Sesbania sgebyRhizobium
(Agrabacterium) strain IRBG74 and other rhizobianvironmental
Microbiology, Washington, v. 11, n. 10, p. 2510-2525, 2009.

COSTA, E. M. et al. Nodulac&o e produtividadéviigna unguiculata (L.)
Walp. por cepas de rizébio em Bom JesusRBlista Ciéncia
Agron6mica, Fortaleza, v. 42, n. 1, p. 1-7, 2011.

COSTA, E. M. et al. Phosphate-solubilising bacterihancedryza sativa
growth and nutrient accumulation in an oxisol fea#d with rock phosphate.
Ecological Engineering Oxford, v. 83, n.1, p. 380-385, 2015.

COSTA, E. M. et al. Promocéo do crescimento vegethlersidade
genética de bactérias isoladas de nddulos de g pi.Pesquisa
Agropecuéria Brasileira, Brasilia v. 48, n. 9, p. 1275-1284, 2013.

DE LAJUDIE, P. et alAllorhizobium undicola gen. nov., sp. nov. Nitrogen
fixing bacteria that efficiently nodulatéeptunia natans in Senegal.
International Journal of Systematic Bacteriology Ames, v. 48, n. 4, p.
1277-1290, 1998.

DELAMUTA, J. R. M. et al Bradyrhizobium tropiciagri sp. nov. and
Bradyrhizobium embrapense sp. nov., hitrogen-fixing symbionts of tropical



48

forage legumednternational Journal of Systematic and Evolutionary
Microbiology, Reading, v. 65, n. 12, p. 4424-4433, 2015.

DELAMUTA, J. R. M. et al. Multilocus sequence argf/(MLSA) of
Bradyrhizobium strains: revealing high diversity of tropical di&zphic
symbiotic bacteriaBrazilian Journal of Microbiology , S&o Paulo, v. 43, n.
12, p. 698-710, 2012.

DELAMUTA, J. R. M. et al. Polyphasic evidence supp the
reclassification of Bradyrhizobium japonicum grdagstrains as
Bradyrhizobium diazoefficiens sp. novlinternational Journal of

Systematic and Evolutionary Microbiology, Reading, v. 63, n. 9, p. 3342-
3351, 2013.

DREYFUS, B.; GARCIA, J. L.; GILLIS, M. Characterizan of

Azor hizobium caulinodans gen. nov. sp. hov., a stem-nodulating nitrogen-
fixing bacterium isolated froresbania rostrata. International Journal of
Systematics BacteriologyAmes, v. 38, n.1, p. 89-98, 1988.

DURAN, D. et al.Bradyrhizobium paxllaeri sp. nov. andradyr hizobium
icense sp. nov., nitrogen-fixing rhizobial symbionts dfiia bean Phaseolus
lunatus L.) in Peru.lnternational Journal of Systematic and Evolutionaty
Microbiology, Readingv. 64, n. 6, p. 2072-2078, 2014a.

DURAN, D. et al Bradyrhizobium valentinum sp. nov., isolated from
effective nodules ofupinus mariae-josephae, a lupine endemic of basic-
lime soils in Eastern SpaiBystematic and Applied Microbiology
Stuttgart, v. 37, n. 5, p. 336-341, 2014b.

FRANK, B. Ueber dies pilzsymbiose der leguminoderichte der
Deutschen Botanischen Gesellschafbtuttgart, v. 7, n. 8, p. 332-346, 1889.

FRED, E. B.; WAKSMAN, S. AlLaboratory manual of general
microbiology. New York: McGraw-Hill Book, 1928. 145 p.

GIONGO, A. et al. Evaluation of genetic diversitybmadyrhizobia strains
nodulating soybear@ycine max (L.) Merrill] isolated from South Brazilian
fields. Applied Soil Ecology, Amsterdam, v. 38, n. 3, p. 261-269, 2008.



49

GORIS J. et al. DNA-DNA hybridization values aneéittrelationship to
whole-genome sequence similaritiegernational Journal of Systematic
and Evolutionary Microbiology, Reading, v. 57, n. 1, p. 81-91, 2007.

GRAHAM, P. H. et al. Proposed minimal standardstier description of
new genera and species of root and stem nodullagicigrialnternational
Journal of Systematic Bacteriology Ames, v. 41, n. 4, p. 582-587, 1991.

GRANADA et al. Multilocus sequence analysis reveakonomic
differences amonBradyrhizobium sp. symbionts of upinus albescens
plants growing inarenized and non-arenized ai®gstematic and Applied
Microbiology, Stuttgart, v. 38, n. 5, p. 323-329, 2015.

GRONEMEYER, J. L. et aBradyrhizobium subterraneum sp. nov., a
symbiotic nitrogen-fixing bacterium from root nodalof groundnuts.
International Journal of Systematic and Evolutionary Microbiology,
Reading, v. 65, n. 10, p. 3241-3247, 2015a.

GRONEMEYER, J. L. et aBradyrhizobium kavangense sp. nov., a
symbiotic nitrogen-fixing bacterium from root nodalof traditional
Namibian pulsednternational Journal of Systematic and Evolutionaty
Microbiology, Reading, v. 65, n. 12, p. 4886-4894, 2015b.

GRONEMEYER, J. L. et aBradyrhizobium vignae sp. nov., a nitrogen-
fixing symbiont isolated from effective nodules\éfgna andArachisin
Africa. International Journal of Systematic and Evolutionaty
Microbiology, Reading, v. 66, n. 1, p. 62-69, 2015c.

GUERROUJ, K. et al. Definition of a novel symbioyav. retamae) within
Bradyrhizobium retamae sp. nov., nodulatinéetama sphaerocarpa and
Retama monosperma. Systematic and Applied Microbiology Stuttgart, v.
36, n. 4, p. 218-223, 2013.

GUIMARAES, A. A. et al. Genetic and symbiotic diséy of nitrogen-
fixing bacteria isolated from agricultural soilsthee Western Amazon by
using cowpea as the trap plafpplied and Environmental Microbiology,
New York, v. 78, n. 18, p. 6726-6733, 2012.



50

GUIMARAES, A. A. et al. High diversity oBradyrhizobium strains isolated
from several legume species and land uses in Brazilopical ecosystems.
Systematic and Applied Microbiology Stuttgart, v. 38, n. 6, p. 433-441,
2015.

HELENE, L. C. F. et alBradyrhizobium viridifuturi sp. nov., encompassing
nitrogen-fixing symbionts of legumes used for greeanure and
environmental servicefternational Journal of Systematic and
Evolutionary Microbiology , Reading, v. 65, n. 12, p. 4441-4448, 2015.

ISLAM, M. S. et al.Bradyrhizobium iriomotense sp. nov., isolated from a
tumor-like root of the legumEntada koshunensis from Iromoto Irland in
JapanBioscience, Biotechnology and Biochemistrylokyo, v. 32, n. 6, p.
1416-1429, 2008.

JARAMILLO, P. M. D. et al. Symbiotic nitrogen-fixqnbacterial
populations trapped from soils under agroforesgsfesms Scientia
Agricola, Piracicaba, v. 70, n. 6, p. 397-404, 2013.

JARVIS, B. D. W. et al. Transfer &hizobium loti, Rhizobium huakuii,
Rhizobium cicer, Rhizobium mediterraneum andRhizobium tianshansense to
Mesorhizobium gen. novinternational Journal of Systematics
Bacteriology, Ames, v. 47, n. 3, p. 895-898, 1997.

JORDAN, D. C. Transfer d®hizobium japonicum Buchanan 1980 to
Bradyrhizobium gen. nov., a genus of slow-growing, root noduleédrze
from leguminous plant$nternational Journal of Systematic
Bacteriology, Reading, v. 32, p. 136-139, 1982.

KUYKENDALL, L. D. et al. Genetic diversity iBradyrhizobium
japonicum Jordan 1982 and a proposal Byadyrhizobium elkanii sp. nov.
Canadian Journal of Microbiology, Ottawa, v. 38, n. 6, p. 501-505, 1992.

LACERDA, A. M. et al. Efeito de estirpes de rizélsiobre a nodulacéo e
produtividade do feijao-caudrevista CeresVigosa, MG, v. 51, n. 293, p.
67-82, 2004.



51

LI, Y. H. et al.Bradyrhizobium guangdongense sp. nov. and
Bradyrhizobium guangxiense sp. nov., isolated from effective nodules of
peanutInternational Journal of Systematic and Evolutionarty
Microbiology, Reading, v. 65, n. 12, p. 4655-4661, 2015.

LIMA, A. S. et al. Nitrogen-fixing bacteria commuieis occurring in soils
under different uses in the Western Amazon Regioindicated by
nodulation of siratroNlacroptilium atropurpureum). Plant and Soil The
Hague, v. 319, n. 1/2, p. 27-145, 20009.

LIMA, A. S.; PEREIRA, J. P. A. R.; MOREIRA, F. M.. Biversidade
fenotipica e eficiéncia simbidtica de estirpe®8dadyrhizobium spp. de
solos da Amazoéni@esquisa Agropecudria BrasileiraBrasilia, v. 40, n.
11, p. 1095-1104, 2005.

LIN, D. X. et al. shinella kummerowiae sp. nov., a symbiotic bacterium
isolated from root nodules of the herbal leguftuenmerowia stipulacea.
International Journal of Systematic and Evolutionary Microbiology,
Reading, v. 58, n. 6, p. 1409-1413, 2008.

LOPES, E. S.; GIARDINI, A. R., KIIHL, R. A. S. Presca e eficiéncia de
Rhizobium japonicum em solos cultivados ou ndo com soja, no Estado de
Sao PauloBragantia, Campinas, v. 35, n. 2, p. 389-396, 1976.

LU, J. K. et al Bradyrhizobium ganzhouense sp. nov., an effective symbiotic
bacterium isolated frorAcacia melanoxylon R. Br. nodules. International
Journal of Systematic and Evolutionary Microbiology, Reading, v. 64, n.
6, p. 1900-1905, 2014.

MARINHO et al. Field performance of new cowpea imalts inoculated
with efficient nitrogemfixing rhizobial strains in the Brazilian Semiarid.
Pesquisa Agropecuaria BrasileiraBrasilia, v. 49, n. 5, p. 395-402, 2014.

MARRA, L. M. et al. Solubilisation of inorganic pephates by inoculant
strains from tropical legumeScientia Agricola Piracicaba, v. 68, n. 5, p.
603-609, 2011.



52

MARTENS, M. et al. Advantages of multilocus sequeeanalysis for
taxonomic studies: a case study using 10 housakgegeines in the genus
Ensfer. International Journal of Systematic and Evolutionaly
Microbiology, Reading, v. 58, n. 1, p. 200-214, 2008.

MARTINEZ-ROMERO, E.; CABALLERO-MELLADO, JRhizobium
phylogenies and bacterial genetic diverdiyitical Reviews in Plant
SciencesBoca Raton, v. 15, n. 2, p. 113-140, 1996.

MAYNAUD, G. et al. Molecular and phenotypic charmization of strains
nodulatingAnthyllis vulneraria in mine tailings, and proposal of
Aminobacter anthyllidis sp. nov., the first definition giminobacter as
legume-nodulating bacteri@ystematic and Applied Microbiology
Stuttgart, v. 35, n. 2, p. 65-72, 2012.

MENNA, P. et al. Phylogeny and taxonomy of a dieearsllection of
Bradyrhizobium strains based on multilocus sequence analysiedt6$
rRNA gene, ITS region arginll, recA, atpD anddnaK genes.
International Journal of Systematic and Evolutionary Microbiology,
Reading, v. 59, n. 12, p. 2934-2950, 2009.

MOREIRA, F. M. S. et alAzor hizobium doebereinerae sp. Nov.
Microsymbiont ofSesbania virgata (Caz.) PersSystematic and Applied
Microbiology, Stuttgart, v. 29, p. 197-206, 2006.

MOREIRA, F. M. S. Bactérias fixadoras de nitrogégiee nodulam espécies
de Leguminosae. In: MOREIRA, F. M. S.; HUISING,.E. BIGNELL, D.

E. (Ed.).Manual de biologia dos solos tropicaisLavras: UFLA, 2010. p.
279-311.

MOREIRA, F. M. S Caracterizacdo de estirpes de rizébio isoladas de
espécies florestais pertencentes a diversos grumtesdiversos grupos de
divergéncia de Leguminosae introduzidas ou nativada Amazénia e
Mata Atlantica. 1991. 152 p. Tese (Doutorado em Agronomia) -
Universidade Federal Rural do Rio de Janeiro, B§dilf91.

MOREIRA, F. M. S. et al. Characterization of rhimsolated from
different divergence groups of tropical Leguminobge&omparative



53

polyacrylamide gel electrophoresis of their totaltpins.Systematic and
Applied Microbiology, Stuttgart, v. 16, n. 1, p. 135-146, 1993.

MOREIRA, F. M. S.; HAUKKA, K.; YOUNG, J. P. W. Biaderity of
rhizobia isolated from a wide range of forest legsin Brazil. Molecular
Ecology, Oxford, v. 7, n. 7, p. 889-895, 1998.

MOREIRA, F. M. S.; SIQUEIRA, J. QMicrobiologia e Bioquimica do
sola 2. ed. Lavras: UFLA, 2006. 729 p.

MOULIN, L. et al. Nodulation of legumes by membefghe subclass of
proteobacteriaNature, London, v. 411, n. 6850, p. 948-950, 2001.

MOUSAVI et al. Phylogeny of thBhizobium-Allor hizobi um-Agrobacterium
clade supports the delineationNdor hizobium gen. novSystematic and
Applied Microbiology, Stuttgart, v. 37, n. 3, p. 208-215, 2014.

MOUSAVI et al. Revised phylogeny &hizobiaceae: proposal of the
delineation ofPararhizobium gen. nov., and 13 new species combinations.
Systematic and Applied Microbiology Stuttgart, v. 38, n. 2, p. 84-90,
2015.

NORRIS, D. O. Acid production bighizobium a unifying conceptlant
and Soil The Hague, v. 22, n. 2, p. 143-166, 1965.

OLIVEIRA-LONGATTI, S. M. et al. Bacteria isolateddm soils of the
western Amazon and from rehabilitated bauxite-ngraneas have potential
as plant growth promoterg/orld Journal of Microbiology &
Biotechnology, Oxford, v. 29, n. 4, p. 1-12, 2013.

PERRINEAU, M. M. et al. Genetic diversity of symb@Bradyrhizobium
elkanii populations recovered from inoculated and nonutetedAcacia
mangium field trials in Brazil.Systematic and Applied Microbiology
Stuttgart, v. 34, n. 5, p. 376-384, 2011.

RAMIREZ-BAHENA, M. H. et al.Bradyrhizobium pachyrhiz sp. nov. and
Bradyrhizobium jicamae sp. nov., isolated from effective nodules of



54

Pachyrhizus erosus. International Journal of Systematic and
Evolutionary Microbiology, Reading, v. 59, n. 8, p. 1929-1934, 2009.

RAMIREZ-BAHENA, M. H. et al. Reclassification @gromonas
oligotrophica into genudBradyr hizobium asBradyr hizobium oligotrophicum
comb. novlinternational Journal of Systematic and Evolutionaly
Microbiology, Reading, v63, n. 3, p. 1013-101@012.

RIBEIRO, P. R. A. et al. Symbiotic efficiency andrgtic diversity of
soybean bradyrhizobia in Brazilian soigriculture, Ecosystems and
Environment, v. 212, p. 85-93, 2015.

RIVAS, R. et al. A new species Dlevosia that forms a unigque nitrogen-

fixing root-nodule symbiosis with the aquatic leguNeptunia natans (L.f.)
Druce.Applied and Environmental Microbiology, Washington, v. 68, n.
11, p. 5217-5222, 2002.

RIVAS, R. et alBradyrhizobium betae sp. nov., isolated from roots Béta
vulgaris affected by tumour-like deformationsternational Journal of
Systematic and Evolutionary Microbiology, Reading, v. 54, n. 4, p. 1271-
1275, 2004.

RIVAS, R. et al. Multilocus sequence analysis @& genuBradyrhizobium.
Systematic and Applied Microbiology Stuttgart, v. 32, n. 2, p. 101-110,
20009.

RUFINI, M. et al.Symbiotic efficiency and identification of rhizobrehich
nodulate cowpea in eutroferric Red Lato®blogy and Fertility of Soils,
Berlin, v. 50, n. 1, p. 115-122, 2013.

SANCHEZ-JUANES, F. et al. MALDI-TOF mass spectromets a tool for
differentiation of Bradyrhizobium species: Application to the
identificationofLupinus nodulating strainsSystematic and Applied
Microbiology, v. 36, n. 8, 565-571, 2013.

SANTOS, J. O. et alGenetic diversity among native isolates of rhizobia
from Phaseolus lunatus. Annals of Microbiology, v. 61, n. 3, p. 437-444,
2011.



55

SILVA, F. V. et al. Genetic diversity of rhizobisdlates from Amazon soils
using cowpea\(igna unguiculata) as trap planBrazilian Journal of
Microbiology, v. 43, n. 2, p. 682-691, 2012.

SILVA, F. V. et al.Bradyrhizobium manausense sp. nov., isolated from
effective nodules o¥igna unguiculata grown in Brazilian Amazon
rainforest soilsinternational Journal of Systematic and Evolutionary
Microbiology, Reading, v. 64, n. 7, p. 2358-2363, 2014a.

SILVA, K. et al. Bradyrhizobium ingae sp. nov., isolated from effective
nodules ofinga laurina grown in Cerrado soilnternational Journal of
Systematic and Evolutionary Microbiology, Reading, v. 64, n. 7, p. 3395-
3401, 2014b.

SOARES, A. L. L. et al. Eficiéncia agronémica dedbios selecionados e
diversidade de populac¢des nativas noduliferas eddBe (MG). | — caupi.
Revista Brasileira de Ciéncia do SoloVicosa, MG, v. 30, n. 5, p. 795-802,
2006.

STACKEBRANDT, E. et al. Report of the ad hoc comeetfor the re-

evaluation of the species definition in bacterioldgternational Journal
of Systematic and Evolutionary Microbiology Readingy. 52, n. 3, p.
1043-1047, 2002.

STACKEBRANDT, E.; GOEBEL, B. MTaxonomic note: a place for DNA-
DNA reassociation and 16S rRNA sequence analysiseipresent species
definition in bacteriologylnternational Journal of Systematic

Bacteriology, Ames, v. 44, n. 4, p. 846-849, 1994.

STEPKOWSKI, T. et al. European origin Bifadyr hizobium populations
infecting lupins and serradella in soils of West&ustralia and South
Africa. Applied and Environmental Microbiology, Washington, v. 71, n.
11, p. 7041-7052, 2005.

SY, A. et al. Methylotrophidethylobacterium bacteria nodulate and fix
nitrogen in symbiosis with legumekurnal of Bacteriology, Washington,
v. 183, n. 1, p. 214-220, 2001.



56

TRUJILLO, M. E. et al. Nodulation dfupinus albus by strains of
Ochrobactrum lupine sp. novApplied and Environmental Microbiology,
Washington, v. 71, n. 3, p. 1318-1327, 2005.

VALVERDE, A. et al.Phylobacteriumtrifolii sp. nov. nodulatingrifolium
andLupinus in Spanish soildnternational Journal of Systematic
Bacteriology, Ames, v. 55, n. 5, p. 1985-1989, 2005.

VAN BERKUM, P. et al. Proposal for combinifgyadyr hizobium spp.
(Aeschynomene indica) with Blastobacter denitrificans and to transfer
Blastobacter denitrificans (Hirsh and Muller, 1985) to the genus

Bradyr hizobium asBradyr hi zobium denitrificans (comb. nov.) Systematic
and Applied Microbiology, Stuttgart, v. 29, n. 3, p. 207-215, 2006.

VANDAMME, P. et al. Polyphasic taxonomy, a consenapproach to
bacterial systematicMicrobiological Reviews Washington, v. 60, n. 2, p.
407-438, 1996.

VARGAS, L. K. et al. Diversidade genética e efi@i@nsimbiotica de
rizébios noduladores de acacia-negra de solos @@&Rinde do Sul.

Revista Brasileira de Ciéncia do SoloVigosa, MG, v. 31, n. 4, p. 647-654,
2007.

VINUESA, P. et alBradyrhizobium canariense sp. nov., an acid-tolerant
endosymbiont that nodulates endemic genistoid legufRapilionoideae:
Genisteae) from the Canary Islands, along Bitédyr hizobium japonicum
bv. genistearum, Bradyrhizobium genospecies alpha aBdadyrhizobium
genospecies betmternational Journal of Systematic and Evolutionary
Microbiology, Reading, v. 55, n. 2, p. 569-575, 2005a.

VINUESA, P. et al. Population genetics and phylag&ninference in
bacterial molecular systematics: the roles of ntigneand recombination in
Bradyrhizobium species cohesion and delineatibtolecular Phylogenetics
and Evolution, Orlando, v. 34, n. 1, p. 29-54, 2005b.

VINUESA, P. et al. Multilocus sequence analysisdesessment of the
biogeography and evolutionary genetics of fBredyrhizobium species that



57

nodulate soybean on the Asiatic continéqiplied and Environmental
Microbiology, v. 74, n. 22, p. 6987-6996, 2008.

WANG, J. Y. et alBradyrhizobium dagingense sp. nov., isolated from
soybeamodulesinternational Journal of Systematic and Evolutionary
Microbiology, Reading, v. 63, n. 2, p. 616-624, 2012.

WANG, R. et alBradyrhizobium arachidis sp. nov., isolated from effective
nodules ofArachidis hypogaea grown in ChinaSystematic and Applied
Microbiology, Stuttgart, v. 36, n. 2, p. 101-105, 2013.

WAYNE, L. G. et al. International Committee on Sysiatic Bacteriology.
Report of the ad hoc committee on reconciliatioamdroaches to bacterial
systematiclnternational Journal of Systematic Bacteriology Ames, v.
37,n. 4, p. 463-464, 1987.

WILLEMS, A.; COOPMAN, R.; GILLIS, M. Phylogeneticnd DNA-DNA
hybridization analyses @&radyrhizobium speciesinternational Journal of
Systematic and Evolutionary Microbiology, Reading, v. 51, n. 1, p. 111-
117, 2001a.

WILLEMS, A.; COOPMAN, R.; GILLIS, M. Comparison @equence
analysis of 16S-23S spacer regions, AFLP analysidNA-DNA
hybridizations irBradyrhizobium. International Journal of Systematic

and Evolutionary Microbiology, Reading, v. 51, n. 2, p. 623-632, 2001b.

WOESE, C. R.; KANDLER.; M. L. WHEELIS. Towards atoeal systemof
organisms: proposal for the domains Archaea, Biacterd Eucarya.
Proceedings of the National Academy of Sciengddnited States, v. 87, n.
12, p. 4576-4579, 1990.

XU, L. M. et al.Bradyrhizobium liaonigensis sp. nov. isolated from the root
nodules of soybeanBiternational Journal of Systematic Bacteriology
Ames, v. 45, n. 4, p. 706-711, 1995.

YAOQO, Y. et al.Bradyrhizobium erythrophlei sp. nov. andBradyrhizobium
ferriligni sp. nov., isolated from effective nodulesnfithrophleum fordii.



58

International Journal of Systematic and Evolutionaty Microbiology,
Reading, v. 65, n. 6, p. 1831-1837, 2015.

YAO, Z. Y. et al. Characterization of rhizobia thettdulate legume species
of the genu4.espedeza and description oBradyrhizobium yuanmingense sp.
nov. International Journal of Systematic and Evolutionary

Microbiology, Reading, v. 52, n. 6, p. 2219-2230, 2002.

YU, X. et al.Bradyrhizobium ottawaense sp. nov., a symbiotic nitrogen
fixing bacterium from root nodules of soybeans an@dalnternational
Journal of Systematic and Evolutionary Microbiology, Reading, v. 64, n.
9, p. 3202-3207, 2014.

ZEIGLER, D. R. Gene sequences useful for prediatehgtedness of whole
genomes in bacteritnternational Journal of Systematic and
Evolutionary Microbiology , Reading, v. 53, n. 6, p. 1893-1900, 2003.

ZHANG, Y. M. et al.Bradyrhizobium huanghuaihaiense sp. nov., an
effective symbiotic bacterium isolated from soybé@lycine max L.)
noduleslinternational Journal of Systematic and Evolutionary
Microbiology, Reading, v. 62, n. 8, p. 1951-1957, 2012.

ZILLI, J. E. et al.Bradyrhizobium neotropicale sp. nov., isolated from
effective nodules ofentrolobium paraense. International Journal of
Systematic and Evolutionary Microbiology, Reading, v. 64, n. 12, p.
3950-3957, 2014.

ZILLI, J. E. et al. Contribui¢do de estirpes deéhbip para o
desenvolvimento e produtividade de graos de faiggpi em Roraimaicta
Amazonica Manaus, v. 39, n. 4, p. 49-758, 20009.



59

SEGUNDA PARTE — ARTIGOS

ARTIGO 1 - Bradyrhizobium brasilense sp. nov., a symbiotic nitrogen-

fixing bacterium isolated from cowpea in tropical €osystems

Artigo submetido para a revista International Journal of Systematic and

Evolutionary Microbiology (Verséo preliminar)



60

Bradyrhizobium brasilense sp. nov., a symbiotic nitrogen-fixing

bacterium isolated from cowpea in tropical ecosystes

Elaine Martins da Costa Amanda Azarias GuimaralesRayssa Pereira
Vicentir?, Paula Rose de Almeida Rib€iroLiesbeth Lebbt Maarten

Aerts’, Anne Willems, Fatima Maria de Souza Moreira

'Setor de Biologia, Microbiologia e Processos Biadg do Solo,
Departamento de Ciéncia do Solo, Universidade kéderLavras, Campus
UFLA,37200-000 Lavras, Minas Gerais, Brazil

“Setor de Microbiologia Agricola, Departamento del&jia, Universidade
Federal de Lavras, Campus UFLA,37200-000 LavrasabiiGerais, Brazil

% aboratory of Microbiology, Department of Biochemmjs and
Microbiology, Ghent University, K.L. Ledeganckstrezb, B-9000 Ghent,

Belgium

*Corresponding author: Tel.: +55 35 3829 1254; fe&5 35 3829 1251. E-

mail address: fmoreira@dcs.ufla.br (F.M. de Sounadifa).

Running title: Bradyrhizobium brasilense sp. nov.

New sequencesecA of B. brasilense UFLA 03-321 (KT793142), UFLA
03-320 (KT793140), UFLA 03-290 (KT793141jdC of B. brasilense
UFLA 03-321 (KT793173), UFLA 03-320 (KT793171), UFLA 03-290
(KT793172);nifH of B. brasilense UFLA 03-321 (KT825890), UFLA 03-
320 (KT825889), UFLA 03-290 (KT793147).



61

Abstract

Three strains of nitrogen-fixing bacteria isolattdm cowpea Vigna
unguiculata L.) nodules inoculated with soil of the Minas Ger@JFLA 03-
321" and UFLA 03-320) and Amazonas (UFLA 03-290) staBzazil, were
previously identified and reported as a new grouphiw the genus
Bradyrhizobium. To determine their taxonomic position, theseissravere
characterized in this study using a polyphasic @g@nr. The phylogenetic
analysis of the 16S rRNA gene grouped the threainstr with
Bradyrhizobium elkanii LMG 6134 and Bradyrhizobium pachyrhizi LMG
24248, with similarity above 99.8%. However, the concatied sequence
analysis of the housekeeping geagiD, dnaK, gyrB andrecA indicated that
these three strains represent a novel speciddr anfyrhizobium, which is
closely related tB. ekanii LMG 6134 andB. pachyrhizi LMG 24246.
The status of the novel species was confirmed bAIMNA hybridization
analysis, which showed homology of 20.6 and 22 .8%pectively, between
UFLA 03-321 andB. elkanii LMG 6134 andB. pachyrhizi LMG 24246.
Analysis of MALDI-TOF MS (Matrix-assisted laser aeption ionization-
time-of-flight mass spectrometry) profiles and somghenotypic
characteristics allowed the differentiation of thevel species from its two
neighboring species. In phylogenetic analysis 0d6dC and nifH genes,
UFLA 03-321 presented maximum similarity witB. tropiciagri CNPSo
1117 (94.47 and 99.47%, respectively). Based on the plasented, it is
suggested that these strains represent a noveaespéar which the name
Bradyrhizobium brasilense sp. nov.is proposed, with UFLA 03-321(=
LMG 29353) as type strain. G+C content in the DNA of UFLA-B81" is
63.7 mol%.

Keywords: Bradyrhizobium, Vigna unguiculata L., polyphasic taxonomy,
MALDI-TOF MS
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Cowpea Yigna unguiculata (L.) Walp.] is a legume species,
cultivated in tropical and subtropical regions loé tworld, and is one of the
major sources of vegetable protein for the low meopopulation. This
species can greatly benefit from biological nitnodexation in symbiosis
with nitrogen-fixing legume nodulating bacteria (NNB) (Soareset al.,
2006; Costat al., 2014; Soaredt al., 2014).

Studies carried out in soils of different Braziliaoosystems, using
cowpea as trap plant to evaluate the diversity BEINB have pointed out
Bradyrhizobium genus as the major symbiont of this legume. Initeah
high phenotypic and/or genotypic diversity @&radyrhizobium strains
isolated from cowpea nodules were observed (Florengt al., 2010;
Guimaraeset al., 2012; 2015; Silveet al., 2012; Jaramilloet al., 2013;
Rufini et al., 2014). Recently, six strains isolated from coavp®dules in
the Brazilian Amazon soil (Silvat al., 2012) were classified as a novel
species oBradyrhizobium, B. manausense) (Silvaet al., 2014a).

In a previous study, 5Bradyrhizobium strains isolated from different
legume species, mainly cowpea, in Brazilian sailsre characterized by
phylogenetic analyses of the housekeeping get@3, dnak, gyrB and
recA, which indicated five clusters with strains thate apotential
representatives of novel species (Guimasdies., 2015). In this study, one
of the clusters, which included three strains (UF(Il.’ASZlT, UFLA 03-320
and UFLA 03-290), was selected for further analysig molecular and
phenotypic methods. Results obtained indicatetliathree strains represent
a single novel species, for which the naBradyrhizobium brasilense sp.
nov is proposed.

Strains UFLA 03-321 and UFLA 03-320 were isolated from soil
under agriculture, in Lavras, Minas Gerais (Ruénhal., 2014), and UFLA
03-290 was isolated from soil under agroforestrny,Benjamin Constant,
Amazonas (Jaramillet al., 2013), in Brazil, using cowpea as trap plant.
Medium 79 (Fred & Waksman, 1928), also known as Y{M#cent, 1970),

was used for isolation and characterization ofirsétaThese strains are
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deposited in the culture collection of the Departmef Soil Biology,
Microbiology and Biological Processes of the Febtehaiversity of Lavras,
Brazil, and the type strain was also depositedhi@ tulture collection
(BCCM/LMG) of the Ghent University, Belgium.

DNA extraction from the strains was carried outthg alkaline lysis
method (Niemanmt al., 1997). Sequences of 16S rRNA (1179 to 1301 pb)
andrecA (483 to 501 pb) genes of the three strains wetairdd using the
same primers and cycles of amplification and segjugrused by Ribeiret
al. (2015). TheatpD, dnaK and gyrB genes have been sequenced in our
previous study (Guimarades al., 2015). The sequences of type strains of
Bradyrhizobium species available in the GenBank (National Cefber
Biotechnology Information, NCBI), were also inclutdeThe alignment of
the sequences of each gene was carried out usin@ltstalWW multiple
alignment algorithm in BioEdit. Phylogenetic tregere constructed by the
neighbor joining method (NJ) (Saitou & Nei, 198T)daby the maximum
likelihood (ML) (Felsenstein, 1981), using the Kirau2 parameter model
(Kimura, 1980). The MEGA 5 software package (Tanmairal., 2011) was
used in the construction of trees, with bootstragtues based on 1000
replications.

Phylogenetic trees of the 16S rRNA gene, usingNBgFig. 1) and
ML (data not shown) methods, were very similara®trUFLA 03-321
shared more than 99.5% sequence similarity of rEG8$A gene with nine
Bradyrhizobium species (Table S1), and its closest neighbors vgere
pachyrhizi LMG 24246 andB. ekanii LMG 6134 (Fig. 1). Strains UFLA
03-320, UFLA 03-290 andB. pachyrhizi LMG 24246 presented 100%
similarity among them and shared 99.91% similawith UFLA 03-321.
Similarity of B. elkanii LMG 6134 with UFLA 03-321 was 99.83% (Table
S1). The present results confirm the high degreecafservation of
nucleotide sequences of the 16S rRNA gene betweembers of the
Bradyrhizobium genus, corroborating previous reports (Willeghal., 2001;
Ramirez-Bahenat al., 2009; Duraret al., 2014; Guimaraest al., 2015;
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Ribeiro et al., 2015), and demonstrating the need for additi@amallyses,
such as analysis of housekeeping genes.

Phylogenetic analysis of the sequences of houseigeenesatpD,
dnakK, gInll, gyrB, recA andrpoB have been successfully used in addition to
the analysis of 16S rRNA gene for discriminationwsen species of the
Bradyrhizobium genus (Vinuesat al., 2005; Ramirez-Bahere al., 2009;
Wang et al., 2012;. Duréret al., 2014; Zilli et al., 2014). In the present
study, the results of the concatenated sequendtgsenaf theatpD (429 pb),
dnaK (222 pb),gyrB (561 pb) andecA (381 pb) genes were similar when
using the NJ (Fig. 2) and ML (data not shown) md#fh@nd indicated that
the studied strains form a separate cluster, stggdy high bootstrap value
(100%) (Fig. 2). The similarity between UFLA 03-324nd strains UFLA
03-320 and UFLA 03-290 was 100 and 99.69%, resggti in the
concatenated analysis (Table SBadyrhizobium pachyrhiz LMG 24246
andB. ekanii LMG 6134 were the most similar species to UFLA 03-321
both in the concatenated analysis (Fig. 2) andhdlividual analysis of the
studied housekeeping genes (Table S1). In condattamalysis, similarity
values between UFLA 03-32andB. elkanii LMG 6134 andB. pachyrhizi
LMG 24246 were 97.78 and 97.28%, respectively (Table Sl)es&h
similarity values are close to those found betwdifierent Bradyrhizobium
species (Chahbounat al., 2011; Silvaet al., 2014b), suggesting that the
studied strains belong to a novel species withsdgknus.

Characterization the three strains and the typenstrof two closely
related specieB( ekanii LMG 6134 andB. pachyrhizi LMG 24246) was
carried out by the MALDI-TOF MS analysis (Matrixsasted laser
desorption ionization-time-of-flight mass spectrorpe For this analysis,
cultures of the third generation were grown in mediYMA (Vincent,
1970). Sample preparation and data analyses weneccaut as previously
described (Wiemet al., 2014). Results of this analysis were in accordan
with those of phylogenetic analysis of housekeepgjages, confirming that
the studied strains form a separate clusteB.dkanii LMG 6134 andB.
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pachyrhizi LMG 242486, and that UFLA 03-290 is the most peripheral ef th
three strains (Fig. 3). In recent studies, this ly@mi® allowed good
discrimination between species and between strainthe same species
within the Bradyrhizobium genus (Sanchez-Juaretsal., 2013; Duraret al.,
2014), corroborating the present results.

In previous study, the ability of UFLA 03-321UFLA 03-320 and
UFLA 03-290 to grow in medium 79 (Fred & Waksmarf28) was
evaluated under different NaCl concentrations (w/p1, 0.25, 0.5, 0.75
and 1%) (Guimaraed al., 2015), as well as their resistance to the falgw
antibiotics: ampicillin (1ug mL™"), cefuroxime (3Qug mL™), ciprofloxacin
(5 ng mLY), chloramphenicol (3Qug mL?), doxycycline (30pug mL™),
erythromycin (15ug mL™Y), gentamicin (1ug mL™Y), kanamycin (3Qug mL
% and neomycin (30ug mL') (Guimardeset al., 2015). To allow
comparison, in the present study we evaluated et of B. elkanii LMG
6134 and B. pachyrhiz LMG 24248 in 79 medium under the same
conditions of NaCl, as well as their resistanceh® nine antibiotics cited,
using the same methods applied in the charactienzaf UFLA strains.

This study additionally evaluated the ability oktthree new strains
and of B. ekanii LMG 6134 andB. pachyrhizi LMG 24246 to grow in
medium 79 (Fred & Waksman, 1928) under differemditions of pH (4,
5.5, 6.8, 8, 9 and 10) and temperature (5, 15,280,34, 37 and 40°C),
according to Florentinet al. (2010), and the ability to assimilate 16 carbon
sources (D-arabinose, L-asparagine, citric acifiuiotose, glycerol, glycine,
D-glucose, L-glutamine, L-glutamic acid, lactosealim acid, maltose,
mannitol, L-methionine, sodium lactate and sucroaell 8 nitrogen sources
(L-arginine, L-asparagine, casein hydrolisate, kteyne, glycine, L-
glutamic acid, L-methionine and tryptophan). Thsimdation of carbon
sources was evaluated in modified medium 79: 1@npan source; 0,59
K,HPQO,; 0,5 g KNG; 0,2 g MgSQ.7H,0; 0,1 g NaCl; 0,5 g CaGP4 mL
Fe-EDTA (1,64%); 2 mL of micronutrients solution&8 mg HBO; liter™;
2.03 mg MnSQ4H,O liter; 0.22 mg ZnSQ7H,0 liter’; 0.08 mg
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CuSQ:5H,0 liter' and 0.09 mg N#MoO, H,O liter'); 5 mL of
bromothymol blue solution (0.5% in KOH at 0,2N); ¢5agar, and pH 6.8.
The composition of medium 79 to evaluate the asaiimn of nitrogen
sources is the same as described above, subgfitiiN©; by one of the
cited sources, and using mannitol as carbon souBesides these tests,
strain UFLA 03-321 was characterized using the APl 20NE (bioMérieux),
according to the manufacturer's instructions, witle days incubation.
Differential phenotypic characteristics between theee strains and.
elkanii LMG 6134 andB. pachyrhizi LMG 24246 are shown in Table 1.
The detailed phenotypic characterization is preskim the description of
the novel species.

As standard method for defining novel species (Véagral., 1987),
DNA-DNA hybridization experiments were carried ouwgccording to
methodology previously described (Ezakal., 1989; Willemset al., 2001).
DNA-DNA binding between UFLA 03-3Z21and B. dkanii LMG 6134
and B. pachyrhizi LMG 24246 was 20.6 and 22.6%, respectively. These
results allows the clustering of the studied stan a novel species within
the Bradyrhizobium genus, since DNA-DNA hybridization values belaw t
70% are indicative of novel species (Waweal., 1987). The G+C content
of the DNA of UFLA 03-321, determined by HPLC (Mesbahal., 1989),
is 63.7 mol%. This value is within the range repdrfor Bradyrhizobium
species (59 to 65.1 mol%) (Chahbowel., 2011; RamireBahenaet al.,
2012).

In the present study, additionally the sequencesodC and nifH
genes of the three strains were analyzed. DNA extrawas carried out as
described above. The primers used and the ampidficand sequencing of
thenodC gene were carried out according to Sasital. (2005), modified by
De Meyer et al. (2011). FornifH gene, the analysis was carried out
according to Gaby and Buckley (2012). Alignment sd#quences and
construction of phylogenetic trees were carried asitdescribed above.

Results of the phylogenetic analysis of these gemespresented in the
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supplementary material (Fig. S1 and S2). UFLA 03'3#hd UFLA 03-320
presented sequences identioadC andnifH genes. Sequence analysis of the
nifH gene clustered these two strains vBthropiciagri CNPSo 1112, with
99.47% similarity (Table S1). In the sequence aisalgfnodC gene, strains
UFLA 03-32T and UFLA 03-320 formed a new cluster, close Bo
tropiciagri CNPSo 1112 andB. embrapense CNPSo 2838 with similarity
of 94.47 and 93.42%, respectively (Table S1). Om d¢kher hand, strain
UFLA 03-290 grouped separately from UFLA 03-32d the phylogenetic
tree of both genes (Fig. S1 and S2), and the aiityilwith this strain was
only 78.30 and 87.47% farodC andnifH genes, respectively (Table S1).
Probably, the evolutionary history obdC andnifH genes of UFLA 03-290
and the strains UFLA 03-32And UFLA 03-320 is different, which may be
associated with the region and ecosystem of origin.

In previous studies, the three strains were evedufdr the ability of
nodulation and nitrogen fixation in symbiosis witfigna unguiculata,
Phaseolus lunatus, Stizolobium aterrimum and Acacia mangium (Jaramillo
et al., 2013; Rufiniet al., 2014; Costat al. unpublished data). Strains UFLA
03-321 and UFLA 03-320 efficiently nodulate and fix nigen with V.
unguiculata andS. aterrimum. On the other hand, UFLA 03-290 nodulates
these species, but presents low symbiotic effigieMone of the strains
nodulatesA. mangium. With regard tcP. lunatus, strains UFLA 03-32'land
UFLA 03-320 inefficiently nodulate, and strain UFL&3-290 does not
nodulate this legume. UFLA 03-321also nodulatesGlycine max
(Guimaréeset al., 2015). These results confirm symbiotic differemc
between strains UFLA 03-32hAnd UFLA 03-320 and strain UFLA 03-290,
as reflected in the phylogeny wddC andnifH genes.

Based on the phenotypic, genotypic and symbiotiaratteristics
presented in this study, it is suggested to chaské studied strains within a
novel species, for which the nanBeadyrhizobium brasilense sp. nov. is
proposed, with UFLA 03-3Z1as the type strain.
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Description of Bradyrhizobium brasilense sp. nov.
Bradyrhizobium brasilense (bra.si.li.en’'se. N.L. neut. adprasilense of
Brazil, referring to the fact that strains were lased from Brazilian

ecosystems).

Cells are gram-negative, aerobic, non-spore-formaag (Fig. S3). Colonies
present a diameter of 1 mm in medium 79, after fiagys incubation at
28°C, and are cream-colored. The three strains shlkaline reaction in
medium 79 using mannitol as carbon source and hbigmml blue as
indicator. They grow in pH from 4 to 10, and tengtare from 15 to 37°C,
with optimal growth at 28°C. Salinity tolerance iesr between strains.
UFLA 03-321 tolerates up to 0.75% NaCl. They are resistartnicillin
(10 pg mL%), cefuroxime (30pg mL?), ciprofloxacin (5 pg mL™),
chloramphenicol (3ug mL™), doxycycline (30ug mL™) erythromycin (15
ug mLY), gentamicin (10ug mL™) and neomycin (3Qug mL™Y), and are
sensitive to kanamycin (3@g mL"). They are positive for the use of D-
arabinose, glycerol, L-glutamic acid and mannibait do not use citric acid,
glycine, malic acid, maltose, L-methionine, sodilantate nor sucrose as
carbon source. They barely use L-asparagine, DeghicThe use of D-
fructose, L-glutamine, and lactose as carbon sowsdes among strains. L-
asparagine, casein hydrolysate, and L-glutamic ac&lused as nitrogen
source, whereas L-cysteine, glycine, L-methionind &ryptophan are not
used as nitrogen source. The use of L-arginineitaggen source varies
between strains. UFLA 03-321T shows negative reactor reduction of
nitrate, tryptophan deaminase activity, glucosemémtation, arginine
dihydrolase, and esculin hydrolysis; and positieaction for urease and

hydrolysis of gelatin.

The type strain UFLA 03-321(= LMG 29353) was isolated from effective
nodules of cowpea inoculated with soil collected_avras, Minas Gerais,
Brazil. G+C content of DNA of UFLA 03-321s 63.7 mol%.
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Table 1 Differential phenotypic oBradyrhizobium brasilense (UFLA 03-
321", UFLA 03-320 and UFLA 03-290) and the most closediated type
strains Bradyrhizobium elkanii LMG 6134 andBradyrhizobium pachyrhiz
LMG 24246). Data represent the means of three biologicalicaes.+,

growth;—, no growth; w, weakly positive.

Characteristic

UFLA UFLA UFLA LMG LMG
03-321 03-320 03-290 6134 24246

Growth at

40°C

0.75% NacCl
Carbon source
assimilation
L-asparagine
D-fructose
D-glucose
L-Glutamine
Lactose

Malic acid
L-Methionine
Sodium lactate
Sucrose
Nitrogen source
assimilation
L-Arginine
Casein hydrolysate
L-Cysteine
L-Methionine
Resistance to
antibiotics (ng mL™)
Gentamycin (10)
Neomycin (30)

+ + -
W W W
+ + w
w w w
w W w
- w w
w + w
+ + +
+ + +
+ + +

W W
+ +
+ +
+ +
+ +

+ +
W +
w w
w w
+ +
+ +
+ +
w w
+ +
w w
W -
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7 B. manausense BR 33517 (HQ641226)
B. guangdongense CCBAU 516497 (KC508867)
B. ganzhouense RITF806" (JQ796661)
B. cytisi CTAW11"T (EU561065)
B. rifense CTAW717(EU561074)
B. vignae 7-2" (KP899563)
B. guangxiense CCBAU 53363T (KC508877)
B. betae LMG 219877 (AY372184)
B. diazoefficiens USDA 110" (NC_004463)
B. arachidis CCBAU 0511077 (HM107167)
B. huanghuaihaiense CCBAU 23303" (HQ231463)
B. kavangense 14-3" (KP899562)
B. ingae BR 10250 (KF927043)
9! B. iriomotense EK05T(AB300992)
B. canariense BTA-1"(AY577427)
G ottawaense 0099 (JN186270)
w00l Ar B dagingense CCBAU 15774" (HQ231274)
B. liaoningense LMG 18230" (AF208513)

|:B. Japonicum USDA 6" (X66024)

B. yuanmingense LMG 21827" (AF193818)
76| B. subterraneum 58 2-1" (KP308152)
B. denitrificans LMG 8443" (X66025)
97— B. oligotrophicum LMG 107327 (JQ619230)
B. neotropicale BR 10247" (KF927051)
B. retamae Ro19" (KC247085)
B. valentinum LmjM3" (JX514883)
~ B. lablabi CCBAU 23086" (GU433448)
B. paxllaeri LMTR 217 (AY923031)
B. icense LMTR 13" (KF896156)
B. embrapense CNPSo 2833"(AY904773)
B. viridifuturi SEMIA 690" (FJ025107)
B. ervthrophlei CCBAU 533257 (KF114645)
L— B. jicamae PAC68" (AY624134)
B. ferriligni CCBAU 515027 (KJ818096)
B. pachyrhizi LMG 24246" (AY 624135)
B. brasilense UFLA 03-320 (KF311067)
B. brasilense UFLA 03-321" (KF311068)
B. elkanii LMG 61347 (AF362942)
B. brasilense UFLA 03-290 (KC113614)
B. tropiciagri CNPSo 11127 (AY904753)
Bosea thiooxidans DSM 9653 (AJ250796)

97

Fig. 1. Neighbour-joining phylogeny based on 16S rRNA geaquences
(1176 pb) showing the relationships between strainghe novel species
(shown in bold) and type strains of tBeadyrhizobium species. Bootstrap
values greater than 70% are indicated at nodes1&8erRNA sequence of
Bosea thiooxidans DSM9653 was used as outgroup. Gene accession

numbers for each strain are given in parentheses.
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B. daqgingense CCBAU 15774" (HQ231289, 1X437662, 1X437669, HQ231270)
B. huanghuaihaiense CCBAU23303" (HQ231682, I1X437665, JX437672, HQ231595)
B. yuanmingenseLMG21827" (FM253140, AY923039, FM253226, FM253183)
B. guangxiense CCBAU 53363" (KC508926, KC508974, KC509082, KC509279)
B. arachidis CCBAU051107" (HM107217, JX437668, 1X437675, HM107233)
B. liaoningenseLMG 18230" (AY 386752, FM253309, FM253223, FM253180)
B. ottawaense O099" (HQ455212, JF308816, HQ873179, HQ587287)
B. diazoefficiensUSDA 110" (NC_004463)
B.japonicum USDA 6" (AM418753, AM168362, AM418801, AM182158)
B. betae LMG 21987" (FM253129, FM253303, AB353735, AB353734)
B.canariense BTA-1" (FM253135, AY923047, FM253220, FM253177)
B.oytisiCTAWI11T (GU001613, JQ945184, IN186292, GU001575)
B. rifense CTAW71" (GU001617, JQ945187, KC569466, GU001585)
B. guangdongense CCBAU 516497 (KC508916, KC508964, KC509072, KC509269)
B. iriomotense EKO5" (AB300994, JF308944, AB300997, AB300996)
B. denitrificans LMG 8443" (FM253153, FM253325, AB070583, EU665419)
B. oligotrophicum LMG 107327 (JQ619232, KF962688, KC569467, JQ619231)
B. embrapense CNPSo0 28337 (HQ634875, KP234519, HQ63489, HQ634899)
B. elkaniiLMG 6134" (AM418752, AY328392, AM418800, AY591568)

B. pachyrhiziLMG 24246" (FJ428208, JF308946, HQ873310, HM047130)

B. brasilense UFLA03-290 (KF452733, KF452786, KF452821, KT793141)
00| | B- brasilense UFLA03-321"7 (KF452730, KF452791, KF452827, KT793142)

| B. brasilense UFLA03-320 (KF452731, KF452789, KF452840, KT793140)

4]00,7 B.icense LMTR 13" (KF896192, KF896182, KF896201, JX943615)
B. retamaeRo19" (KC247101, KF896184, KF962698, KC247094)

100 B. lablabi CCBAU23086" (GU433473, JX437663, 1X437670, GU433522)
@camaePACé@ (FJ428211, JF308945, HQ873309, HM047133)
92 B. paxllaeriLMTR 217 (KF896186, AY 923038, KF896195, 1X943617)

—
0.01

Fig. 2. Neighbourjoining phylogeny based on partial concatenatediseces (1593 pb) catpD, dnaK, gyrB andrecA genes
showing the relationships between strains of theehepecies (shown in bold) and type strains of Bradyrhizobium species.

Bootstrap valug greater than 70% are indicated at noGene accession numbers for eathin are given in parenthes
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B. brasilense UFLA 03-320

B. brasilense UFLA 03-3217

B. brasilense UFLA 03-290

B. elkanii LMG 61347

B. pachyrhizi LMG 24246"

Fig. 3. Cluster analysis of MALDI-TOF MS profiles dBradyrizobium
brasilense and type strains of the closest specisikanii LMG 6134 and
B. pachyrhizi LMG 24248). The dendrogram was constructed by applying
UPGMA method using arithmetic averages with cotieta levels

expressed.



Supplementary Material

Table S1 Similarity within Bradyrhizobium brasilense and betweerB. brasilense UFLA 03-321 and

Bradyrhizobium species in the 16S rRNA, housekeeping and synchietnes.
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other type strains of

Similarity with UFLA 03-321" (%)

Strains éﬁi atpD dnakK gyrB recA Concatenated nodC nifH

B. brasilense UFLA 03-320 99.91 100 100 100 100 100 100 100
B. brasilense UFLA 03-290 99.91 100 100 99.46  99.46 99.69 78.30 87.47
B. arachidis CCBAU 051107 96.50 92.12 85.22 92.42 91.84 91.23 79.82 87.14
B. betae LMG 21987 96.84 92.30 89.28 90.76  91.20 91.20 - -

B. canariense BTA-1" 96.93 93.34 84.99 91.10 91.00 91.38 66.25 80.70
B. cytis CTAW11' 96.40 93.33 88.79 90.40 90.04 90.48 68.80 80.58
B. dagingense CCBAU 15774 97.08 91.24 86.71 92.14  90.35 90.41 75.28 82.87
B. denitrificans LMG 8443 96.54 90.80 88.58 89.69 85.38 89.68 - 81.38
B. diazoefficiens USDA 110 96.84 93.31 86.66 93.21 89.91 92.16 75.28 82.87
B. elkanii LMG 6134 99.83 96.91 98.58 98.36 95.12 97.28 78.64 89.07
B. embrapense CNPSo 2833 99.74 95.39 92.94 95.88 93.80 94.62 93.42 98.92
B. erythrophlei CCBAU 53328 99.74 - - 91.19 92.89 - 71.11 87.13
B. ferriligni CCBAU 51502 97.75 - - 92.57 95.56 - 78.88 88.04
B. ganzhouense RITF 806 96.68 91.80 - 91.75 89.89 - 62.56 81.87
B. guangdongense CCBAU51649 96.61 92.00 86.96 92.67 89.88 - - 75.69
B. guangxiense CCBAU53363 96.84 91.46 84.57 9196 91.51 - - 85.54
B. huanghuaihaiense CCBAU23303 96.61 93.08 86.54 92.42 90.71 91.36 75.28 82.87
B.icense LMTR 13" 99.74 91.07 89.41 87.94 91.58 90.31 71.28 85.78
B. ingae BR 10250 96.28 - 89.54 90.96 88.88 64.82 83.37




Continuation....
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Strains

Similarity with UFLA 03-321" (%)

16S

'RNA atpD dnaK oyrB recA Concatenated nodC nifH
B. iriomotense EK05' 96.28 93.73 90.88 92.07 89.25 91.72 64.19 78.74
B. japonicum USDA 6' 97.08 94.37 86.43 93.01 90.54 91.81 75.28 82.87
B. jicamae PAC68 99.40 92.62 90.32 89.94 89.95 90.97 70.46 83.38
B. kavangense 14-3" 96.32 - 81.01 - 90.99 - 78.93 88.66
B. lablabi CCBAU 230868 99.65 91.71 90.27 88.87 92.68 91.16 71.10 85.72
B. liaoningense LMG 18230 97.16 91.59 86.35 93.02 92.86 91.71 61.95 82.87
B. manausense BR 3351 96.52 - 88.68 90.67 91.14 - 63.61 79.87
B. neotropicale BR 10247 98.61 - 88.59 92.47 91.64 - 67.07 82.44
B. oligotrophicum LMG 10732 96.65 90.29 87.30 89.68 87.08 89.80 - -
B. ottawaense 0099 97.16 91.71 85.35 91.29 92.13 91.01 75.28 82.87
B. pachyrhizi LMG 24246 99.91 96.03 99.58 98.45 98.29 97.83 79.20 89.63
B. paxllaeri LMTR 217 99.74 90.87 90.43 89.10 90.32 90.45 70.94 85.72
B. retamae Ro19 99.25 89.78 86.83 87.41 9151 89.58 71.34 85.63
B. rifense CTAW71' 96.61 92.94 89.60 91.19 91.11 91.37 67.84
B. subterraneum 58 2-1' 96.98 - 89.97 - 90.23 - 88.68
B. tropiciagri CNPSo 1112 99.49 - 95.40 96.34 94.86 - 94.47 99.47
B. valentinum Lmj M3" 99.51 90.00 - - 92.44 - 71.47  85.93
B. vignae 7-2" 96.45 - 86.16 90.87 - 79.12 89.67
B. viridifuturi SEMIA 690" 99.74 - 96.66 96.31 94.43 - 98.92
B. yuanmingense LMG 21827 96.64 95.07 85.09 91.50 91.80 90.55 75.67 85.50

*Concatenated sequences with four geiagal), dnaK, gyrB andrecA).
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B. japonicum USDA 6" (AB354632)

B. ottawaense 0099 (HQ587980)
01 B. huanghuaihaiense CCBAU 23303" (HQ231507)
% B. diazoefficiens USDA 110" (NC_004463)
B. dagingense CCBAU 15774 (HQ231326)
» L B. yuanmingense LMG 21827 (AB354633)
B. arachidis CCBAU 051107" (HM107267)
® AM'_E B. kavangense 14-3" (KT033402)
] 2 B. vignae 7-2" (KT362339)

B. brasilense UFLA 03-290 (KT793172)
" B. pachyrhizi LMG 24246" (HQ588110)
100 —ME B. elkanii LMG 61347 (AB354631)
9% B. ferriligni CCBAU 515027 (KJ818109)

100| B. brasilense UFLA 03-320 (KT793171)

B. brasilense UFLA 03-321" (KT793173)
) 100 B. tropiciagri CNPSo 11127 (KP234520)

6r|—— B. embrapense CNPSo 2833" (KP234521)
91 B. cytisi CTAW11"(EU597844)

100 ’_'; B. rifense CTAW71"(EU597853)

I—B. canariense BTA-1"(AJ560653)
B. erythrophlei CCBAU 53325" (KF114576)
B. jicamae PAC68" (AB573869)
9 B. lablabi CCBAU 23086" (GU433565)
5 —ip paxllaeri LMTR 217 (KF896160)
o B. icense LMTR 13" (KF896159)
— EEB. retamae Ro19" (KC247112)

& L B. valentinum Lmj M3 (JX514897)

B. neotropicale BR10247" (KJ661727)
B. liaoningense LMG 18230" (GU263466)
B. ganzhouense RITF 806" (JX292035)
. ingae BR 10250" (KF927054)

B
—mi——|:3. iriomotense EK05" (AB301000)
100 B. manausense BR 33517 (KF786002)

0.05

Fig. S1.Neighbour-joining phylogeny based on partial sexqes (441 pb)

of nodC gene showing the relationships between strairteeofiovel species
(shown in bold) and type strains of tBeadyrhizobium species. Bootstrap
values greater than 50% are indicated at nodese @ecession numbers for

each strain are given in parentheses.
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B. liaoningense LMG 18230" (EU818925)
B. ottawaense O099" (JN186287)

100 | B. japonicum USDA 6" (HM047126)
B. huanghuaihaiense CCBAU 23303" (HQ231551)

76 B. diazoefficiens USDA 110" (NC_004463)

B. dagingense CCBAU 15774" (HQ231323)

B. yuanmingense LMG 21827" (EU818927)

B. brasilense UFLA 03-290 (KT793147)

B. subterraneum 58 2-17 (KM378289)

B. vignae 7-2" (KM378251)

B. arachidis CCBAU 051107" (HM107283)

B. kanvangense 14-3" (KM378254)

B. pachyrhizi LMG 242467 (HM047124)

B. elkanii LMG 6134" (AB094963)

B. ferriligni CCBAU 515027 (KJ818108)

651 B. viridifuturi SEMIA 690" (KR149137)
B. embrapense CNPSo 2833" (KP234518)

M)LE tropiciagri CNPSo 11127 (HQ259540)
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| |B. brasilense UFLA 03-320 (KT825889)
731 B. brasilense UFLA 03-3217 (KT825890)
B. erythrophlei CCBAU 53325" (KF114598)
B. ganzhouense RITF 806" (1X292065)
97, B. lablabi CCBAU 23086" (GU433546)
— B. paxllaeri LMTR 217 (DQ085619)
o |— B. icense LMTR 13" (KF896161)
g B. retamae Ro19" (KF962704)
67— B. valentinum Lmj M3" (KF806461)
B. jicamae PACG68™ (HM047127)
B. canariense BTA-1" (EU818926)
B. cytisi CTAW11" (GU001618)
B. neotropicale BR10247" (KJ661728)
91 B. denitrificans LMG 8443" (HM047125)
B. guangxiense CCBAU 53363" (KC509140)
1 B. ingae BR 10250" (KF927085)
492'7—?8. iriomotense EK05" (AB300998)
% B. manausense BR 33517 (KF786003)

B. guangdongense CCBAU 51649" (KC509130)

7

0.02

Fig. S2.Neighbour-joining phylogeny based on partial sexeg177 pb) of

nifH gene showing the relationships between straindhefrovel species
(shown in bold) and type strains of tBeadyrhizobium species. Bootstrap
values greater than 50% are indicated at nodese @eression numbers for

each strain are given in parentheses.
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Fig. S3 Image of strain UFLA 03-321obtained by scanning electron
microscopy.
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New sequencesthe accession numbers for the 16S rRNapD, gyrB,
recA, nodC and nifH sequences of strain INPA 01-91A are KU230296,
KT793129, KT793136, KT793139, KT825895 and KT7931@3pectively.
The accession numbers foodC andnifH sequences of strain INPA 54B
are KT793177 and KT793160, respectively. The aemessumbersnodC
and nifH sequences of strain INPA 86A are KT793178 and KT®a3

respectively.
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Abstract

Three strains of nitrogen-fixing bacteria isolafesim nodules ofinga sp.
(INPA 54B") andSwartzia sp. (INPA 86A and INPA 01-91A) in soils under
native forest in the Brazilian Amazon were previgusdentified as
belonging to theéBradyrhizobium genus and grouped into a single group. In
this study, these strains were characterized usipglyphasic approach in
order to establish their taxonomic position. Thee¢hstrains shared more
than 99.50% sequence similarity of 16S rRNA geneth wiive
Bradyrhizobium species B. japonicum USDA 6', B. liaoningense LMG
18230, B. ottawaense 0099, B. subterraneum 58 2-1 and B.
yuanmingense LMG 21827). However, concatenated sequence analysis of
the housekeeping gene&tpD, gyrB andrecA) indicated that these three
strains represent a néBvadyrhizobium species, and the most closely related
species isB. yuanmingense LMG 21827, with 94.63% similarity. DNA-
DNA relatedness between INPA 54BndB. yuanmingense LMG 21827
was only 38.2%. Phenotypic characterization, inclgdests of temperature,
pH and salinity range, resistance to antibioticd assimilation of different
carbon and nitrogen sources also allowed the difteation of the novel
species fronB. yuanmingense LMG 21827. In the phylogenetic analysis of
the symbiotic geneswodC and nifH, the three strains showed similar
sequences that were divergent from those of typminst of all
Bradyrhizobium species. Based on the data presented, we concthdéd
these strains represent a novel species, for whemameBradyrhizobium
forestalis is proposed, with INPA 54B(= LMG 10044) as type strain. The
G+C content in the DNA of INPA 54Bs 63.7 mol%.

Keywords: Bradyrhizobium, biological nitrogen fixation, polyphasic

taxonomy, symbiotic genes
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Nitrogen-fixing legume nodulating bacteria (NFLNBJye of great
socioeconomic and environmental importance. AmdregyNFLNB genera
currently described,Bradyrhizobium has stood out due to its wide
geographic distribution and host range, besidemifggy efficient symbiosis
with important legume species.

In the Amazon biome, which occupies approximatedpodof the
Brazilian territory, studies carried out in soilmder different land use
systems have indicated predominance Ryladyrhizobium among the
NFLNB genera isolated from different legume speerd high phenotypic
and genotypic diversity oBradyrhizobium strains (Moreiraet al., 1993;
1998; Guimaréest al., 2012; 2015; Silvat al., 2012; Jaramill@t al., 2013;
Baraunaet al., 2014). Recently, threBradyrhizobium species from this
biome have been describd®l:manausense, isolated fronVigna unguiculata
(Silva et al., 2014a);B. ingae, isolated frominga laurina (Silva et al.,
2014b) andB. neotropicale, isolated fromCentrolobium paraense (Zilli et
al., 2014).

In a previous study, 800 strains isolated from theslof several forest
legume species of three subfamilies (Caesalpini@délimosoideae and
Papilionoideae) from the Amazon and Atlantic Folgsines (Brazil) were
phenotypically characterized. Most of these strahewed slow or very
slow growth and ability to alkalize in culture medi 79 (Fred and
Waksman, 1928). One hundred seventy-one of thesénst which are
cultural representatives from different divergempeups of Leguminosae
were studied regarding diversity by comparison athlt protein profiles
obtained by SDS-PAGE. Of these, 120 strains weommgd within the
genusBradyrhizobium (Moreiraet al. 1993). Subsequently, 44 strains had
the 16S rRNA gene partially sequenced (Moreira., 1998).

Guimaraest al. (2015) carried out sequencing of housekeepinggen
of 50 Bradyrhizobium strains isolated in different Brazilian ecosystems
including six strains from the Amazon biome, whitad been previously

characterized by Moreiret al. (1993). Among these six strains, two (INPA
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54B" and INPA 86A) formed a separate group differemtrfrthe other
strains studied and froBradyrhizobium species currently described.

In this study, INPA 54B (LMG 10044) and INPA 86A (LMG
10053) were selected for further analysis, by mdecand phenotypic
methods. Strain INPA 01-91A (LMG 10054), which i®gped with INPA
54B" and INPA 86 by the SDS-PAGE (Moreigh al., 1993), was also
included in the analyses. Results obtained indtudy indicate that the three
strains represent a single novel species, for wthiemameBradyrhizobium
forestalis sp. nov. is proposed.

The three strains are derived from soil under eaforest of the
Brazilian Amazon region. Strain INPA 5ABvas isolated frominga sp.
(Subfamily: Mimosoideae) nodules, and strains INE&A and INPA 01-
91A (=INPA 91A) were isolated fromSwartzia sp. (Subfamily:
Papilionoideae) nodules (Moreira et al., 1993)laton and characterization
of strains were carried out in culture medium 7&¢{Fand Waksman, 1928),
also known as YMA (Vincent, 1970). The three stsa@me deposited in the
culture collection of the Department of Soil BiojpgMicrobiology and
Biological Processes of the Federal University a¥ias, Brazil, and in the
culture collection (BCCM/LMG) of the Ghent Universi Belgium. INPA
54B" = LMG 10044, INPA 86A = LMG 10053, INPA 01-91A = LMG
10054.

Alkaline lysis method was used for DNA extractioor the strains
(Niemann et al., 1997).

Sequences of 16S rRNA gene (1284 to 1290 bp) offife= strains,
and partial sequences of the geagd (453 bp),gyrB (594)andrecA (510
bp) of INPA 01-91A were obtained using the samemprs and
amplification and sequencing cycles used by Ribetr@l. (2015). The
sequences of the geratgD, gyrB andrecA of INPA 54B and INPA 86A
were obtained by Guimaréesal. (2015). For each gene, the sequences of
all type strains ofBradyrhizobium species available in the GenBank

(National Center for Biotechnology Information, NifBrere included in the
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alignment. The alignment of the sequences was echraut using the
ClustalW Multiple Alignment algorithm in BioEdit. iBtances were
calculated according to the Kimura 2 Parameter auetfiKimura, 1980).
Phylogenetic trees were constructed by the neigfdioing (NJ) (Saitou e
Nei, 1987) and maximum likelihood (ML) (Felsensteit®81) methods
using the MEGA 5 software package (Tamaral., 2011), with bootstrap
values based on 1000 replications.

Results of the phylogenetic analysis of the 16S ARjéne were
similar when using the ML (data not shown) and Nig.(1) methods. The
three INPA strains showed identical 16S rRNA geegquences (Fig. 1).
Strain INPA 54B shared more than 99.50% similarity with five
Bradyrhizobium species B. japonicum USDA 6, B. liaoningense LMG
18230, B. ottawaense 0099, B. subterraneum 58 2-1 and B.
yuanmingense LMG 21827) (Table S1). High similarity between 16S rRNA
gene sequences of differeBradyrhizobium species have been reported
previously (Willemset al., 2001; Wang et al., 2013; Duraret al., 2014;
Silvaet al., 2014b), which reflects the high conservationrde@f this gene.

For better discrimination between members of Bnadyrhizobium
genus, analysis of multilocus sequences of houp@kgaienes have been
pointed out as a reliable method (Vinuesal., 2005; Islamet al., 2008;
Ramirez-Bahenat al., 2009; Duraret al., 2014; Guimaraest al., 2015;
Ribeiro et al., 2015). In the present study, three housekeegamgs atpD,
gyrB andrecA, were chosen for evaluation because these genesshawn
high differentiation potential betwedsradyrhizobium species (Vinuesat
al., 2005; Islamet al., 2008; Wanget al., 2013; Duranet al., 2014).
Phylogenetic trees based on concatenated sequenapd® (429 bp),gyrB
(552 bp) andecA (374 bp) genes showed similar results when usihg M
(data not shown) and NJ (Fig. 2) methods. Thisysmaklearly showed that
the INPA strains form a new group, supported wiiphhbootstrap value
(100%), separate from aBradyrhizobium species described (Fig. 2.

yuanmingense LMG 21827 was the species that most shared similarity with
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INPA 54B", both in the individual analysis ofitpD (95,23%), gyrB
(93,35%) andrecA (95,22%) genes, and in the analysis of concatdnate
sequences (94.63%) (Table S1). These data sud@edNPA strains belong
to a novel species withiBradyrhizobium, since these similarity values are
similar to those found between differerBradyrhizobium species
(Chahbounet al., 2011; Duraret al., 2014; Silveet al., 2014b).

Several phenotypic characteristics were evaluatecotmpare INPA
54B", INPA 86A and INPA 01-91A witlB. yuanmingense LMG 21827.
Strains INPA 54B and INPA 86A had been evaluated, in previous sgjdi
regarding the ability to grow in culture medium #red and Waksman,
1928) under different temperature condition and Naihcentrations (w/v)
(0.01, 0.25, 0.5, 0.75 and 1%) (Guimargéeal., 2015), and regarding their
resistance to the following antibiotic: ampicill{@0 pg mL™?), cefuroxime
(30 ng mL?), ciprofloxacin (5ug mL™), chloramphenicol (30 ugg mL™),
doxycycline (30upg mL?), erythromycin (15ug mL?), gentamicin (10ug
mL™), kanamycin (3Qug mL™), and neomycin (3g mL?) (Guimardest
al., 2015). This data set was supplemented withtéesstablish the pH (pH
4,55, 6.8, 8, 9 and 10) and temperatures (522528, 34, 37 and 40°C)
range for growth. To allow comparison, in the presstudy we evaluated
the growth of INPA 01-91A anB. yuanmingense LMG 21827 in culture
medium 79 under the same conditions of temperapteand NaCl, and
their resistance to the nine antibiotics cited|ofwing the same protocols
used to INPA 54Band INPA 86A

The three INPA strains arld. yuanmingense LMG 21827 were
also evaluated, in this study, regarding the gbtiit assimilate 16 carbon
sources (D-arabinose, L-asparagine, citric aciftuidtose, glycerol, glycine,
D-glucose, L-glutamine, L-glutamic acid, lactosealim acid, maltose,
mannitol, L-methionine, sodium lactate and sucr@s&) 8 nitrogen sources
(L-arginine, L-asparagine, hydrolyzed casein, Lteyge, glycine, L
glutamic-acid, L-methionine and tryptophan). Tolaate the assimilation of

carbon sources, modified culture medium 79 was gsadhining, per liter,
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10 g carbon source; 0.5 POy, 0.5 g KNQ; 0.2 g MgSQ.7H,0; 0.1 g
NaCl; 0.5 g CaCg 4 mL Fe-EDTA (1.64%); 2 mL micronutrient solution
(2.86 mg HBO; liter™; 2.03 mg MnSQ4H,0 liter’; 0.22 mg ZnSQ 7HO
liter™; 0.08 mg CuS@5H;0 liter* and 0.09 mg N#oO,- H,0 liter"); 5 mL
bromothymol blue solution (0.5% in KOH at 0,2N); ¢%gar; and pH 6.8.
To evaluate the assimilation of nitrogen sourdes,same protocol was used
as described above, replacing KN®y one of the cited sources, using
mannitol as carbon source. Strain INPA 54@as also characterized using
the API 20NE kit (bioMérieux), according to the méacturer's instructions,
with five days incubation.

The main differential phenotypic characteristicsA@en the strains of
the new group anB. yuanmingense LMG 21827 are shown in Table 1. In
the description of the new species, the phenotyiaracterization is
detailed. For some characteristics, different balawbetween INPA 54B
and strains INPA 86A and INPA 01-91A were observéicating
phenotypic diversity within the novel species (TEab).

The strains were also compared by analysis of MALDF MS
(Matrix-assisted laser  desorption ionization-timidlight  mass
spectrometry) profiles. For this analysis, thircdhgetion cultures grown in
YMA medium (Vincent, 1970) were used. Sample prafian and data
analysis were carried out as previously describifieife et al., 2014).
Results of MALDI-TOF MS analysis showed that INPABS has protein
profile slightly different from INPA 86A and INPAI391A, however, all
three strains showed very similar profiles (Fig. 3)

For confirmation of the novel species, DNA-DNA higlization
experiments were carried out, according to methaglol previously
described (Ezakit al., 1989; Willemset al., 2001). First, DNA-DNA
hybridization experiment was carried out with strilPA 548 (proposed
as type strain), which was isolated frénga sp., and the strain INPA 86A,
isolated fromSwartzia sp. DNA-DNA relatedness between these two strains

was high (83%), confirming that they belong to Haene species (Wayrak
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al., 1987). Subsequently, strains INPA 34d INPA 86A were hybridized
with B. yuanmingense LMG 21827. DNA-DNA relatedness between them
was only 38.2 and 33.6%, respectively. Since thlaeris far below the limit
value (70%) indicated for delineation of new spedi@/ayneet al., 1987),
we can confirm that INPA strains represent a namcies within the
Bradyrhizobium genus. The G+C content in the DNA of strain INB48',
determined by HPLC (Mesbahal.1989), was 63.7ol%.

Genes involved in nodulation and nitrogen fixatisungch asodC and
nifH, respectively, are generally evaluated in symbictiaracterization of
novel species of NFLNB. In this study, sequencasod€ andnifH genes of
the three INPA strains were compared with thosetypie stains of
Bradyrhizobium species available in GenBank (National Center for
Biotechnology Information, NCBI). DNA extraction wacarried out as
described above. Primers used, amplification aggiesgcing ofnodC gene
were carried out according to Sartaal. (2005), modified by De Meyest
al. (2011). The analysis @ifH gene was carried out according to Gaby and
Buckley (2012). Sequences alignment and constructigphylogenetic trees
were carried out as described above. In the arabyskoth genesnpdC and
nifH), INPA strains showed identical sequences and ddrna new
phylogenetic line (Fig. S1 and S2). The closestigseto INPA 54B wasB.
arachidis CCBAU 051107, with 97.30 and 97.44% similarity, in the
analysis of the sequencesnoflC andnifH genes, respectively (Table S1).

Nodulation ability of INPA 54B, INPA 86A and INPA 01-91A was
confirmed by inoculation tests with three legumecsps: Macroptilium
atropurpureum, Vigna unguiculata and Phaseolus lunatus. Strain INPA
54B" was also evaluated regarding its ability to nottulather legume
species, which indicated that this strain doesnoalulateGlycine max and
Acacia mangium, but it does nodulat&izol obium aterrimum.

Results of genotypic, phenotypic and symbiotic gsesd presented in

this study indicate that INPA strains should bessiféed as a novel species
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within the Bradyrhizobium genus. The namBradyrhizobium forestalis sp.

nov is proposed for the new taxon, with INPA 348 type strain.

Description of Bradyrhizobium forestalis sp. nov.
Bradyrhizobium forestalis (fo.res.ta’lis. N.L. neut. adjforestalis of forest,
referring to the fact that these strains were tedldrom nodules of forest

legume species).

Cells are gram-negative, aerobic, non-spore-formiogs (Fig. S3). The
three strains form cream-colored colonies with @é&tn > 1 mm. They
produce an alkaline reaction with culture mediuén using mannitol as
carbon source and bromothymol blue as indicatee, diays after incubation,
at 28 °C. All strains grow in pH from 4 to 10, aaidtemperature from 15 to
37 °C, with optimal growth at 28°C, but do not gratn5°C. INPA 86A and
INPA 01-91A show weak growth at 40°C, but INPA B4fes not grow at
this temperature. Salinity tolerance varies amobgirs. INPA 54B
tolerates up to 0.75% NaCl, while INPA 86A and INPA-91A tolerate
only up to 0.50% NaCl. The three strains are rastgo ciprofloxacin (ug
mL™), chloramphenicol (3g mL?) and doxycycline (3@g mL™); but they
are sensitive to ampicillin (1Qug mL"), cefuroxime (30pg mL?Y),
kanamycin (3Qug mL™"), neomycin (3Qug mL™) and gentamicin (1Qg mL

1. Resistance to erythromycin (15 ijLvaries among strains. They can
assimilate D-arabinose, D-fructose, L-glutamic ammdl mannitol, but they
do not use citric acid, malic acid, glycine, laetos-methionine and sodium
lactate, as carbon source. They weakly use L-agparaD-glucose and
sucrose. The use of glycerol and L-glutamine alsaasource varies among
strains. The use of L-asparagine and L-glutamid asi nitrogen source is
positive, but the use of casein hydrolyzate, L-eiys, glycine, L-methionine
and tryptophan is negative. The use of L-arginiseni&rogen source varies
among the strains. Strain INPA 54Bs positive for urease, esculin

hydrolysis and gelatin hydrolysis, and negative futrate reduction,
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tryptophan deaminase activity, glucose fermentatiand arginine

dihydrolase.

The type strain INPA 54B(= LMG 10044) was isolated from effective
nodules oflnga sp. in soil under native forest in the Amazon, Ararhe
G+C content in the DNA of INPA 54Bis 63.7mol%.
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Table 1 Differential phenotypic characteristics betweerraigs of
Bradyrhizobium forestalis (INPA 54B", INPA 86A and INPA 01-91A) and
the most closely related type straidrgdyrhizobium yuanmingense LMG
21827).

Characteristic INPA INPA INPA LMG
548" 86A 01-91A 21827

Growth at

40 °C - w w +

0,75% NacCl

Assimilation of carbon

source

D-fructose

Glycerol

D-glucose

Lactose

Methionine - - -

Sodium lactate

Sucrose W

Assimilation of nitrogen

source

Arginine w w w -

Cysteine - - - w

Resistance to antibiotics

(ng mL™)

Erythromycin (15) - + +

Gentamycin (10) - - -

Kanamycin (30) - - -

Neomycin (30) - - -
Data represent the means of three biological raggg+, growth; —, no

+

= € +
|§++
|§++

=
=

+ + 4+ +

growth; w, weakly positive.
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B. manausense BR 3351"
B. guangdongense CCBAU 516497
B. ganzhouense RITF806"
B. cytisi CTAWI1"
B. rifense CTAW717
B. vignae 7-27
B. guangxiense CCBAU 533637
B. betae LMG21987"%
B. diazoefficiens USDA 110"
B. arachidis CCBAU 051107"
B. huanghuaihaiense CCBAU 233037
B. kavangense 14-37
B. ingae BR 102507
| B. iriomotense EK05"
B. canariense LMG BTA-17
B. ottawaense OO99"
B. dagingense CCBAU 15774"
B. liaoningense LMG 182307
B. japonicum USDA 67
B. yuanmingense LMG21827"
B. subterraneum 58 2-17
B. forestalis INPA 01-91A
B. forestalis INPA 54B"
B. forestalis INPA 86A
B. denitrificans LMG 84437
9 [ B. oligotrophicum LMG 107321
B. retamae Ro19"
B. neotropicale BR 102477
—— B. jicamae PAC68"
B. viridifuturi SEMIA 6907
B. embrapense CNPSo 28337
B. erythrophlei CCBAU 53325"
1 [— B- valentinum LmjM3"
{B. icense LMTR 137

B. paxllaeri LMTR 217
B. lablabi CCBAU 23086"
B. ferriligni CCBAU 515027

w || B- pachyrhizi PAC48"
B. elkanii USDA76"
B. tropiciagri CNPSo 11127

Bosea thiooxidans DSM 96537

Fig. 1. Neighbour-joining phylogeny based on 16S rRNA geaquences
(1228 bp) showing the relationships between strafrthe novel species (in
bold) and type strains of thBradyrhizobium species. Bootstrap values
greater than 70% are indicated at nodes. The 188 rfequence oBosea
thiooxidans DSM9653 was used as outgroup. GenBank accession numbers

for each strain are given in Table S2.
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B.canariense LMG 22265"
B. cytisi CTAW11T
B. rifense CTAWT71"
B.ganzhouense RITF 806"
B. betae LMG 21987"
B. diazoefficiens USDA 110"
B. japonicum LMG 6138
B. ottawaense LMG 267397
B. liaoningense LMG 182307
B. arachidis CCBAU 0511077
B. guangdongense CCBAU 51649"
B. dagingense CCBAU 157747
B. huanghuaihaiense CCBAU 233037
B. guangxiense CCBAU 533637
B. yuanmingense LMG 218277

B. forestalis INPA 01-91A
|B. JSorestalis INPAS4B"
B. forestalis INPAS6A
B. iriomotense EK0O5"
100 B. denitrificans LMG 8443"

%9 B. oligotrophicum LMG 10732"

B. embrapense CNPSo 28337
B. elkanii USDA76"

1
. —99: B. pachyrhizi PAC48™
100 B. icense LMTR 137
B. retamae Ro19"
100 — B lablabi CCBAU 23086"

I A
93 B. paxllaeri LMTR 217

<8

100|

0.01

Fig. 2. Neighbour-joining phylogeny based on partial coecated
sequences (1355 bp) of housekeeping gestpB (gyrB andrecA) showing

the relationships between strains of the novel ispefin bold) and type
strains of thdBradyrhizobium species. Bootstrap values greater than 70% are
indicated at nodes. GenBank accession numberseajehes sequences for

each strain are given in Table S2.
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Fig. 3. Cluster analysis of MALDI-TOF MS profiles dBradyrizobium
forestalis. The dendrogram was constructed by applying UPGithod
using arithmetic averages with correlation levelpressed as percentage
values of the Pearson correlation coefficient. iR®fare shown as band

patterns, units are m/z values
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Table S1 Similarity within Bradyrhizobium forestalis and betweenB. forestalis INPA 54B" and other type strains of

Bradyrhizobium species in the 16S rRNA, housekeeping and synhjetnes.
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Strains Similarity with INPA 54B " (%)

rézSA atpD gyrB recA Concatenated nodC nifH
B. forestalis INPA 862 100.00 100.00 100.00 100.00 100.00 100.00 100.00
B. forestalis INPA 01-912 100.00 100.00 100.00 100.00 100.00 100.00 100.00
B. arachidis CCBAU 051107 98.91 92.74 91.56 93.42 92.74 97.30 97.44
B. betae LMG 21987 99.21 92.94 89.84 92.45 91.48 - -
B. canariense BTA-1" 99.32 93.90 90.25 92.05 91.24 70.34 83.65
B. cytis CTAW11" 98.88 93.89 89.31 90.85 91.24 72.86 83.39
B. dagingense CCBAU 15774 99.45 91.76 92.40 91.47 92.04 87.66 88.01
B. denitrificans LMG 8443 98.57 90.90 86.39 87.53 88.63 - 83.66
B. diazoefficiens USDA 110 99.19 94.13 92.14 92.27 92.65 87.66 88.01
B. elkanii USDA76" 96.70 93.72 90.25 92.70 91.48 83.72 92.77
B. embrapense CNPSo 2833 97.02 93.70 89.61 91.96 91.04 78.94 88.21
B. erythrophlei CCBAU 53325 97.02 - 87.71 91.92 - 76.33 88.74
B. ferriligni CCBAU 51502 94.69 - 86.48 92.58 - 84.52 91.77
B. ganzhouense RITF 808 99.08 92.71 90.70 92.15 91.41 66.18 83.13
B. guangdongense CCBAU 51649 99.05 92.74 91.59 91.54 92.24 - 78.22
B. guangxiense CCBAU 53363 99.22 92.23 91.81 93.19 92.77 - 87.30
B. huanghuaihaiense CCBAU23303 98.90 93.63 92.77 91.80 92.95 87.66 88.01
B.icense LMTR 13" 96.96 92.25 84.63 91.42 88.45 72.60 86.82
B.ingae BR 10250 98.59 - 89.89 89.81 - 65.74 84.20
B. iriomotense EK05" 98.59 93.92 90.87 90.16 91.69 64.74 80.05
B. japonicum USDA 6' 99.56 94.85 92.16 92.86 92.22 87.66 88.01
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Continuation...
Strains Similarity with INPA 54B " (%)

rI%zSA atpD oyrB recA Concatenated nodC nifH
B. jicamae PAC68 96.69 94.16 86.54 89.54 89.30 71.57 86.85
B. kavangense 14-3" 98.57 - - 92.49 - 93.60 96.88
B. lablabi CCBAU 230868 96.88 93.20 85.68 91.95 89.46 72.41 86.21
B. liaoningense LMG 18230 99.53 92.01 92.08 95.02 92.98 60.86 88.01
B. manausense BR 3351 98.97 - 91.15 92.28 - 64.21 81.06
B. neotropicale BR 10247 96.48 - 91.41 93.15 - 67.89 84.31
B. oligotrophicum LMG 10732 98.66 91.52 86.40 89.05 88.65 - -
B. ottawaense 0099 99.51 92.15 90.28 92.07 91.65 87.66 88.01
B. pachyrhiz PAC48 96.79 93.59 90.34 91.68 91.41 83.40 94.75
B. paxllaeri LMTR 217 96.96 92.19 85.79 89.68 88.49 72.18 86.21
B. retamae Ro19 97.23 91.00 83.95 91.46 87.80 73.07 86.50
B. rifense CTAW71' 99.04 93.53 90.18 92.11 91.72 71.45 -
B. subterraneum 58 2-1T 99.84 - - 94.11 - - 94.47
B. tropiciagri CNPSo 1112T 96.36 - 90.28 92.59 - 80.93 88.18
B. valentinum Lmj M3" 96.84 91.46 - 92.06 - 72.87 86.83
B. viridifuturi SEMIA 690" 97.02 - 90.30 92.24 - - 88.21
B. vignae 7-2" 98.68 - - 92.23 - 93.65 96.13
B. yuanmingense LMG 21827 99.67 95.23 93.35 95.22 94.63 86.62 90.60

*Concatenated sequences with three geatp®( gyrB andrecA).
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Table S2GenBank accession numbers of the sequences usgdhubis studySequences obtained in this study are shown in bold.

Strains

Genome 16S rRNA atpD oyrB recA nodC nifH
B. forestalis INPA 54B" KR779520 KF452722 KF452831 KF452867 KT793177 KT793160
B. forestalis INPA 862 KR779521 KF452725 KF452832 KF452865 KT793178 KT793161
B. forestalisINPA 01-91A KU230296 KT793129 KT793136 KT793139 KT825895 KT7982
B. arachidis CCBAU 051107 HM107167 HM107217 JX437675 HM107233 HM10726HM107283
B. betae LMG 21987 AY372184 FM253129 AB353735 AB353734 - -
B. canariense BTA-1" AY577427 FM253135 FM253220 FM253177 AJFBR6 EU818926
B. cytis CTAW11' EU561065 GU001613 JIN186292 GU001575 EU597844 GU001618
B. dagingense CCBAU 15774 HQ231274 HQ231289 JX437669 HQ231270 HQ23132d0Q231323
B. denitrificans LMG 8443 X66025 FM253153 AB070583 EU665419 - HM047125
B. diazoefficiens USDA 110 NC 004463
B. elkanii USDA76" AF362942 AMA418752 AM418800 AY591568 AB354631AB094963
B. embrapense CNPSo 2833 AY904773 HQ634875 HQ63489 HQ634899 KP234521 KP2845
B. erythrophlei CCBAU 53323 KF114645 - KF114717 KF114669 KF114576  KF114598
B. ferriligni CCBAU 51502 KJ818096 - KJ818102 KJ818112 KJ818109 KJ818108
B. ganzhouense RITF 806 JQ796661  JX277182 KP420022 JX277144 JX292035 JX292065
Eig:z;_ngdongense CCBAU KC508867 KC508916 KC509072  KC509269 KC509130
B. guangxiense CCBAU 53363 KC508877 KC508926 KC509082 KC509279 - KC509140
B. huanghuaihaiense HQ231463 HQ231682 JX437672 HQ231595 HQ23150MQ231551

CCBAU23303
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Strains 16S rRNA atpD gyrB recA nodC nifH
B.icense LMTR 13" KF896156  KF896192  KF896201  JX943615 KF896159 KF896161
B. ingae BR 10250 KF927043 - KF927079  KF927061  KF927054 KF927085
B. iriomotense EKO5' AB300992 AB300994 AB300997 AB300996 AB301000AB300998
B. japonicum USDA 6" X66024 AM418753  AM418801 AM182158 AB33®% HMO047126
B. jicamae PAC68 AY624134 FJ428211 HQ873309 HM047132B573869 HMO047127
B. kavangense 14-3' KP899562 - - KM378399 KT033402 KM378254
B. lablabi CCBAU 23086 GU433448 GU433473 JX437670 GU433522  GUBB35 GU433546
B. liaoningense LMG 18230 AF208513 AY386752 FM253223 FM253180 GU26346€U818925
B. manausense BR 3351 HQ641226 - KF786000 KF785992 KF786002 KF786003
B. neotropicale BR 10247 KF927051 - KJ661707 KJ661714 KJ661727  KJ661728
B. oligotrophicum LMG 10732 JQ619230 JQ619232 KC569467 JQ619231 - -

B. ottawaense 0099 JN186270 HQ455212 HQ873179 HQ587287 HQ587980 JN186287
B. pachyrhizi PAC48 AY624135 FJ428208 HQ873310 HM047130 B8B0 HMO047124
B. paxllaeri LMTR 21" AY923031 KF896186  KF896195  JX943617 KF896160 DQ085619
B. retamae Ro19 KC247085 KC247101 KF962698 KC247094 KC247112 KF962704
B. rifense CTAW71" EU561074 GU001617 KC569466 GU001585 EU597853 -

B. subterraneum 58 2-1 KP308152 - - KM378397 - KM378289
B. tropiciagri CNPSo 1112 AY904753 - HQ634890 FJ391168 KP234520 HQ259540
B. valentinum Lmj M3" JX514883  JX518561 - JX518589 JX514897 KF806461
B. vignae 7-2" KP899563 - - KM378374 KT362339 KM378251
B. viridifuturi SEMIA 690" FJ025107 - KR149134 KR149140 - KR149137
B. yuanmingense LMG 21827 AF193818 FM253140 FM253226 FM253183 AB35463&EU818927
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Fig. S1.Neighbour-joining phylogeny based on partial sexes (378 bp)

of nodC gene showing the relationships between strairtkeohovel species
(in bold) and type strains of tH&radyrhizobium species. Bootstrap values
greater than 70% are indicated at nodes. GenBacéssion numbers for

each strain are given in Table S2.
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Fig. S2.Neighbour-joining phylogeny based on partial segee(201 bp) of

nifH gene showing the relationships between straineehbvel species (in
bold) and type strains of thBradyrhizobium species. Bootstrap values
greater than 70% are indicated at nodes. GenBarcéssion numbers for

each strain are given in Table S2.
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Fig. S3 Image of strain INPA 54" (Bradyrhizobium forestalis) obtained by

scanningelectron microscop
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Abstract

In previous study, five nitrogen-fixing bacteriaashs (UFLA 06-13, UFLA
06-15, UFLA 06-19, UFLA 06-21 and UFLA 06-22), iatéd from soybean
(Glycine max L.) nodules inoculated with soil from the state Rifaui,
Northeast Brazil, were identified and indicatedaasew group within the
Bradyrhizobium genus. The taxonomic status of these strains walsiaed
in this study using a polyphasic approach. Phylegeranalysis of the 16S
rRNA gene grouped the five strains wiBradyrhizobium ekanii LMG
6134 andBradyrhizobium pachyrhizi LMG 24248, with similarity of 99.92
and 100%, respectively. However, the concatenagdesice analysis of the
housekeeping genetpD, dnaK, gyrB, recA andrpoB revealed that the five
strains represent a nov@tadyrhizobium species, which is closely related to
B. ekanii LMG 6134 and B. pachyrhiz LMG 24246. DNA-DNA
relatedness between UFLA 06'18nd two closely related speci® ékanii
LMG 6134" and B. pachyrhizi LMG 24246) was only 18.8 and 21.6%,
respectively. Analysis of MALDI-TOF MS (Matrix-asted laser desorption
ionization-time-of-flight mass spectrometry) prefil and some phenotypic
characteristics, including tests for temperaturalindy, resistance to
antibiotics and assimilation of different carboranitrogen sources allowed
differentiating the five strains from the two nedighing speciesB. ekanii
LMG 6134 andB. pachyrhiz LMG 24246). Based on the data presented,
we suggest that the five strains represent a rspagties, for which the name
Bradyrhizobium piauiense sp. nov. is proposed, with UFLA 0618.MG
29354) as type strain.

Keywords: Bradyrhizobium, Glycine max L., housekeeping genes,

polyphasic taxonomy

Soybean Glycine max L.) is an important protein source used

worldwide. In Brazil, which is the second largesirid soybean producer,
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this crop occupies about 57% of the planted ar€aN@&B, 2014), playing
important economic and social role. One factor teaisively contributes to
the success of soybean production in Brazil and it market
competitiveness is the exploitation of biologicalragen fixation (BNF)
through its inoculation with strains of tigadyrhizobium genus: SEMIA
5079 @. japonicum), SEMIA 5080 B. diazoefficiens), SEMIA 587 8.
elkanii) and SEMIA 50198B. elkanii).

Soybean plant has been the main host species fituohwsgpecies of
the Bradyrhizobium genus were isolated. Currently, there are sevenisp
of this genus isolated from soybean plamsjaponicum USDA 6', from
Japan (Jordan, 1982%. ekanii LMG 6134 andB. diazoefficiens USDA
110", from the United States (Kuykendad#t al., 1992; Delamutaet al.,
2013);B. liaoningense LMG 18230, B. huanghuaihaiense CCBAU23303
andB. dagingense CCBAU 15774, from China (Xuet al., 1995; Zhangt
al., 2011; Wanget al., 2012) andB. ottawaense, from Canada (Yt al.,
2014). Despite the importance of soybean in Brdh#re is no described
Bradyrhizobium species from nodules of this crop in Braziliar.soi

In recent study, 46 strains isolated from soybeagules inoculated
with soils from different Brazilian regions (MidwtiesNortheast, Southeast
and South) were classified within tiBeadyrhizobium genus based on the
partial sequencing of the 16S rRNA gene (Ribettoal., 2015). The
concatenated sequence analysis of the five hougsekegenesdipD, dnakK,
gyrB, recA andrpoB) of these strains indicated two groups with poadigt
representative strains of the novel species (Ribetiral., 2015). In the
present study, five strains of one of these grqu#d.A 06-13, UFLA 06-
15, UFLA 06-19, UFLA 06-21 and UFLA 06-22), whicheeefficient in N
fixation in symbiosis with soybean, were selected further analysis, by
molecular and phenotypic methods. Based on thesdtsea novel species
within the genus Bradyrhizobium is proposed, whose name is

Bradyr hizobium piauiense sp. nov, with UFLA 06-13as type strain.
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The five strains were isolated from effective nedubf soybean plants
inoculated with soil from the Northeast, collectedBom Jesus (9°121° S
and 44°4855° W), in the state of Piaui. The inoculum soil hagdvmous
inoculation with the following strains inoculant edybean: SEMIA 507 %
japonicum), SEMIA 5080 B. diazoefficiens), SEMIA 587 B. elkanii) and/or
SEMIA 5019 B. elkanii). Isolation was carried out on plates with culté@ge
medium (Fred and Walkmam, 1928), also known as Y(Mcent, 1970).
These strains are currently deposited in the dodlewmf the Soil Biology,
Microbiology and Biological Processes Department thie Federal
University of Lavras, Brazil, and the type straiasnalso deposited in the
culture collection (BCCM/LMG) of the Ghent UnivetgiBelgium.

Sequences of 16S rRNA (1288 to 1331 D (510 pb),dnaK (280
pb), gyrB (669 pb),recA (474 to 559 pb) andpoB (903 to 957 pb) genes of
the five UFLA strains were obtained in a previotisdg (Ribeiroet al.,
2015). Sequences of each gene were aligned usingltistalW Multiple
Alignment algorithm in the BioEdit software. Forraparison, the alignment
included the sequences of type strain®icdyrhizobium species available
in the GenBank (National Center for Biotechnologyofmation, NCBI).
The sequences of four strains currently used dsesmyinoculants in Brazil
(SEMIA 5079B. japonicum, SEMIA 5080B. diazoefficiens, SEMIA 587B.
elkanii and SEMIA 501B. elkanii) were also included in the alignment of
16S rRNA,dnaK andrecA genes. However, it was possible to include only
the sequences of SEMIA 5079 and SEMIA 5080 straartbe alignment of
atpD and rpoB genes, since the sequences of these two genesoare n
available for SEMIA 58and SEMIA 5019 strains. SequencegwB gene
of SEMIA 5079 and SEMIA 5080 are available in thenBank; however, it
was not possible to include them in the alignmsinice they do not seem to
have good quality. Phylogenetic trees were congdibdy the neighbor
joining (NJ) (Saitou and Nei, 1987) and by the maxin likelihood (ML)

(Felsenstein, 1981) methods, using the Kimura 2rpater model (Kimura,
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1980). The MEGA 5 software package (Tametral., 2011) was used in the
construction of trees, with bootstrap values basedl000 replications.

Results of phylogenetic analysis of the 16S rRNAegeere similar
when both methods were used: neighbor-joining (Ri. 1) and maximum
likelihood (ML) (data not shown). The five UFLA atns showed 16S rRNA
gene sequence similar to the two inoculant stréd3VIIA 587 B. elkanii)
and SEMIA 5019 B. elkanii) and toB. pachyrhizi LMG 24246, and shared
99.91% similarity withB. elkanii LMG 6134 (Table S1). These data
confirm that the 16S rRNA gene has low discrimimatpower between
members of theBradyrhizobium genus, corroborating previous studies
(Willems et al., 2001; Vinuesat al., 2005; Rivast al., 2009; Duréret al.,
2014; Guimaréaest al., 2015).

Analysis of multilocus sequences of housekeepingegehave been
successfully employed for better discriminationwsstn closely related
species within théBradyrhizobium, genus &tpD, dnaK, ginll, gyrB, recA
andrpoB) (Vinuesaet al., 2005; Ramirez-Bahergh al., 2009; Zhangt al.,
2012; Delamutaet al., 2013; Silvaet al., 2014; Yaoet al., 2015). In this
study, it was firstly carried out a concatenatedlysis of the sequences of
the dnaK andrecA genes, in order to include the four soybean ireuul
strains. In this analysis, the five UFLA strainggented similar sequences
between each other and formed a separate group $Eig which shared
similarity of 97.89% withB. ekanii LMG 6134 and of 97.76% with
SEMIA 587 @. ekanii) and SEMIA 5019 B. ekanii) (Table S1).
Subsequently, it was carried out concatenated segquanalysis of the five
genesatpD (429 bp).dnaK (223 bp),gyrB (561 bp),recA (381 bp) andpoB
(485 bp), which confirmed that the five UFLA straiform a monophyletic
group supported by high bootstrap value (100%).(E)g Strain UFLA 06-
13" shared similarity of 97.87% witB. elkanii LMG 6134 and of 97.85%
with B. pachyrhizi LMG 24246 (Table S1). Among the studied genatgD
showed the best discriminative power between UFIBALE and the two
closely related species.( dkanii LMG 6134 and B pachyrhizi LMG
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24246). For this gene, similarity of UFLA 06-13with B. elkanii LMG
6134 was 96.48%, and witlB. pachyrhiz LMG 242486, similarity was
96.31% (Table S1). These similarity values areectosthose found between
different Bradyrhizobium species (Chahbouret al., 2011; Luet al., 2014;
Yuetal., 2014).

The five UFLA strains and the two neighboring specB. ekanii
LMG 6134 andB. pachyrhizi LMG 24246) were characterized by the
MALDI-TOF MS (Matrix-assisted laser desorption ipation—time-of-flight
mass spectrometry) analysis. For this analysiwag used third generation
cultures grown in YMA 79 medium (Vincent, 1970).nYae preparation
and data analysis was carried out according toteol used by Wiemet
al. (2014). Results of this analysis was consistétit those of concatenated
sequence analysis of housekeeping genes, confirthetgthe five UFLA
strains form a separate group BElkanii LMG 6134 and B. pachyrhiz
LMG 24246 (data not shown). Sanchez-Juageal. (2013) have recently
demonstrated that such analysis provides good idig@Etion among
Bradyrhizobium species.

Phenotypic characterization of the five strains wasied out based
on parameters previously used to differentiBtadyrhizobium speciesB.
elkanii LMG 6134, B. pachyrhizi LMG 242468 and the two inoculant
strains classified aBradyrhizobium elkanii (SEMIA 587 and SEMIA 5019)
were also included in the analyzes. The growtthe$¢ strains in 79 medium
(Fred and Waksman, 1928) was evaluated under ehffezonditions of pH
(4, 5,5, 6,8, 8,9 and 10), NaCl (w/v) (0,01, 0,2%, 0,75 and 1%) and
temperature (5, 15, 20, 28, 34, 37 and 40°C), d@mgrto the methodology
previously described (Florentired al., 2012). Ability to assimilate different
carbon sources (D-arabinose, L-asparagine, citit, &-fructose, glycerol,
glycine, D-glucose, L-glutamine, L-glutamic acidaclose, malic acid,
maltose, mannitol, L-methionine, sodium lactate snckose) was evaluated
in modified 79 medium: 10 g carbon source; 51RO;; 0.5 g KNQ; 0.2 g
MgSQ,.7H,O; 0.1 g NaCl; 0.5 g CaGD4 mL Fe-EDTA (1,64%); 2 mL
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micronutrients solution (2.86 mgz;BOs liter®; 2.03 mg MnSQ@4H,0 liter™:
0.22 mg ZnSQ 7H,0 liter; 0.08 mg CuS@5H,0 liter* and 0.09 mg
NaMoO, H,0 liter’); 5 mL bromothymol blue solution (0.5% in 0.2 N
KOH); 15 g Agar; and pH 6.8. Composition of 79dmen for evaluation of
assimilation of different nitrogen sources (L-aige) L-asparagine, casein
hydrolyzed, L-cysteine, glycine, L-glutamic acidpdaL-methionine and
tryptophan) was the same as described above, wuingfiKNO; by one of
the mentioned sources, and using mannitol as cadoonce. Antibiotic
resistance was also tested in 79 medium on platésbio-discs containing
the following antibiotics: ampicillin (1@g mL™), cefuroxime (3Qug mL™),
ciprofloxacin (5ug mL™?), chloramphenicol (3@ig mL™?), doxycycline (30
ug mL™Y), erythromycin (150g mL?), gentamicin (1Qug mL™), kanamycin
(30mpug mL?) and neomycin (3Qg mL*Y). Besides these tests, strain UFLA
06-13 was characterized based on the APl 20NE (bioMg)jeiccording to
the manufacturer's instructions, with five dayuimation. Table 1 shows the
differential phenotypic characteristics between WFktrains, B. ekanii
LMG 6134, B. pachyrhizt LMG 24246 and inoculant strains (SEMIA 587
and SEMIA 5019). Detailed phenotypic characteroratis presented in the
description of the novel species.

To confirm the novel species, DNA-DNA hybridizatiexperiments
were carried out between strain UFLA 06-H8id the closely related species
(B. ekanii LMG 6134 e B. pachyrhiz LMG 242486), according to the
methodology previously described (Ezakal., 1989; Willemset al., 2001).
DNA-DNA relatedness between UFLA 06'18ndB. elkanii LMG 6134
and B. pachyrhiz LMG 24246 was only 18.8 and 21.6%, respectively.
These data confirm that UFLA strains belong to eeh@pecies within the
Bradyrhizobium genus, since the recommended limit for delimitatif
novel species is below 70% (Wayeteal., 1987).

Phylogeny of symbiotic genesgdC andnifH) of UFLA strains were
also investigated in this study. DNA extractionnfrgtrains was carried out

by the alkaline lysis method (Niemaehal., 1997). For amplification and
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sequencing ohodC, the protocol of Sarit&t al. (2005), modified by De
Meyer et al. (2011) was used. On the other hand, the amgidicaand
sequencing ohifH was carried out according to Gaby and Buckley 1 220
For strains UFLA 06-21 and UFLA 06-19, amplificatiof nodC andnifH
genes, respectively, was not possible. In the adgmt of sequencesifH
gene, it was included the type straindBo&dyrhizobium species available in
the GenBank and the four soybean inoculant stré8&sMIA 5079 B.
japonicum, SEMIA 5080B. diazoefficiens, SEMIA 587B. elkanii e SEMIA
5019 B. elkanii). However, it was not possible to include SEMIA75d
SEMIA 5019 strains in the alignment nddC gene, since the sequences of
this gene are not available in the GenBank. Phyletie trees were
constructed as previously described. Results ologeyetic analyses of
nodC andnifH are shown in the supplementary material (Fig. &2 83).
The strains UFLA presentetbdC gene sequences identical Bo elkanii
LMG 6134' (Fig. S2). However, in the analysismfH gene, strains UFLA
showed phylogenetic differences in relatiorBtakanii LMG 6134 and to
the inoculant strains SEMIA 58B. elkanii) and SEMIA 5019B. elkanii)
(Fig. S3).

Ability of the five strains to effectively nodulatad fix nitrogen with
their original hostGlycine max) was confirmed in a previous study (Ribeiro
et al., 2015). Strain UFLA 06-T3was also evaluated for nodulation capacity
in other hosts\{igna unguiculata, Phaseolus lunatus, Stizolobium aterrimum
and Acacia mangium). This strain formed nodules M. unguiculata and
Saterrimum, but did not nodulatB. lunatus andA. mangium.

Genotypic, phenotypic and symbiotic data presentedhis study
demonstrate that the five strains isolated from utexl of Glycine max
inoculated with soil from the Brazilian Northeast a novel species, for
which the namdradyrhizobium piauiense sp. nov is proposed, with UFLA

06-13 as type strain.
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Description of Bradyrhizobium piauiense sp. nov.

Bradyrhizobium piauiense (pi.au.i.en’se. N.L. neut. adpiauiense, referring

to the fact that strains were isolated from sdilthe state of Piaui, Brazil).

Cells are aerobic gram-negative, non-spore-formiods (Fig. S4). The
strains present cream-colored colonies with Immetar and alkalize in 79
medium within 5-7 days of incubation at 28 °C. Tié and temperature
range for growth on 79 medium is pH 4.0-10.0 antiveéen 15 to 37°C,
with optimal growth at 28°C. They do not grow abd&5% (w/v) NaCl
concentration. They are resistant to ampicillin, fucexime and
ciprofloxacin, but sensitive to kanamycin, gentamyand neomycin.
Resistance to chloramphenicol, doxycycline and heoyhycin varies
between strains. They are positive for the use @rdbinose, D-fructose,
glycerol, D-glucose and mannitol, but they use Weakasparagine and L-
glutamic acid as a carbon source. The use of @tid, malic acid, glycine,
maltose, L-methionine, lactate and sucrose as naborce, is negative. The
use of L-glutamine and lactose as carbon sourdesvhetween strains. The
use of L-asparagine, casein hydrolysate and L-glictaacid, as nitrogen
source, is positive; however, the use of L-arginineysteine, glycine, L-
methionine and tryptophan is negative. Strain UFDA-13 presents
negative reaction to reduce nitrate, tryptophamdease activity, glucose
fermentation and arginine dihidrolase; and positreaction for urease,
esculin hydrolysis and gelatin hydrolysis. All @t efficiently nodulate
Glycine max.

The type strain UFLA 06-T3LMG 29354) was isolated from effective

soybean nodule inoculated with soil from the stdtBiaui, northeast Brazil.
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Table 1 Differential phenotypic characteristics amoBgadyrhizobium piauiense sp. nov. and and phylogenetically related to
Bradyrhizobium species.

Strains: 1B. piauiense UFLA 06-13; 2, B. piauiense UFLA 06-15; 3,B. piauiense UFLA 06-19; 4,B. piauiense UFLA 06-21; 5, B.
piauiense UFLA 06-22: 6,B. pachyrhizii LMG 24246 7, B. elkanii LMG 6134"; 8, B .ekanii SEMIA 5019 ; 9B. elkanii SEMIA
587. Data represent the means of three biologiicates. +, growth;, no growth; w, weakly positive.

Characteristic 1 2 3 4 5 6 7 8 9

Growth at

40°C - - - - - w w

0.75 % NacCl w w w w w + + + +

Carbon source assimilation

L-asparagine w w w w w

D-fructose + + + + +

L-Glutamine + + + + w

w

w

Glutamic acid w W W W
Lactose W - - w
Malic acid - - - -
L-Methionine - - - -
Sodium lactate - - - - - + + + +
Sucrose - - - - - + + + +
Nitrogen source assimilation

L-Arginine - - - - - + + + +
Casein hydrolysate + + + + + w + + +
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Characteristic

L-Cysteine

L-Methionine

Tryptophan

Resistance to antibiotics g mL™)
Erythromycin (15)

Gentamycin (10)

Neomycin (30)
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74— B. manausense BR 33517
B. guangdongense CCBAU 516497
B. ganzhouense RITF806"
B. cytisi CTAWI117T
B. rifense CTAWT71"
B. vignae 7-2"
B. guangxiense CCBAU 533637
B. betae LMG 219877
B. diazoefficiens USDA 1107
B. diazoefficiens SEMIA 5080
B. arachidis CCBAU 0511077
B. huanghuaihaiense CCBAU 233037
B. kavangense 14-3"
B. ingae BR 102507
9| B. iriomotense EKO5"
B. canariense BTA-1"
B. ottawaense OO99T
B. dagingense CCBAU 15774"
B. liaoningense LMG 182307
o, B. japonicum USDA 67"
B. japonicum SEMIA 5079
B. yuanmingense LMG21827"
74! B. subterraneum 58 2-17
B. denitrificans LMG 84437

98 L— B. oligotrophicum LMG 10732"%
———— B. neotropicale BR 102477
B. retamae Ro19"
B. valentinum LmjM3"
- B. lablabi CCBAU 23086"
B. paxllaeri LMTR 217"
B. icense LMTR 137

B. embrapense CNPSo 28337

B. viridifuturi SEMIA 690"
B. eryvthrophlei CCBAU 53325"
L— B. jicamae PACG68"

98

B. ferriligni CCBAU 515027
B. elkanii SEMIA 587

B. elkanii SEMIA 5019

| B. pachyrhizi LMG 24246"

B. piauiense UFLA 06-137

B. piauiense UFLA 06-19

78\~ B. elkanii LMG 6134

B. piauiense UFLA 06-15

B. piauiense UFLA 06-22

B. piauiense UFLA 06-21

L— B. tropiciagri CNPSo 11127

Bosea thiooxidans DSM 96537

0.01

Fig 1. Neighbour-joining phylogeny based on 16S rRNA gsegquences
(1228 pb) showing the relationships between strainghe novel species
(shown in bold) and type strains of tBeadyrhizobium species. Bootstrap
values greater than 70% are indicated at nodes. I@& rRNA gene
sequence oBosea thiooxidans DSM9653 was used as outgroup. GenBank

accession numbers for each strain are given ineTapl
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87 B. dagingense CCBAU 157747
B. huanghuaihaiense CCBAU 233037
B. yuanmingense LMG 21827"
B. guangxiense CCBAU 533637
B. arachidis CCBAU 051107
B. liaoningense LMG 182307
B. ottawaense OO99"
B. diazoefficiens USDA 1107
B. japonicum USDA 6"
B. betae LMG 21987"
] B.canariense BTA-1"
" B. cytisi CTAWI11T
97 \— B. rifense CTAW71"

o8 B. guangdongense CCBAU 516497
B. iriomotense EK05T
B. denitrificans LMG 84437

100 B. oligotrophicum LMG 107327

% B. jicamae PAC68"

100 B. lablabi CCBAU 23086"

B. retamae Ro19"

] ——— B. elkanii LMG 61347
B. pachyrhizi LMG 24246"
100 B. piauiense UFLA 06-15
B. piauiense UFLA 06-19
” B. piauiense UFLA 06_22,
B. piauiense UFLA 06-13"

B. piauiense UFLA 06-21

0.01

Fig 2. Neighbour-joining phylogeny based on partial céenated sequences
(2079 pb) of housekeeping geneapD, dnaK, gyrB, recA and rpoB)
showing the relationships between strains of theshspecies (in bold) and
type strains of thdBradyrhizobium species. Bootstrap values greater than
70% are indicated at nodes. GenBank accession mandfethe genes

sequences for each strain are given in Table S2.
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Table S1 Similarity within Bradyrhizobium piauiense and betweenB. piauiense UFLA 06-13 and other type strains of

Bradyrhizobium species in the 16S rRNA. housekeeping and synchietnes.

Strains Similarity with UFLA 06-13 " (%)
Concatenated Concatenated .

16S rRNA atpD dnakK gyrB recA rpoB (Two geneé) (Five gened) nodC nifH
B. piauiense UFLA 06-15 100.00 100.00 100.00 100.00 100.00 100.00 100.00 0.000 100.00 100.00
B. piauiense UFLA 06-19 100.00 100.00 100.00 100.00 100.00 100.00 100.00 0.000 100.00 -
B. piauiense UFLA 06-21 100.00 100.00 100.00 100.00 100.00 100.00 100.00 0.000 - 100.00
B. piauiense UFLA 06-22 100.00 100.00 100.00 100.00 100.00 100.00 100.00 0.000 100.00 100.00
B. arachidis CCBAU 051107 96.65 92.64 82.27 92.67 93.55 89.04 90.54 91.20 2883.92.66
B. betae LMG 21987 96.95 92.84 85.53 91.30 93.03 84.94 91.63 89.48 - -
B. canariense BTA-1" 97.03 93.79 81.47 91.70 92.58 84.49 88.86 89.39 8867.84.06
B. cytis CTAW11" 96.53 93.74 85.91 90.77 91.44 87.44 90.39 89.45 6470.84.04
B. dagingense CCBAU 15774 97.17 91.62 84.22 92.60 91.62 88.24 90.42 90.39 0680.86.34
B. denitrificans LMG 8443 96.68 91.30 84.77 89.80 87.57 89.12 88.09 89.75 - 5498
B. diazoefficiens USDA 110 96.95 94.02 83.51 93.62 92.78 88.91 90.00 91.56 0680.86.34
B. elkanii LMG 6134 99.92 96.48 98.72 98.49 97.23 98.17 97.89 97.87 .000099.50
B. embrapense CNPSo 2833 99.75 95.66 89.26 96.09 96.02 - 94.80 - 77.14 89.82
B. erythrophlei CCBAU 53325 99.75 - - 91.21 94.26 - - - 73.73 90.86
B. ferriligni CCBAU 51502 97.83 - - 92.70 96.13 - - - 96.47 98.18
B. ganzhouense RITF 806 96.81 92.37 - 92.27 92.79 - - - 63.14 85.45
B. guangdongense CCBAU51649 96.74 92.68 83.16 92.78 91.30 88.48 89.94 90.73 - 0.168
B. guangxiense CCBAU53363 96.95 92.14 81.82 92.08 92.95 87.48 90.27 90.50 - 8.98
B. huanghuaihaiense CCBAU23303 96.75 93.46 83.46 92.80 92.00 88.76 90.55 90.81 0680.86.34
B.icense LMTR 13" 99.75 91.34 88.72 88.00 93.92 91.95 - 70.17 88.18
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Strains

Concatenated Concatenated

16S rRNA atpD dnakK gyrB recA rpoB % . x nodC nifH
(Two genes,  (Five genes)

B. ingae BR 10250 96.47 - 86.33 90.29 89.97 82.62 89.75 - 62.91 86.95
B. iriomotense EKO5' 96.47 94.25 87.61 91.30 90.22 84.66 90.40 90.50 6561.82.39
B. japonicum USDA 6" 97.17 94.94 83.43 93.39 93.47 86.63 90.29 90.66 0680.86.34
B. jicamae PAC68 99.42 93.19 87.04 90.03 92.07 91.90 91.18 9145 8.6% 86.34
B. kavangense 14-3' 96.45 - 83.44 - 93.15 89.59 90.01 - 82.58 92.30
B. lablabi CCBAU 23086 99.67 92.26 87.61 88.97 94.45 91.78 92.65 91.54 8269.88.08
B. liaoningense LMG 18230 97.25 91.96 83.94 93.04 94.19 88.92 91.43 91.41 5658.86.34
B. manausense BR 3357 96.66 - 85.09 91.14 92.93 86.79 90.90 - 61.38 83.76
B. neotropicale BR 10247 98.66 - 84.21 91.83 93.30 84.67 91.41 - 66.18 86.18
B. oligotrophicum LMG 10732 96.77 90.61 83.26 89.78 89.03 89.93 89.22 89.99 - -
B. ottawaense 0099 97.25 92.07 82.13 91.74 92.73 88.81 90.09 90.65 0680.86.34
B. pachyrhizi LMG 24246 100.00 96.31 98.82 98.57 96.23 98.79 97.10 97.85  .1891 95.90
B. paxllaeri LMTR 217 99.75 91.31 89.17 89.20 92.17 - 91.44 - 69.68 88.08
B. retamae Ro19 99.27 90.13 86.58 87.47 93.97 89.92 90.83 89.88 4870.88.12
B. rifense CTAW71" 96.74 93.19 85.91 91.58 92.72 87.24 91.19 90.19 8668. -
B. subterraneum 58 2-1 97.08 - 87.05 - 90.94 88.37 90.36 - - 94.35
B. tropiciagri CNPSo 1112 99.67 - 96.13 96.47 96.65 - 96.50 - 78.99 89.98
B. valentinum Lmj M3" 99.51 90.56 - - 94.59 - - - 70.34 88.48
B. viridifuturi SEMIA 690 99.75 - 95.35 96.48 96.31 - 96.63 - - 89.82
B. vignae 7-2" 96.59 - 86.05 - 92.38 88.84 87.38 - 82.31 93.02
B. yuanmingense LMG 21827 96.76 100.00 81.41 92.05 92.80 88.33 90.13 90.43  .0680 89.19
B. diazoefficiens SEMIA 5080 96.86 94.02 83.51 - 93.39 88.42 90.40 - 80.06 86.34
B. japonicum SEMIA 5079 97.09 95.48 83.43 - 93.78 87.03 90.49 - 80.06 86.34
B. dkanii SEMIA 5019 100.00 - 98.82 - 97.23 - 97.76 - - 98.47
B. elkanii SEMIA 587 100.00 - 98.82 - 97.23 - 97.76 - - 98.47

* Concatenated sequences with two gedeal{ andrecA), **Concatenated sequences with five gera¢gl, dnaK, gyrB recA andrpoB ).
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Table S2 GenBank nucleotide accession numbers of genesiniskis study. Sequences obtained in this stueyshown in bold.

Strains 16S rRNA atpD dnaK gyrB recA rpoB nodC nifH

B. piauiense UFLA 06-13" KJ739898 KJ739964 KJ740010 KJ740050 KJ740091 KJF301 KT793167 KT793152

B. piauiense UFLA 06-15 KJ739900 KJ739972 KJ739976 KJ740046 KJ740099 KJ#201 KT793168 KT793148

B. piauiense UFLA 06-19 KJ739904 KJ739966 KJ740012 KJ740058 KJ740093 KJZA01 KT793169 -

B. piauiense UFLA 06-21 KJ739906 KJ739955 KJ739991 KJ740040 KJ740082 KJ3901 - KT793153

B. piauiense UFLA 06-22 KJ739907 KJ739960 KJ739993 KJ740058 KJ740087 KJF¥01 KT793170 KT793154

B. arachidis CCBAU 051107 HM107167 HM107217  JX437668 JX437675 HM107233 JX48276 HM107267 HM107283
B. betae LMG 21987 AY372184 FM253129 FM253303  AB353735 AB353734 FM253260 - -

B. canariense BTA-1" AY577427 FM253135 FM253306 FM253220 FM25B17FM253263  AJ560653 EU818926
B. cytis CTAW11" EU561065 GUO001613 JN186290  JN186292 GUO001575 JN186288  EU597844 GU001618
B. dagingense CCBAU 15774 HQ231274 HQ231289  JX437662 JX437669  HQ231270 JXAR76 HQ231326 HQ231323
B. denitrificans LMG 8443 X66025 FM253153 FJ347273  ABO70583 EU665419 FM253282 - HM047125
B. diazoefficiens USDA 110 NC 004463 NC 004463 NC 004463  NC 004463 NC 004463 NC 004463IC 004463 NC 004463
B. ekanii LMG 6134 AF362942 AM418752 AM168363  AM418800 AY591568 AMZBI8 AB354631 AB094963
B. embrapense CNPSo 2833 AY904773 HQ634875 KP234519 HQ63489 HQ634899 - KB234  KP234518

B. erythrophlei CCBAU 53323 KF114645 - - KF114717  KF114669 - KF114576 KF114598
B. ferriligni CCBAU 51502 KJ818096 - - KJ818102 KJ818112 - KJ818109 KJ818108
B. ganzhouense RITF 806 JQ796661 JX277182 - KP420022 JX277144 - JX292035 JX292065
B. guangdongense CCBAU 51649 KC508867 KC508916 KC508964 KC509072 KC509269 KC509318 - KC509130
B. guangxiense CCBAU 53363 KC508877 KC508926  KC508974 KC509082 KC509279 KC509328 - KC509140
B. huanghuaihaiense CCBAU23303  HQ231463 HQ231682  JX437665 JX437672  HQ231595 JBA37 HQ231507 HQ231551
B.icense LMTR 13" KF896156 KF896192 KF896182  KF896201 JX943615 - KF896159 KF896161
B. ingae BR 10250 KF927043 - KF927055  KF927079 KF927061 KF927073  KF927054 KF927085
B. iriomotense EKO05" AB300992 AB300994  JF308944 AB300997 AB300996 HQBZ®&/6 AB301000 AB300998
B. japonicum USDA 6' X66024  AM418753 AM182120 AM418801 AM18&L5AM295349 AB354632 HM047126
B. jicamae PAC68 AY624134 FJ428211 JF308945 HQ873308IM047133 HQ587647 AB573869 HM047127
B. kavangense 14-3" KP899562 - KR259949 - KM378399 KM378311 KT033402 BR8254
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Strains

16S rRNA

nodC

nifH

. lablabi CCBAU 23086

. liaoningense LMG 18230
manausense BR 3351

. neotropicale BR 10247

. ottawaense 0099

. pachyrhiz LMG 24246

. paxllaeri LMTR 217

. retamae Ro19

. rifense CTAW71"

. subterraneum 58 2-1

B. tropiciagri CNPSo 1112
B. valentinum Lmj M37

B. vignae 7-2"

B. viridifuturi SEMIA 690°

B. yuanmingense LMG 21827
B. diazoefficiens SEMIA 5080
B. japonicum SEMIA 5079

B. elkanii SEMIA 5019

B. elkanii SEMIA 587
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Fig. S1. Neighbour-joining phylogeny based on partial coecated
sequences (536 pb) of housekeeping gedeaK(and recA) showing the
relationships between strains of the novel spgdnebold) and type strains

of the Bradyrhizobium species. Bootstrap values greater than 70% are
indicated at nodes. GenBank accession numbersajdhes sequences for

each strain are given in Table S2.
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Fig. S2.Neighbour-joining phylogeny based on partial seges (378 pb)

of nodC gene showing the relationships between strairtkeohovel species
(in bold) and type strains of tH&radyrhizobium species. Bootstrap values
greater than 70% are indicated at nodes. GenBacéssion numbers for

each strain are given in Table S2.
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136

Fig. S4 Image ofBradyrizobium piauiense strain UFLA 06-13 obtained by

scanning electron microscopy.
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Abstract

In previous study, three nitrogen-fixing bacterimaims (UFLA 06-10,
UFLA 06-05 and UFLA 06-06) isolated from soybedslyCine max L.)
nodules inoculated with soil from the state of MinGerais, southeastern
Brazil, were identified and indicated as a new growithin the
Bradyrhizobium genus. These strains were characterized in tilnily s1sing
a polyphasic approach, in order to define theiotamic position. The three
strains presented 16S rRNA gene sequences idembidatadyrhizobium
pachyrhiz LMG 24246 and Bradyrhizobium piauiense. However, the
concatenated sequence analysis of the housekeggmagatpD, dnaK and
recA indicated that all the three strains represenewa species within the
Bradyrhizobium genus, and it is phylogenetically closeBoekanii LMG
6134 (97.03 %),B. piauiense UFLA 06-13 (96.86 %),B. pachyrhizi LMG
24246 (96.42 %) andB. brasilense UFLA 03-321 (96.34%). DNA-DNA
relatedness between UFLA 0671Gnd the four neighboring species
confirmed that this is a novel species. MALDI-TOFSMMatrix-assisted
laser desorption ionization-time-of-flight mass &pemetry) analysis and
some phenotypic characteristics also allow disiistyng the three strains
from the four phylogenetically related speciestHa phylogenetic analysis
of nodC andnifH genes, the three strains were grouped Ritkanii LMG
6134 andB. piauiense UFLA 06-13. Based on the data presented in this
study, it is concluded that the three strains regme a novel species, for
which the nam@radyrhizobium neoglycine sp. nov is proposed, with UFLA
06-10° (LMG 29355) as the type strain.

Keywords: Bradyrhizobium, Glycine max L., MLSA, taxonomy, symbiotic

genes

Bradyrhizobium genus, which includes slow-growing bacteria that

produce alkaline reaction in culture medium withnmitol as carbon source,
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was proposed by Jordan (1982). In Brazilian ecesyst this genus has
broad occurrence and has been indicated as the rmbanhdant

microsymbiont in root nodules of various legumecége (Moreira et al.,

1993; 1998; Giongo et al., 2008; Lima et al., 20B8frineau et al., 2011,
Guimarées et al., 2012; Ribeiro et al., 2015).

Soybean @Glycine max (L.) Merrill] is an economically important
legume species that form symbiosis with nitrogeim{i bacteria of the
Bradyrhizobium genus. In Brazil, soybean inoculation with the
Bradyrhizobium strains SEMIA 5079 B. japonicum), SEMIA 5080 B.
diazoefficiens), SEMIA 587 B. elkanii) and SEMIA 5019 B. elkanii)
completely replaces nitrogen chemical fertilizeesulting in huge savings
for the country.

Soybean is currently the main legume species fromichv
Bradyrhizobium species have been isolat@&ljaponicum (Jordan, 19828B.
ekanii (Kuykendall et al., 1992)B. liaoningense (Xu et al., 1995),B.
huanghuaihaiense (Zhang et al., 2011B. dagingense (Wang et al., 2012),
B. diazoefficiens (Delamuta et al., 2013pB. ottawaense (Yu et al., 2014),
andB. piauiense (Costa et al., submitted). Only the lattBr giauiense) was
isolated from soybean nodules in Brazilian soil.

In a previous study, a group of 46 nitrogen-fixibgcteria strains
isolated from soybean nodules inoculated with dodm different Brazilian
regions (Northeast, Midwest, Southeast and Soutb)ewdentified as
Bradyrhizobium sp. through the partial sequencing of the 16S rRi¢Ae
and characterized based on multilocus sequenceyssa(MLSA) of
housekeeping genesitgD, dnakK, gyrB, recA and rpoB) (Ribeiro et al.,
2015). This analysis indicated two new groups (&t G-II) within the
Bradyrhizobium genus (Ribeiro et al., 2015). Strains from G-lb@gy have
been recently classified & piaviense (Costa et al., submitted). In this
study, the other group (G-l) was selected, reptesemy three strains
(UFLA 06-10, UFLA 06-05, and UFLA 06-06), for further analysisy

molecular and phenotypic methods. Based on thasdtsea novel species is
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proposed, whose name Bsadyr hizobium neoglycine sp. nov., with UFLA
06-10d as type strain.

The three strains were isolated from effective sayb nodules
inoculated with soil collected in ljaci (21°12'67'and 44°58'49"W), in the
state of Minas Gerais, Southeast Brazilian. Thehsa previous inoculation
with soybean inoculant strains: SEMIA 5078 [aponicum), SEMIA 5080
(B. diazoefficiens), SEMIA 587 B. elkanii), and/or SEMIA 5019 R.
ekanii). Isolation of strains was carried out in petshg&s containing 79
culture medium (Fred and Walkmam, 1928), also knaaryMA (Vincent,
1970). These strains are currently deposited in d¢blection of the
Department of Soil Biology, Microbiology and Bioliegl Processes of the
Federal University of Lavras, Brazil. The type streJFLA 06-10 (LMG
29355) is also deposited in the culture collectibthe University of Ghent
(BCCM / LMG), Belgium.

16S rRNA (1267 to 1347 pbatpD (510 pb),dnaK (280 pb) andecA
(545 a 561 pb) gene sequences of the three stvédns obtained in a
previous study (Ribeiro et al., 2015). Sequencesagh gene were aligned
using the ClustalW Multiple Alignment algorithm the BioEdit software.
For comparison, sequences of type strainsBodidyrhizobium species
available in the GenBank (National Center for Bibteology Information,
NCBI) were included in the alignment. In the aliggmhof 16S rRNAdnaK
andrecA genes, it was also included sequences of thedains used as
soybean inoculants in Brazil (SEMIA 588. elkanii, SEMIA 5019 B.
elkanii, SEMIA 5079B. japonicum, and SEMIA 5080B. diazoefficiens).
However, in the alignment of trepD gene, it was only possible to include
sequences of SEMIA 5079 and SEMIA 5080 straingesthe sequences of
this gene are not available for SEMIA 587 and SENBIBL9. Phylogenetic
trees were constructed by the neighbor-joining ((&8itou and Nei, 1987)
and maximum likelihood (ML) (Felsenstein, 1981) hwets, using the
Kimura 2 Parameter model (Kimura 1980). The MEGAcHware package
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(Tamura et al., 2011) was used in the construatiotrees with bootstrap
values based on 1000 replications.

Phylogenetic analysis of the 16S rRNA gene showexy similar
results using neighbor- joining (NJ) (Fig. 1) aneximum likelihood (ML)
(data not shown) methods. The three strains predeb6S rRNA gene
sequences identical to SEMIA 58B. (elkanii), SEMIA 5019 B. ekanii),
LMG 24246 (B. pachyrhiz), and UFLA 06-13 (B. piauiense), and shared
99.91% similarity withB. elkanii LMG 6134 (Table S1). High similarity
between sequences of the 16S rRNA genBraflyrhizobium species have
been observed in several studies, indicating timgdtion of this gene for
discrimination between species this genus (Willemal., 2001; Vinuesa et
al., 2005; Rivas et al., 2009; Wang et al., 20i&at al., 2014; Guimardes
et al., 2015, Ribeiro et al., 2015).

In addition to the analysis of the 16S rRNA genealgsis of
multilocus sequences of housekeeping genes, suctpBs dnaK, ginll,
gyrB, recA andrpoB, has been successfully used for better discrinoinat
betweenBradyrhizobium species (Vinuesa et al., 2005; Ramirez-Bahena et
al., 2009; Wang et al., 2013; Silva et al., 2014; et al., 2014). Initially, it
was carried out concatenated sequence analydie dhaK andrecA genes,
in order to enable including the four soybean itaaustrains (Fig. S1). In
this analysis, the three strains formed a separatgp, which shared 98.80%
similarity with B. elkanii LMG 6134, SEMIA 587 and SEMIA 5019, and of
98.13% similarity withB. piauiense UFLA 06-13. Subsequently, it was
carried out concatenated sequence analysis ofafhi®, dnaK and recA
genes, in which the three strains formed a monapicyyroup supported by
the high bootstrap value (100%) (Fig. 2). In thiwalgsis, the
Bradyrhizobium species with the greatest similarity with UFLA D8- were
B. elkanii LMG 6134 (97.03%),B. piauiense UFLA 06-13 (96.86%),B.
pachyrhiz LMG 24246 (96.42%) andB. brasilense UFLA 03-32T
(96.34%) (Table S1). These similarity values coorale previous studies
with different Bradyrhizobium species (Chahboune et al., 2011; Yu et al.,
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2014, Silva et al., 2014; Durén et al., 2014), antdicates that the present
strains belong to a novel species within this genus

It was carried out characterization of the threaiss and their four
neighboring speciesB( elkanii LMG 6134, B. piauiense UFLA 06-13, B.
pachyrhiz LMG 24246 andB. brasilense UFLA 03-32T) by the MALDI-
TOF MS (Matrix-assisted laser desorption ionizattime-of-flight mass
spectrometry) analysis. In this analysis, it waesdusultures of the third
generation, grown in YMA (Vincent, 1970). Sampleearation and data
analysis were carried out according to Wieme e{(2014). MALDI-TOF
MS analysis enabled differentiating the three sgdromB. elkanii LMG
6134, B. piauiense UFLA 06-13, B. pachyrhiz LMG 24246 and B.
brasilense UFLA 03-321 (data not shown). This analysis has provided good
discrimination between species of tlBeadyrhizobium genus (Sanchez-
Juanes et al., 2013; Duran et al., 2014).

Several phenotypic characteristics were evaluatedlifferentiate
UFLA 06-10, UFLA 06-05 and UFLA 06-06 from the closest
Bradyrhizobium speciesB. elkanii LMG 6134, B. piauiense UFLA 06-13,

B. pachyrhizi LMG 24246 and B. brasilense UFLA 03-321). The two
inoculant strains classified & elkanii (SEMIA 587 and SEMIA 5019)
were also included in the analysis. It was evatliatee growth of these
strains in 79 medium under different conditionsterhperature (5, 15, 20,
28, 34, 37 and 40 °C), pH (4, 5,5, 6,8, 8, 9 angdal@ NaCl (w/v) (0.01,
0.25, 0.5, 0.75 and 1%) and resistance to theviolig antibiotics: ampicillin
(10 pg mLY), cefuroxime (30ug mLY), ciprofloxacin (5 pg mL?Y),
chloramphenicol (3@g mL™"), doxycycline (30ug mL™"), erythromycin (15
ng mL™Y), gentamicin (1Quig mL™), kanamycin (3Qug mL™"), and neomycin
(30 ug mL*), following the methodology used by Florentinaakt(2012). It
was also evaluated the ability of these strainasmmilate different carbon
sources (D-arabinose, L-asparagine, citric acifiuiotose, glycerol, glycine,
D-glucose, L-glutamine, L-glutamic acid, lactosealim acid, maltose,

mannitol, L-methionine, sodium lactate and sucroaejl nitrogen sources
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(L-arginine, L-asparagine, casein hydrolyzate, kteine, glycine, L-
glutamic acid, L-methionine and tryptophan). Foe tbvaluation of the
carbon and nitrogen sources, it was used modifi@dctlture medium,
according to Costa et al. (Submitted). UFLA 08-1@vas further
characterized based on the Kit APl 20NE (bioMérjewaccording to the
manufacturer's instructions, five days after indidma Table 1 shows the
main differential phenotypic characteristics betw#ee evaluated strains.

For the delimitation of novel bacterial species, ANNA
hybridization analysis is recommended as a stanchttiod (Wayne et al.,
1987). For confirmation of the novel species, DNA® hybridization
experiments were carried out between UFLA 06-2@d closely related
species B. dkanii LMG 6134, B. piauiense UFLA 06-13, B. pachyrhiz
LMG 24246, andB. brasilense UFLA 03-321), following the described
methodology (Ezaki et al., 1989; Willems et al.,02D0 DNA-DNA
relatedness between UFLA 06'1@nd the four neighboring species was
low: B elkanii LMG 6134 (23.5%),B. piauiense UFLA 06-13 (26.7%),B.
pachyrhizi LMG 24246 (20.3%), andB. brasilense UFLA 03-321 (24.6%).
These results confirm a novel species within thedgrhizobium genus.

The nodC and nifH genes involved in nodulation and nitrogen
fixation, respectively, are often evaluated in sigtib characterization of
novel species oBradyrhizobium. In this study, the phylogeny obdC and
nifH genes of UFLA 06-10 UFLA 06-05 and UFLA 06-06 was
investigated. DNA extraction from strains was aadriout by the alkaline
lysis method (Niemann et al., 1997). Amplificatiand sequencing afodC
was carried out according to the protocol of Saettal. (2005), modified by
De Meyer et al. (2011). Amplification and sequegcof nifH gene was
carried out according to Gaby and Buckley (2012)thle alignment ofifH
gene sequences, it was included the four soybemulent strains (SEMIA
5079 B. japonicum, SEMIA 5080B. diazoefficiens, SEMIA 587 B. elkanii
and SEMIA 501B. elkanii) and the type strains &radyrhizobium species

available in the GenBank. In the alignmennofiC gene, it was not possible
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to include the strains SEMIA 58hd SEMIA 5019, since the sequences of
this gene are not available in the GenBank. Phyletie trees were
constructed as previously described. The threenstfaresenteaodC gene
sequences identical & elkanii LMG 6134 andB. piauiense UFLA 06-13
(Fig. S2). In the analysis of theifH gene, the three strains showed
sequences identical to the inoculant strains SEM8X (B. elkanii) and
SEMIA 5019(B. ekanii), and shared 99.43% similarity wih elkanii LMG
6134, and of 98.85% wittB. piauiense UFLA 06-13 (Table S1).

Ability of the three strains to effectively nodwaand fix nitrogen
with their original hostGlycine max) was confirmed in a previous study by
Ribeiro et al. (2015). Nodulation ability of UFLAGALO" strain was also
evaluated in other host¥ifina unguiculata, Sizolobium aterrimum e Acacia
mangium). This strain formed nodules M unguiculata and S aterrimum,
but it did not nodulaté. mangium.

Based on the results of genotypic, phenotypic gnobgtic analyses
presented in this study, it is proposed the clasgibn of the three strains
isolated fromGlycine max nodules inoculated with soil from the Brazilian
Southeast into a novel species, for which the naBnadyrhizobium

neoglycine sp. nov is proposed, with UFLA 06-18s the type strain.

Description of Bradyrhizobium neoglycine sp. nov.
Bradyrhizobium neoglycine (ne.o.gly.ci’'ne. Gr. adj. neos new; N.L. gen.
glycine, deGlycine, referring to the fact that the strains represemovel

group of bacteria isolated from root nodule€sbfcine max L.).

Cells are aerobic gram-negative, non-spore-formaag (Fig. S4). The three
strains present cream-colored colonies with diamet& mm, and alkaline
reaction in 79 culture medium 79, using mannitolcasbon source and
bromothymol blue as an indicator, from 5 to 7 dafter incubation, at 28
°C. Strains grow in a pH range from 4 to 10, and temperature range from
20 to 37 °C, with optimal growth at 28 °C. Straiths not grow in NacCl
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concentration above 0.5%. They are resistant toidlfiyg cefuroxime,
ciprofloxacin, chloramphenicol, doxycycline and targmycin, and
sensitive to kanamycin, gentamicin and neomycineyThre positive for
assimilation of D-fructose, L-glutamic acid and m#ol, and negative for
assimilation of citric acid, malic acid, glycine attose, L-methionine, and
sodium lactate as carbon source. They use wealdyabmnose, D-glucose,
glutamine, lactose and sucrose; however, the usé-agparagine and
glycerol as carbon source varies among strains.uBkeof L-glutamic acid
as nitrogen source is positive, while the use adsparagine and casein
hydrolyzate is weak. None of the strains used liramg, L-cysteine,
glycine, L-methionine and tryptophan as a nitrogearce. UFLA 06-10D
presents positive reaction to urease, esculin hyslsy gelatin hydrolysis,
and B-galactosidase. However, it shows negative reaction nitrate
reduction, tryptophan deaminase activity, glucaenéntation and arginine

dihydrolase.

The type strain UFLA 06-TO(LMG 29355) was isolated from effective
soybean nodule inoculated with soil of the statdofas Gerais, Southeast

Brazilian.
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Table 1 Differential phenotypic characteristics amoBgadyrhizobium neoglycine sp. nov. and phylogenetically related to

Bradyrhizobium species.

Strains: 1B. neoglycine UFLA 06-10; 2, B. neoglycine UFLA 06-05; 3, B. neoglycine UFLA 06-06; 4,B. brasilense UFLA 03-
321"; 5, B. piaviense UFLA 06-13; 6, B. pachyrhizi PAC48; 7, B. elkanii LMG 6134"; 8, B. elkanii SEMIA 5019 ; 9,B. elkanii
SEMIA 587. Data represent the means of three bicdbgeplicates. +, growth;, no growth; w, weakly positive.

Characteristic 1 2 3 4 5 6 7 8 9
Growth at

40 °C - - - - - w w - w
0.75 % NaCl - - - + W + + + +
Carbon source assimilation

D-arabinose W w W + + + + + +
L-asparagine w + w W w + + + +
D-fructose + + + + + + + w W
Glycerol + w w + + + + + +
D-glucose w w w w + + + + +
L-Glutamine W w w + + + + + +
Glutamic acid + + + + w + + + +
Lactose w w w - W + W + +
Malic acid - - - - - W w + w
L-Methionine - - - - - W w W w
Sodium lactate - - - - - + + + +

+
+
+
+

Sucrose w w w - -
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Characteristic 4 5 6 7 8 9
Nitrogen source assimilation
L-Arginine - w + + + +
L-Asparagine + + + + + +
Casein hydrolysate + + w + + +
L-Cysteine - - + + + +
L- Metionine - - w w - -
Tryptophan - - - - w w
Resistance to antibiotics¢g mL™)
Gentamycin (10) + + +
- w w w

Neomycin (30)
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L B. tropiciagri CNPSo 11127
Bosea thiooxidans DSM 96537

98

Fig. 1. Neighbour-joining phylogeny based on 16S rRNA geaquences
(1176 pb) showing the relationships between strainghe novel species
(shown in bold) and type strains of tBeadyrhizobium species. Bootstrap
values greater than 70% are indicated at nodes. I8%& rRNA gene
sequence oBosea thiooxidans DSM9653 was used as outgroup. GenBank

accession numbers for each strain are given ineTapl
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Fig. 2. Neighbour-joining phylogeny based on partial caecated
sequences (1033 pb) of housekeeping geaatpb (dnaK andrecA) showing

the relationships between strains of the novel ispetin bold) and type
strains of théBradyrhizobium species. Bootstrap values greater than 70% are
indicated at nodes. GenBank accession numbersafdhes sequences for

each strain are given in Table S2.
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Table S1 Similarity betweerB. neoglycine UFLA 06-10 and other type strains diradyrhizobium species in the 16S rRNA,

housekeeping and symbiotic genes.

Similarity with UFLA 06-10 " (%)

Strains 16S rRNA atpD dnak recA Concatenatgd Concatenatgd nodC nifH
(Two genes, (Three genes)
B. neoglycine UFLA 06-05 100.00 100.00 100.00 100.00 100.00 100.00 100.000.000
B. neoglycine UFLA 06-06 100.00 100.00 100.00 100.00 100.00 100.00 100.000.000
B. arachidis CCBAU 051107 96.59 91.99 82.49 93.36 90.36 90.97 83.62 92.74
B. betae LMG 21987 96.90 92.20 85.44 92.85 91.45 91.54 - -
B. brasilense UFLA 03-321 99.39 95.24 99.23 95.68 97.14 96.34 78.77 89.76
B. canariense BTA-1" 96.98 93.15 81.61 92.40 88.68 91.06 67.83 83.41
B. cytis CTAW11' 96.47 93.10 85.83 91.26 90.22 90.32 70.65 83.31
B. dagingense CCBAU 15774 97.13 90.97 84.34 91.43 90.24 90.29 80.18 87.31
B. denitrificans LMG 8443 96.62 90.66 83.73 87.42 87.92 89.66 - 84.97
B. diazoefficiens USDA 110 96.90 93.37 84.68 92.60 89.82 91.67 80.18 87.31
B. elkanii LMG 6134 99.91 95.32 99.28 97.21 98.80 97.03 100.00 99.43
B. embrapense CNPSo 2833 99.83 96.16 89.37 94.75 94.60 94.34 77.73 90.21
B. erythrophlei CCBAU 53323 99.83 - - 94.06 - - 7436  90.78
B. ferriligni CCBAU 51502 97.84 - - 94.56 - - 96.72 98.26
B. ganzhouense RITF 806 96.75 91.72 - 92.61 - - 63.66 85.78
B. guangdongense CCBAU51649 96.69 92.03 83.07 91.12 89.76 91.24 - 78.50
B. guangxiense CCBAU53363 96.91 91.48 82.03 92.77 90.09 90.80 - 88.99
B. huanghuaihaiense CCBAU23303 96.70 92.81 83.68 91.81 90.37 91.16 80.18 87.31
B.icense LMTR 13T 99.83 90.73 88.79 93.72 91.77 91.26 70.35 88.26
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Strains 16S rRNA atpD dnak recA Concatenatgd Concatenatgd nodC nifH
(Two genes) (Three genes
B. ingae BR 10250 96.40 - 86.24 89.76 89.55 - 62.90 86.31
B. iriomotense EK05" 96.40 93.76 87.53 90.05 90.25 91.76 61.97 80.70
B. japonicum USDA 6' 97.14 94.29 83.56 93.29 90.11 91.13 80.18 87.31
B. jicamae PAC68 99.49 92.55 86.94 91.90 91.00 91.63 69.25 85.89
B. kavangense 14-3" 96.38 - 83.66 92.97 89.83 - 82.93 92.30
B. lablabi CCBAU 23086 99.74 91.62 87.51 94.29 92.47 92.34 70.00 88.15
B. liaoningense LMG 18230 97.22 91.30 84.07 94.00 91.25 91.19 59.17 87.31
B. manausense BR 3351 96.60 - 85.00 92.75 90.72 - 61.71 82.26
B. neotropicale BR 10247 98.69 - 84.22 93.11 91.24 - 66.49 85.13
B. oligotrophicum LMG 10732 96.71 89.97 83.17 88.81 89.02 89.66 - -
B. ottawaense 0099 97.21 91.42 82.35 92.55 89.91 90.65 80.18 87.31
B. pachyrhizi LMG 24246 100.00 95.13 99.93 96.73 97.45 96.42 91.41 96.54
B. paxllaeri LMTR 21" 99.83 90.65 89.10 92.01 91.25 91.21 69.86 88.15
B. piauiense UFLA 06-13 100.00 95.72 99.23 98.42 98.13 96.86 100.00 98.85
B. retamae Ro19 99.33 89.46 86.48 93.77 90.65 90.29 70.66 88.19
B. rifense CTAW71' 96.68 92.54 85.83 92.54 91.01 91.41 68.89 -
B. subterraneum 58 2-1 97.04 - 86.97 90.75 90.19 - - 94.50
B. tropiciagri CNPSo 1112 99.57 - 96.25 96.37 96.31 - 79.56  90.37
B. valentinum Lmj M3" 99.58 89.92 - 94.41 - - 70.54  88.60
B. viridifuturi SEMIA 690" 99.83 - 95.47 96.03 96.44 - - 90.21
B. vignae 7-2" 96.53 - 85.96 92.19 87.21 - 82.67 93.17
B. yuanmingense LMG 21827 96.70 94.21 81.55 92.61 89.95 90.56 79.93 89.79
B. diazoefficiens SEMIA 5080 96.81 93.37 83.73 93.21 90.22 92.18 80.18 87.31
B. japonicum SEMIA 5079 97.05 94.83 83.56 93.60 90.31 91.47 80.18 87.31
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Continuation...

Strains 16S rRNA atpD dnak recA Concatenatgd Concatenatgd nodC nifH
(Two genes) (Three genes

B. elkanii SEMIA 5019 100.00 - 99.28 97.21 98.80 - - 100.00

B. elkanii SEMIA 587 100.00 - 99.28 97.21 98.80 - - 100.00

* Concatenated sequences with two gedeal andrecA). **Concatenated sequences with three geag®( dnaK andrecA).
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Table S2GenBank accession numbers of the sequences usgdhubis study. Sequences obtained in this stmelyshown in bold

Strains 16S rRNA atpD dnaK recA nodC nifH

B. neoglycine UFLA 06-10" KJ739895 KJ739962 KJ740004 KJ740089 KT793166 KT793151

B. neoglycine UFLA 06-05 KJ739890 KJ739961 KJ740009 KJ740088 KT793164 KT793149

B. neoglycine UFLA 06-06 KJ739891 KJ739936 KJ740008 KJ740063 KT793165 KT793150

B. arachidis CCBAU 051107 HM107167 HM107217 JX437668 HM107233  HM107267 HM183 2
B. betae LMG 21987 AY372184 FM253129 FM253303  AB353734 - -

B. brasilense UFLA 03-321 KF311068 KF452730 KF452791 KT793142 KT793173 KT825890
B. canariense BTA-1" AY577427 FM253135 FM253306 FM253177 AJ56065 EU818926

B. cytis CTAW11' EU561065 GU001613 JN186290 GU001575 EU597844 GuU001618
B. dagingense CCBAU 15774 HQ231274 HQ231289 JX437662 HQ231270 Bi(326 HQ231323
B. denitrificans LMG 8443 X66025 FM253153 FJ347273 EU665419 - HM047125
B. diazoefficiens USDA 110 NC 004463 NC 004463 NC 004463 NC 004463  NC 004463 C 084463
B. elkanii LMG 6134 AF362942 AM418752 AM168363 AY591568 AB354631 ABO83

B. embrapense CNPSo 2833 AY904773 HQ634875 KP234519 HQ634899 KP234521 KB284
B. erythrophlei CCBAU 53323 KF114645 - - KF114669 KF114576 KF114598
B. ferriligni CCBAU 51502 KJ818096 - - KJ818112 KJ818109 KJ818108
B. ganzhouense RITF 806 JQ796661 JX277182 - JX277144 JX292035 JX292065
B. guangdongense CCBAU 51649 KC508867 KC508916 KC508964 KC509269 - KC509130
B. guangxiense CCBAU 53363 KC508877 KC508926 KC508974  KC509279 - KC509140
B. huanghuaihaiense CCBAU23303 HQ231463 HQ231682 JX437665 HQ231595 HQ231507 H®2B1
B.icense LMTR 13" KF896156 KF896192 KF896182 JX943615 KF896159 KF896161
B. ingae BR 10250 KF927043 - KF927055 KF927061 KF927054 KF927085
B. iriomotense EK05' AB300992 AB300994 JF308944 AB300996 AB301000 AB3®D9
B. japonicum USDA 6 X66024 AM418753 AM182120 AM182158  AB35463 HMO047126

B. jicamae PAC68 AY624134 FJ428211 JF308945 HM047133AB573869 HM047127
B. kavangense 14-3' KP899562 - KR259949 KM378399 KT033402 KM378254
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Strains 16S rRNA atpD dnaK recA nodC nifH

B. oligotrophicum LMG 10732 JQ619230 JQ619232 KF962688 JQ619231 - -

B. liaoningense LMG 18230 AF208513 AY386752 FM253309 FM253180 GU263466 USIEB925

B. manausense BR 3351 HQ641226 - KF786001 KF785992 KF786002 KF786003
B. neotropicale BR 10247 KF927051 - KJ661693 KJ661714 KJ661727 KJ661728
B. ottawaense 0099 JN186270 HQ455212 JF308816 HQ587287 HQ587980 JN186287
B. pachyrhizi LMG 24246 AY624135 FJ428208 JF308946 HM047130 HE198 HMO047124

B. paxllaeri LMTR 217 AY923031 KF896186 AY923038 JX943617 KF896160 DQ085619
B. piauiense UFLA 06-13 KJ739898 KJ739964 KJ740010 KJ740091 KT793167 KT793152
B. retamae Ro19 KC247085 KC247101 KJ560555  KC247094 KC247112 KF962704
B. rifense CTAW71' EU561074 GuU001617 JQ945187 GU001585 EU597853 -

B. subterraneum 58 2-1' KP308152 - KP308157 KM378397 - KM378289
B. tropiciagri CNPSo 1112 AY904753 - FJ391008 FJ391168 KP234520 HQ259540
B. valentinum Lmj M3" JX514883 JX518561 - JX518589  JX514897 -

B. vignae 7-2" KP899563 - - KM378374  KT362339 KM378251

B. viridifuturi SEMIA 690" FJ025107 - - KR149140 - KR149137

B. yuanmingense LMG 21827 AF193818 FM253140 FM253312 FM253183 AB354633 EU818927

B. diazoefficiens SEMIA 5080 AF234889 FJ390957 FJ390997 FJ391157 DQ376592 H@2Z595
B. japonicum SEMIA 5079 AF234888 FJ390956 FJ390996 FJ391156 DQ376594 H@2595
B. elkanii SEMIA 5019 AF237422 - FJ390990 FJ391150 - HQ259531
B. elkanii SEMIA 587 AF234890 - FJ390985 FJ391145 - HQ259549
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Fig. S1. Neighbour-joining phylogeny based on partial coecated
sequences (551 pb) of housekeeping gedeaK(andrecA) showing the
relationships between strains of the novel spgdnebold) and type strains

of the Bradyrhizobium species. Bootstrap values greater than 70% are
indicated at nodes. GenBank accession numbersajdhes sequences for

each strain are given in Table S2.
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Fig. S2.Neighbour-joining phylogeny based on partial sexges (375 pb)

of nodC gene showing the relationships between strairtkeohovel species
(in bold) and type strains of tH&radyrhizobium species. Bootstrap values
greater than 70% are indicated at nodes. GenBacéssion numbers for

each strain are given in Table S2.



164

B. diazoefficiens SEMIA 5080
B. japonicum SEMIA 5079
B. ottawaense OO997
10| B. liaoningense LMG 182307

B. japonicum USDA 67
B. huanghuaihaiense CCBAU 23303"
B. diazoefficiens USDA 110"
B. dagingense CCBAU 157747

B. yuanmingense LMG 218277

B. vignae 7-2"

B. arachidis CCBAU 0511077

B. kanvangense 14-37

B. subterraneum 58 2-17

B. pachyrhizi LMG 24246"

B ferriligni CCBAU 515027

B. piauiense UFLA 06-13"

B. elkanii LMG 61347

. elkanii SEMIA 5019

. elkanii SEMIA 587

. neoglycine UFLA 06-107

. neoglycine UFLA 06-05

. neoglycine UFLA 06-06

B. erythrophlei CCBAU 533257

L 72’_‘— B. brasilense UFLA 03-3217

88

RN

B. tropiciagri CNPSo 11127
9 | | B. viridifuturi SEMIA 690"

B. embrapense CNPSo 28337
B. ganzhouense RITF 806"

%0 B. denitrificans LMG 8443"
—|— B. guangxiense CCBAU 533637
L os | B. lablabi CCBAU 23086"

—| B. paxllaeri LMTR 217
o4 B. icense LMTR 137
‘E B. retamae Ro19"

B. valentinum LmjM3"

B. canariense BTA-1"

B. cytisi CTAWI11T

B. jicamae PACG68T

B. neotropicale BR 102477

B. guangdongense CCBAU 516497

99

B. ingae BR 10250"
B. iriomotense EK05"
9 B. manausense BR 33517

0.02
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greater than 70% are indicated at nodes. GenBaréssion numbers for
each strain are given in Table S2.



165

Fig. S4 Image ofBradyrizobium neoglycine strain UFLA 06-10 obtained

by scanning electron microscopy.
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Abstract Lima bean Phaseolus lunatus L.) is an important legume species
that establishes symbiosis with legume nodulatiiigpgen-fixing bacteria
(LNNFB), mainly of theBradyrhizobium genus. However, there are still no
strains selected as inoculants for this crop inzBrd his study aimed to
evaluate the efficiency of LNNFB of the gen@sadyrhizobium from
different ecosystems in symbiosis with lima beanboth Leonard jars and
pots with a dystrophic Yellow Latosol (Oxisol). ithe experiment in
Leonard jars, 17 strains (11 from Amazonian said & from soils of other
regions) and two uninoculated controls, one witlna (5.25 mg ) and
another with a high (52.5 mg"). concentration of mineral nitrogen (N) were
evaluated. The six strains (UFLA 03-144, UFLA 03-84PA 104A, INPA
54B, INPA 86A and UFLA 03-150) that exhibited thighest efficiency in
Leonard jars, all isolated from Amazonian soils,reveompared to two
uninoculated controls, one without and another wa®0 mg N drii
(NH4NO3) applied to the pots with samples of a Oxisolhia presence and
absence of liming. In this experiment, liming didt maffect nodulation and
plant growth; the INPA 54B and INPA 86A strainsatoout in terms of
shoot dry matter production and provided increadegpproximately 48% in
shoot N accumulation compared to the native LNNBBypations, findings

that indicate the potential of these strains toded as lima bean inoculants.

Keywords Phaseolus lunatus L . biological nitrogen fixation . inoculant .

liming

Introduction

Lima bean Phaseolus lunatus L.) is ranked second most economically
important crop among the four commercially explditgpecies of genus
Phaseolus in the worldwide (Fofana et al. 1999). Althougls itise is
relatively lower than common beaR. (vulgaris), lima beanis one of the

main legume species cultivated in tropical regiarsd represents an
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important alternative as protein source for humansamption (Maquet et
al. 1999). In Brazil, the Northeastern region actsdor approximately 95%
of Brazil's national lima bean production, withlarged area of 41,318 ha, a
production of 17,078 tons of beans and grain yldpproximately 420 kg
ha' for the year 2009available at http://www.sidra.ibge.gov.br). This
grain yield may be attributed to the fact that nafsthe production is from
small-scale farmers who adopted no agriculturdinetogy.

Like other species of the genBhaseolus, lima bean is able to establish
symbiosis with legume nodulating nitrogen-fixingctexia (LNNFB) (Thies
et al. 1991; Ormerio-Orrillo et al. 2006; Antunesket2011; Matsubara and
Zuhiga-Dévila 2015) and the genBgadyrhizobium has been highlighted as
its predominant symbiont (Ormefio-Orrillo et al. B0QOpez-Lopez et al.
2013; Matsubara and Zufiga-Davila 2015). Howewggrination about the
agronomic implications of this symbiosis is scarespecially in Brazil,
where there is only one study evaluating the syiibedficiency of LNNFB
strains in lima bean, which was performed undeni@xeonditions (Antunes
et al. 2011). Thus, there is a great need to exmdndies of symbiotic
efficiency in lima bean to select and recommendistr efficient in
biological nitrogen fixation (BNF) for use as lirhaan inoculants, aiming to
increase the grain yield of this crop.

Among the LNNFB generaBradyrhizobium has stood out in Brazilian
ecosystems because it has broad geographic diginband establishes
efficient symbiosis with many legume species ofi@diural, pastoral and
forestry importance. Natural and altered ecosystentkin the Amazon
region house a large diversity &radyrhizobium strains (Moreira et al.
1993; Moreira et al. 1998; Lima et al. 2009; Guigssr et al. 2012; Jaramillo
et al. 2013) which may be considered importantsiof genetic resources
for biotechnological application. TwBradyrhizobium strains isolated from
soils within this region are currently authorizedthe Brazilian Ministry of
Agriculture, Livestock and Supply (Ministério da #apltura, Pecuaria e

Abastecimento - MAPA) (available at http://www.agtitura.gov.br) for
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inoculation in cowpea and have been successfully urs different Brazilian
regions (Soares et al. 2006; Ferreira et al. 2013).

In Brazil, LNNFB strains have been selected anchauiged by the
MAPA for the production of inoculants to 83 legursgecies, and among
these, 62% have inoculant strains of the gdraslyrhizobium (available at
http://www.agricultura.gov.br). A major advantadetlus genus is that most
of its nodulation and Nfixation genes are located on the chromosome,
which allows them to be genetically stable. Thigrelteristic is extremely
important for the selected strain does not loseytabiotic efficiency over
the years. In addition to the strain's symbiotiicefncy and its genetic
stability, the ability tonodulate and fix nitrogen in symbiosis with diffete
legumes species and competitiveness with native EBINopulations
should also be considered during the processes edéctig and
recommending new LNNFB strains for a certain leguspecies. The
competitiveness with the native LNNFB populatiossone of the main
factors determining the magnitude of responsesheflégume species to
inoculation (Singleton and Tavares 1986; Thiesl.el@91). Other factors,
such as genetic traits of both the macro and myonbgont, soil acidity and
nutrient availability can also affect nodulatiordahe BNF process (Hartwig
1998; Bonilla and Bolafios 2009; Moreira et al. 2@R0fini et al. 2011).

This study aimed to evaluate the efficiency ofagen-fixing bacteria of
the genusBradyrhizobium from different ecosystems in symbiosis with lima

bean under axenic conditions and in a dystrophito¥ed_atosol (Oxisol).
Materials and methods

Strains evaluated

In this study, 17Bradyrhizobium strains from collection of the Sector of
Biology, Microbiology and Biological Processes dfet Soil (Setor de
Biologia, Microbiologia e Processos Biologicos dolds - SBMPBS),

Federal University of Lavras (Universidade Feddmlavras - UFLA) were
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used. These strains have recently been charactdrjizbousekeeping genes
sequencing (Guimarées et al. 2015; Ribeiro etl5®, which indicated that
they belong to different phylogenetic groups (Tallle The origin and
efficiency of these strains in symbiosis with otlegume species: cowpea
(Vigna unguiculata), siratro (Macroptilium atropurpureum) or soybean
(Glycine max) is shows in Table 1. The ability of the LNNFBashs to fix
nitrogen in symbiosis with different legumes specis a desirable
characteristic, once it facilitates the commerzation by companies

producing inoculants.

Strains efficiency under axenic conditions

The experiment was conducted at the SBMPBS (UFkénfApril to May
2014. The treatments consisted of individual inatahs of the 17
Bradyrhizobium strains and two uninoculated negative controlg with a
low (5.25 mg [') and the other with a high (52.5 mg)Lconcentration of
mineral nitrogen (N). The experiment followed a qbately randomized
design, with three replicates.

A 1:2 mixture of sand (150 c¢hnand vermiculite (300 cihwas added to
the tops of the Leonard jars. Hoagland nutrienutsmt (Hoagland and
Arnon 1950) modified as described by Guimaraes. €2@12) was added to
the bottoms of the jars. The same N concentratioed un the nutrient
solution for the control with low N concentratiomsvused for the inoculated
treatments. After preparing the jars and nutrieatut®on, they were
autoclaved for one hour at 1.5 kg €t 121°C.

One accession of lima bean “criolo” (white seedhjol is one of the
accessions often used by farmers in NortheasteamzilBiwas used. Before
sowing, the seeds were surface-sterilized using @Bl alcohol (30
seconds) and 2% sodium hypochlorite (2 minutesydSevere subjected to
successive washing in sterile distilled water afiérapre-germinated in
sterile petri dishes containing filter paper and watton, where they were

kept for 48 hours in a growth chamber at 28°C. Fsmeds were sowed in
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each Leonard jar and seven days after emergeringjritp was performed,
leaving one plant per jar.

The bacterial strains were cultured in liquid crétmmedium 79 (Fred and
Waksman 1928) under stirring of 110 rpm at 28°Cffee days. In each
inoculated treatment, 1 mL of the inoculant at tomcentration of 1xT0
bacterial cells mLt was added to each seedling. After inoculatiomyar of
paraffin sand (10 kg of sand, 1 L of chloroform &g of paraffin) was
added to each pot to avoid possible contaminafibe.nutrient solution was
prepared, autoclaved and reapplied to the pot®dieally throughout the
experiment.

At 45 days after sowing (onset of flowering) theASP (Soil Plant
Analysis Development) index, which represents airétt measurement of
leaf chlorophyll content, was determined. A tothllb readings were taken
in the last fully developed trifoliate leaf for émglant, using a Minolta
SPAD-502 chlorophyll meter. After the readings, thants were collected
to evaluate the following variables: number of nedu(NN), nodule dry
matter (NDM), shoot dry matter (SDM), root dry neat{RDM), total dry
matter (TDM), efficiency compared to the controlttwihigh mineral N
concentration (EFNC) and shoot nitrogen accumuigf8&NA). The nodules,
shoots and roots were placed in paper bags and idri@ forced air oven at
60°C to constant weight to determine the NDM, SOt DM. The EFNC
was calculated using the following formula: EFN@reatment SDM * 100)
/ (SDM of the treatment with high mineral N congatibn). Shoot N
content was determined using the semi-micro Kjedabthod. The SNA
was calculated by multiplying the SDM (mg) by thedhtent (%) / 100.

According to the Shapiro-Wilk test the experimentiita exhibited
normal distribution and were subjected to analysdissariance using the
statistical analysis program SISVAR, version 5.2r(€ira 2011). Mean
values were grouped by the Scott-Knott test at B8bability. The NN and
NDM data were transformed into the square root of- Y0.5. Pearson’s

correlation coefficients were estimated at 1% d¥tdgsobability levels.
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Strains efficiency in pots with soil

The experiment was conducted from October to Nown®014 in a
greenhouse at the SBMPBS (UFLA). A typical dystiopYiellow Latosol
(Oxisol) collected in the municipality of S&o LUNHA in a site at the Federal
Institute of Education, Science and Technology o&rdhhdo (Instituto
Federal de Educacdo, Ciéncia e Tecnologia do Magnfaltitude 27m,
2°36'37"S and 4°16'18"W) was used. Maranhéo saire of the main lima
bean producers of Northeastern Brazil. Additionaltljis soil class is
predominant within the state and throughout Brazik collection site of the
samples has a history of annual codea( mays L.) cultivation under a
conventional planting system. Every three yearsing and N-P-K
fertilizing (100-80-90) is performed and there i3 mistory of any type of
inoculant that has been previously applied. Theliasng was performed at
this site two years before this study.

The soil samples were collected at a depth of @r2Gand then crushed,
homogenized, sieved through a 4-mm sieve and placagubts (3.5 dr
capacity). Before implementing the experiment, swl presented the
following characteristics: pH in # 6.0; P (Mehlich 1) 2.3 mg dinK* 20
mg dm? C& 1.60 cmal dm? Mg?* 0.60 cmal dm?®; AI** 0.00 cmal dm®;

H + Al 2.32 cmal dm®; sum of exchangeable bases 2.25 crdoi®; cation
exchange capacity 2.25 cmdimi®; cation exchange capacity at pH 7.0 4.57
cmol. dm®, aluminum saturation 0.00%; base saturation 49.288@nic
matter 1.87 dag kg clay 13 dag kg; silt 5 dag kg and sand 82 dag Kg

The experiment followed a randomized block desigih Wour replicates
in an 8 x 2 factorial arrangement [8 N sources atiching levels (with and
without liming)]. The following N sources were useadividual inoculation
of the 6 Bradyrhizobium strains that exhibited highest efficiency in the
experiment in Leonard jars (UFLA 03-84, UFLA 03-148lIPA 104 A,
INPA 54B, INPA 86A and UFLA 03-150) and 2 uninodelé controls, one

without and another with mineral N fertilizer (36@ dm®). The lime dose
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in the liming treatments was calculated accordingthte base saturation
method to raise the saturation to 60% using calaiarbonate (CaC{pand
magnesium carbonate (MggQrespectively, at a 4:1 ratio. The soil was
kept moist and was incubated for 30 days beforatipig. In all plots, the
following fertilization was carried out: 300, 3080, 5.0, 1.5, 3.6, 0.8 and
0.15 mg dm’of K, P, S, Zn, Cu, Mn, B and Mo, respectively. Rbe
control with mineral N, NENO; (300 mg N drif) was provided into three
applications.

The lima bean seeds and the method for disinfettiamn were the same
as were used in the previous experiment. Six seeds sowed per pot, and
each inoculated treatment received 1 mL of theutatt at 1 x 1®bacterial
cells mL* on each seed. Eight days after emergence, thespiame thinned
to two seedlings per pot.

The plants were collected at 45 days after sowihgirig flowering) to
evaluate the following variables: number of nodMnl), nodule dry matter
(NDM), shoot dry matter (SDM), root dry matter (RMotal dry matter
(TDM), efficiency compared to the control fertilazgvith mineral N (EFNC)
and shoot nitrogen accumulation (SNA). These vig@lwvere obtained by
the procedure described in the previous experim@gtording to the
Shapiro-Wilk test, the experimental data exhibitesmal distribution and
were subjected to analysis of variance using tagssital analysis program
SISVAR, version 5.3 (Ferreira 2011). Mean valuesewgrouped by the
Scott-Knott test at 5% probability. The NN and NDRfslta were transformed
into the square root of Y + 0.5. Pearson’s con@atcoefficients were

estimated at 1% and 5% probability levels.
Results

Strains efficiency under axenic conditions

The treatments had effects (p<0.05) on all varmldealuated (Table 2).

There was no nodulation in the uninoculated cosjrimidicating that there
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was no contamination in the experiments. Only fetrains did not nodulate
lima bean (UFLA 03-268, UFLA 03-290, UFLA 06-24 albdrLA 06-13).
Of the strains that nodulated, the mean NN val@gptant ranged from 15
to 506 for the treatments inoculated with the UFR2:153 and UFLA 03-
144 strains, respectively. The UFLA 03-84, UFLA D84, INPA 104A,
INPA 54B, UFLA 03-150, UFLA 03-197 and UFLA 03-16dtrains
promoted higher NN (p<0.05) than the other straifi®e highest (p<0.05)
NDM values were obtained in the treatments inoedatith the UFLA 03-
144 and INPA 104A strains. The UFLA 03-84, INPA 54BIPA 86A,
UFLA 03-150 and UFLA 03-197 strains formed a secgnoup that also
stood out (p<0.05) in terms of NDM production.

Of the 17 strains evaluated, the highest (p<0SBM, TDM, EFNC,
SPAD index and SNA values were obtained with theegestrains that also
stood out in terms of NDM production (UFLA 03-84FLA 03-144, INPA
104A, INPA 54B, INPA 86A, UFLA 03-150 and UFLA 031) (Table 2).
Positive correlations (p<0.01) were detected betwd®M and the other
variables, except for RDM. There was also high elation (p<0.01)
between the SPAD index and SNA (Table 3).

The INPA 54B strain promoted higher (p<0.05) SDM2@7g plant),
TDM (8.77 g plant), EFNC (164%) and SNA (260.76 mg planwvalues
than the other strains and the control with higltdwcentration (Table 2).
The UFLA 03-144 strain was the second most efficfen these variables,
promoting higher (p<0.05) values than the contridhweigh N concentration
and the other strains. The treatments inoculatéa the UFLA 03-84, INPA
104A and INPA 86A strains formed a third group wtigher (p<0.05)
SDM, TDM, EFNC and SNA values than the control witigh N
concentration. The treatments inoculated with ti.A) 03-150 and UFLA
03-197 strains exhibited similar and lower (p<0.08lues of these
variables, respectively, compared to the contrahwaigh N concentration.
The other strains were inefficient in BNF, promgt@DM, EFNC and SNA

values similar (p<0.05) to the control with low Nncentration.
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For the RDM, 82% of the strains evaluated exhibitégher (p<0.05)
values than the control with low N concentratiomlfle 2). The INPA 54B
strain stood out (p<0.05) compared to the otherrstrand behaved similarly
(p<0.05) to the control with high N concentratidie UFLA 03-144, INPA
237B, INPA 104A and UFLA 03-153 nodulating straiteggether with three
strains that did not nodulate lima bean (UFLA 0®28FLA 06-24 and
UFLA 06-13), formed a second group with higher (#8) RDM values
than the other strains and the control with lowddeentration, though these
values were lower (p<0.05) than that of the contwath high N

concentration.
Strains efficiency in pots with soil

There was effects (p<0.05) only of nitrogen soumeshe NN, NDM, SDM,

TDM and SNA variables (Table 4). The highest (p%).8IN values were
measured in the treatments inoculated with the UBBAL44 and INPA 86A
strains; however, for NDM, there was no differebedween the inoculated
treatments and the uninoculated control without ardh N. The plants
fertilized with mineral N did not nodulate.

All strains, except UFLA 03-150, promoted higher N\Cand TDM
production (p<0.05) than the uninoculated contritheut mineral N (Table
4). However, no strain was similar or superior (#8) to the uninoculated
control with mineral N. The INPA 54B and INPA 86Arans stood out
(p<0.05) from the others in SDM production and poted 34 and 36%
increases compared to the production obtained enutlinoculated control
without mineral N, respectively. The treatmentsculated with the UFLA
03-84, UFLA 03-144 and INPA 104A strains promoteawhilsr (p<0.05)
SDM production.

The highest (p<0.05) SNA value was obtained inuthi@oculated control
with mineral N (Table 4). The INPA 54B and INPA 8&#&ains were most
efficient in N, fixation, promoting higher (p<0.05) SNA than théher
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strains and the uninoculated control without mihé&aThe UFLA 03-84

and UFLA 03-144 strains also promoted higher (pSD.BNA than the
uninoculated control without mineral N. The treatntseinoculated with the
INPA 104A and UFLA 03-150 strains exhibited simi&nd lower (p<0.05)
SNA than the uninoculated control without N, redpety. Positive

correlations (p<0.05) were observed between theNDlYl and SNA (Table
3).

For EFNC, there was an individual effect (p<0.05)two factors (N
sources and liming levels) (Table 4). Among theculated treatments, the
INPA 54B and INPA 86A strains exhibited higher (3%) efficiency than
the others and the uninoculated control withoutarahN. The UFLA 03-84,
UFLA 03-144 and INPA 104A strains exhibited similefficiencies that
were higher (p<0.05) than the efficiency of thenaaulated control without
mineral N. Between the liming levels, EFNC was kigtjp<0.05) with
liming application.

Regarding RDM, there was an interaction (p<0.03jvben the factors
liming and N source (Table 5). The UFLA 03-144 &Hel A 03-150 strains
induced higher (p<0.05) RDM production in the preseof liming, whereas
the INPA 104A strain promoted higher (p<0.05) RDNbduction in the
absence of liming. Among the N sources, in the madeseof liming, the
treatments inoculated with the UFLA 03-84 and INPA4A strains
exhibited higher (p<0.05) RDM production than théhen inoculated
treatments and the controls with and without mih8rapplication. In the
presence of liming, the inoculated treatments, jgixé@ the one inoculated
with the INPA 104A strain, promoted higher (p<0.68)M production than

the controls with and without mineral N application

Discussion

Selecting LNNFB strains efficient in BNF in symbi®svith lima bean is an
important strategy to economically and sustainattyease the grain yield

of this crop. The six strains that exhibited thgheist efficiency in KN
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fixation in symbiosis with lima bean in Leonardgawere all isolated from
Amazonian soils under different land-use systenastyse (UFLA 03-84),
agriculture (UFLA 03-144 and UFLA 03-150) and fatrINPA 104A,
INPA 54B and INPA 86A). These strains were alsacefht in symbiosis
with cowpea (UFLA 03-144, UFLA 03-84 and UFLA 03@5and siratro
(INPA 104A, INPA 54B and INPA 86A) in previous stad (Table 1),
indicating the potential of the Amazon as a souwfcgenetic resources for
biotechnological applications.

The UFLA 03-84 strain is currently authorized e tMAPA as a
cowpea inoculant (available at http://www.agrictdtgov.br) and its
symbiotic efficiency was also observed in pigeoa ff&ajanus cajan L.) in
Leonard jars (Rufini et al. 2014). In contrast, theLA 03-153, UFLA 03-
164, UFLA 03-320 and UFLA 03-321 strains, which agficient in
symbiosis with cowpea (Rufini et al. 2013; Soarteal €2014), and the INPA
237B and UFLA 04-0212 strains, which form efficiesymbiosis with
siratro (Table 1), were inefficient in symbiosistlwlima bean in this study,
indicating that BNF is affected by the intrinsic atacteristics of the
symbionts, as reported by Hartwig (1998).

High symbiotic efficiency of isolates (geneticalliyidentified) of lima
bean nodules inoculated in this crop was reporjedriunes et al. (2011) in
an experiment conducted in Leonard jars. Theseosuthlso detected
positive correlations (p<0.05) between NDM and Spwbduction and
SNA, corroborating the results obtained in the @mésstudy. Similar
correlation results were reported by Ferreira et28112) when working with
common beanRhaseolus vulgaris L.) inoculated with LNNFB strains.

The SPAD index, which represents an indirect mesmsant of the leaf
chlorophyll content, has been positively correlatedth shoot N
accumulation and/or grain yield and/or shoot drytterain some legume
species, such as common bean, soybean and cowjisahiFand Ray 2007;
Remans et al. 2008; Jaramillo et al. 2013). Howefar lima bean, our

study is the first to report this index and its elent correlation with both
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SNA and SDM production. Thus, we suggest evaluatiteg SPAD index
during the process of selecting LNNFB strains Fis trop, especially at the
first selection steps, in which large numbers afaiss are typically
evaluated, making N analysis very expensive.

The INPA 237B, UFLA 03-153 and UFLA 03-320 straitiet were
inefficient in BNF and the four strains that didtnmodulate lima bean
(UFLA 03-268, UFLA 03-290, UFLA 06-24 and UFLA 0@)in Leonard
jars most likely increased (p<0.05) the RDM productby acting in other
biological processes, different from BNF. Althoutie main function of
genusBradyrhizobium has already been reported as BNF, this genus tis qui
versatile and may also act in other plant growttnmoting processes, such
as inorganic phosphate solubilization and phytoloorenproduction (Boiero
et al. 2007; Marra et al. 2011; Oliveira-Longattaé 2014).

In the experiment in pots with soil, the absencarokffect of liming on
lima bean nodulation and shoot growth differs friiva results obtained by
Rufini et al. (2011), who worked with common beard gound positive
responses (p<0.05) to liming on nodulation, plammwgh, and N fixation;
however, these results were observed in a Oxigbl avi initial pH (HO) of
5.1 and a base saturation of 21%. Liming is an imamd practice for two
reasons: it raises soil pH, reducing acidity, aratéases the base saturation,
supplying calcium and magnesium, which are impadrtautrients for plant
and diazotrophic bacterial development and, coressttyy for symbiosis
establishment (Norris 1958; Lodeiro et al. 1998)tHe present study, the
low acidity (pH 6.0) and C4 (1.60 cmal dnmi®) and Md* (0.60 cmal dni®)
levels present in the soil were sufficient for $jyosis establishment and
shoot growth and may have been the reason fordatle of response to
liming. However, two strains (UFLA 03-144 and UFLO8-150) increased
(p<0.05) the RDM in response to liming.

The lack of correlation (p>0.05) between NDM and\v&Bnd the lower
correlation (p<0.05) between NDM and SNA in theearikpent in pots with

soil differs from the results obtained in Leonaaitsjand may be due mainly
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to the effects of edaphic factors. The absence adulation in the

uninoculated control with mineral N in pots withils@vidences the
mitigating role of nitrogen in lima bean nodulatiomhich has also been
observed in other legume species, such as cowpesta(t al. 2014),
common bean (Rufini et al. 2011) and pigeon pediigRat al. 2014). In

turn, the similarity in NDM between the uninoculteontrol without

mineral N and the inoculated treatments indicates good nodulating
capacity of the native LNNFB populations presentha soil under study.
Despite this similarity, four strains (UFLA 03-144FLA 03-84, INPA 54B

and INPA 86A) exhibited good competition and proadbtincreased
(p<0.05) SDM and TDM production, EFNC and SNA, galing the

potential of these strains for use as lima beaculamts, especially INPA
54B and INPA 86A, which were the most efficienpiots with soil.

The rapid plant response to mineral N explainsféot that no strain is
equal to the control fertilized with high NNO; concentration (300 mg N
dm?®), as the establishment and function of symbiosisniore time
consuming. However, once symbiosis is establistiedperformance of the
inoculated treatments can equal that of the minbrareatment, which
occurs during the grain production phase for ottreps, such as cowpea
(Soares et al. 2006; Ferreira et al. 2013). Thestill no data available about
this effect for lima bean.

Our study is the first to report the symbiotic ency of LNNFB strains
with lima bean in an experiment conducted in soil @onstitutes the first
step to recommend strains for lima bean inoculat@iming to at least
partially meet their N demand. In future experinserthe INPA 54B and
INPA 86A strains will be evaluated under field camhs and under other
edaphoclimatic conditions to confirm its symbiogfficiency as lima bean

inoculants.

Conclusions
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Strains isolated from Amazonian soils (UFLA 03-1WFLA 03-84, INPA

54B and INPA 86A) are efficient in symbiosis wiimh bean under axenic
conditions and in pots with soil. Liming does niieet lima bean nodulation
and shoot growth in the soil evaluated. The INPB a4d INPA 86A strains
promote higher shoot dry matter production and shadmmgen accumulation
compared to the other strains and the native riazplopulations, exhibiting

potential for use as lima bean inoculants.
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Table 1 Origin, symbiotic efficiency in other hosts andyfdgenetic affiliation of théBradyrhizobium strains used in this study

Strains Origin Symbiotic efficienc
2 inyaxenic conditiong; Phylogenstic Phylogenetic References
. O
Region/State Land use Host plant and/or in soff groups Affiliation
systems
- R —
UFLA 03-84 Amazonian /RO  Pasture \ﬁgng Q’ unguiculata (Al) ! Bradyrhizobium sp. Soares et al. (2006)
unguiculata
c - N
UFLA 03-144  Amazonian/AM Agriculture V. unguiculata V. unguiculata (IE)? l Bradyrhizobium sp. Esztginza)\raes etal.
Cc H - .
UFLA 03-268 Amazonian/AM  Agroforestry V. unguiculata V. unguiculata (IE) # l Bradyrhizobium sp. \(J;(r)iglllo etal.
c . -
INPA 237B Amazonian/AM Forestry Pterocarpus sp ?AE');’I tropurpureum l Bradyrhizobium sp. (C;lé)lga)lraes etal.
. c - -
INPA 104A Amazonian/AM Forestry gja:rirrgsrir:](;rg ?/IE.)gtropurpureum I Bradyrhizobium sp. gg:;a)lraes et al.
. c - g
UFLA 03-290 Amazonian/AM  Agroforestry V- unguiculata V. unguiculata (1) v Bradyrhizobium sp. \(];girg)lllo etal.
UFLA 04- . . Macroptilium M. atropurpureum v ¢ Bradyrhizobiumsp. Florentino et al.
0212 Amazonian/AM Agriculture atropurpureum  (E)® (2009)
c o
INPA 54B Amazonian/AM Forestry Inga sp. I\(/II.E)egropurpureum v Bradyrhizobium sp. Moreira et al. (1998)
c - -
INPA 86A Amazonian/AM Forestry Swartzia sp. ?/IE.)gtropurpureum v Bradyrhizobium sp. Esztginsa)\raes etal.
c - -
UFLA 03-150 Amazonian/AM Agriculture V. unguiculata V. unguiculata (E)? I Bradyrhizobium sp. Esztginza)\raes etal.
c - A
UFLA 03-197 Amazonian/AM  Agriculture V. unguiculata V. unguiculata (E)® I Bradyrhizobium sp. (ZBSJir;)araes etal.
. c o
UFLA 03-153 MG ||\3/I?rl11i)r(1lgt;e V.unguiculata V. unguiculata (E)*° l Bradyrhizobium sp. Soares et al. (2014)
; c o
UFLA 03-164 MG Bauxite V.unguiculata V. unguiculata (E)* P l Bradyrhizobium sp. Soares et al. (2014)

Mining
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Continuation...

Strains Origin Symbiotic efficiency Phylogenetic ~ Phylogenetic  References
. Land use in axenic conditiorfs groups™® Affiliation
Region/State systems Host plant and/or in soft
UFLA 03-320 MG Agriculture V. unguiculata V. unguiculata (E)® IV ¢ Bradyrhizobiumsp.  Rufini et al. (2013)
UFLA 03-321 MG Agriculture V. unguiculata V. unguiculata (E)*® AV Bradyrhizobiumsp. Rufini et al. (2013)
UFLA 06-24 Cerrado/PlI Agriculture  Glycine max G. max (E)® Single* Bradyrhizobiumsp. Ribeiro et al. (2015)
UFLA 06-13 Cerrado/PI Agriculture  G. max G. max (E)°® G-I1° Bradyrhizobiumsp. Ribeiro et al. (2015)

RO Rond6naAM AmazonasMG Minas Gerais,Pl Piaui

Al approved as inoculant by the Brazilian MinistryAgfriculture, Livestock and Supply (Ministério da d@ultura Pecuaria e Abastecimento)

IE intermediate efficiency (Shoot dry matter of theatment inoculated with the tested strain < to ¢fizhe uninoculated control with nitrogen suppéeration,
and > to that of the uninoculated control with Initrogen concentration)

I inefficient (Shoot dry matter of the treatmernddnlated with the tested strain = to that of thmmaculated control with low nitrogen concentration)

E efficient = (Shoot dry matter of the treatmentdulated with the tested strain = to that of thenonulated control with nitrogen supplementation)
¢Grouping according to the phylogenetic analysithefhousekeeping genes by Guimaseies. (2015)

4 Grouping according to the phylogenetic analysithefhousekeeping genes by Ribeiral. (2015).
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Table 2 Number of nodules (NN), nodule dry matter (NDM)pehdry matter (SDM), root dry matter (RDM), todly matter
(TDM), efficiency compared to the control with higiitrogen concentration (EFNC), SPAD index (SPADY ashoot nitrogen

accumulation (SNA) obtained in lima bean plantséonard jars with different nitrogen sources atldgs after sowing.

N sources NN NDM SDM RDM TDM EFNC SPAD SNA
e — g plant’ ------------ % - mg plant
Without | + High N (52.5 mg L)® od 0Oe  445d  1.60a 6.04C 100 d 2¢.23  88.33f
Without | + Low N (5.25 mg L} 0d Oe 1.49f 0.83d 2274 33f 1406 17.08 g
UFLA 03-84 + Low N 352a 0.343b 5.03c¢c 1.06 c 9%6c0 113c 30.53 b 197.31c
UFL 03-144 + Low N 506 a 0.568 a 6.57 b 1.24b 'h82 148 b 32.43b 226.86 b
UFLA 03-268 + Low N od Oe 1.65f 0.98c 2.63¢ 37f 17.30d 226349
INPA 237B + Low N 51c 0.080 e 1.59f 1.14b 2973 36f 15.16 e 19.03 g
INPA 104A + Low N 464 a 0.511a 5.35c 1.21b 657 121 c 2753 ¢c 190.19 ¢
UFLA 03-290 + Low N od Oe 1.59f 1.17b 2.75¢ 36f 17.60d 2141 ¢g
UFLA 04-2012 + Low N 207 b 0.125d 191f 0.79d 7@g 43 f 18.46 d 24299
INPA 54B + Low N 435 a 0.415b 7.29 a 148 a 877a 164a 37.73 a 260.76 a
INPA 86A + Low N 220 b 0.335b 5.24 c 1.07c 6.31c 118c 33.26b 196.68 ¢
UFLA 03-150 + Low N 471 a 0.358b 4.04d 1.08c 251 91d 31.03b 150.30d
UFLA 03-197 + Low N 336a 0.350b 3.48 e 0.97c 544 79e 31.26 b 113.17 e
UFLA 03-153 + Low N 15¢c 0.001e 2.34f 1.15b ®Bf5 53 f 14.00 e 28.60 g
UFLA 03-164 + Low N 362a 0.210c 1.83f 0.82d 5%19) 40 f 13.16 e 19.95¢
UFLA 03-320 + Low N 283b 0.051e 1.92f 101c 2P 43 f 15.20 e 22.23 ¢
UFLA 03-321 + Low N 274b  0.124d 1.93f 0.91d 28 43 f 19.13d 26.86 g
UFLA 06-24 + Low N od Oe 2.01f 1.34b 33f 45 f 17.26d 27.32¢g
UFLA 06-13 + Low N od Oe 1.80f 1.23b 0849 41 f 17.73 d 21.17g
CV (%) 18.66 3.40 9.35 12.09 278 8.85 11.20 10.33

2 Nitrogen sources used in the nutrient solutioriNG),- 4H,0, KNO; NH,H,PO, In each column, means followed by the same leteenat statistically different and belong to thensagroup, according to

the Scott—Knott test at p<0.05.
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Table 3Pearson’s correlation coefficients between thamaters studied in

the experiments in Leonard jars and in pots with sterilized soil (Oxisol)

NDM SDM RDM TDM EFNC SNA SPAD
Leonard jars (axenic conditions)

NN 0.85° 059" -0.091° 0.55 059° 066 058
NDM 0.80°  0.062° 0.76" 081" 085 074
SDM 0.46 0.99 099" 096 0.88
RDM 0.55 047" 035 0.37
TDM 098" 095 0.87
EFNC 0.96° 0.88"
SNA 0.91"
Pots with non sterilized soil (Oxisol)

NN 0.76° 0.18°  -0.09° 0.13* 021 0.32 -
NDM 0.23°  0.08° 0.25™  0.30 0.36 -
SDM 0.17" 0.98*  0.90 0.84 -
RDM 0.43 0.21°  0.11™

TDM 0.89" 0.80" -
EFNC 0.74 -
SNA -

p<0.01; p<0.05; ™ot significant.
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Table 4 Number of nodules (NN), nodule dry matter (NDM)pehdry matter (SDM), root dry matter (RDM), todly matter
(TDM), efficiency compared to the control with hightrogen concentration (EFNC) and shoot nitrogeouenulation (SNA)

obtained in lima bean plants in pots with sampfes ©xisol according to the nitrogen sources artti wi without liming at 45 days

after sowing

Factors NN NDM SDM TDM EFNC SNA

N° pot* mg pot* g pot" - % -- mg pot

N Sources
UFLA 03-84 169 b 292.25 a 3.93¢c 5.47b 58 ¢ 12@.6
UFLA 03-144 250 a 337.87 a 3.94c 5.31b 59 ¢ 127.70 c
INPA 104A 178 b 28837 3.97c 5.86 b 59 ¢ 104.58 d
INPA 54B 202 b 33842 447D 5.64b 67 b 153.24 b
INPA 86A 309 a 340.62 a 453 b 5.77b 68 b 158.32
UFLA 03-150 184 b 257.62 a 3.27d 451c 49d 16%
Without N without | 218 b 308.37 a 3.34d 447 c 0db 103.54d
With N (300 mg dn) Oc Ob 6.69 a 7.91a 100 a 347.33 a
Liming

Without liming 187 a 0.269 a 423 a 5.52 a 61b .85@
With liming 190 a 0.271a 4.29 a 5.63a 67 a 143.05
CV (%) 23.15 5.27 12.23 9.54 10.55 16.52

N nitrogen,| inoculation

Means followed by the same letters within the calarare not significantly different from each otbgrthe Scott-Knott test at p<0.05.
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Table 5 Root dry matter (RDM) of lima bean plants in potighwa Oxisol

according to different nitrogen sources with orhwitt liming

N sources RDM (g pd)

Without liming With liming
UFLA 03-84 1.54 aA 1.55aA
UFLA 03-144 1.17 bB 151 aA
INPA 104A 1.48 aA 188
INPA 54B 1.29 bA 148
INPA 86A 1.14 bA 1.37 aA
UFLA 03-150 1.12bB 1.37 aA
Without N without | 1.13 bA 1.14 bA
With N (300 mg dn7) 1.27 bA 1.15 bA
Means 1.27 A 134 A
CV (%) 12.90

N nitrogen,| inoculation
Means followed by the same letters,
different from each other by the Scott-Knott tegp<0.05.

lowercaseretin columns and uppercase in the lines are igoifisantly
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Abstract In selecting legume nodulating nitrogen-fixing heai it is
important to consider a strain's tolerance to abeonditions, in addition to
its symbiotic efficiency. The capacity to perfornther plant growth-
promoting processes also confers desirable mudtifomality to inoculant
strains. In this study, we evaluatBdadyrhizobium strains from soils of the
Brazilian ecosystems regarding tolerance to diffeqgH and temperature
conditions, inorganic calcium phosphate solubiieat capacity and
symbiotic efficiency when inoculated in acackedcia mangium) and velvet
bean &izolobium aterrimum) in Leonard jars. In each experiment of
symbiotic efficiency, the 18 strains were compatedtwo uninoculated
controls, one with low (5.25 mg™) and another with high (52.5 mg*L
concentrations of mineral nitrogen (N) and one itagt strain (BR 3617 in
the acacia experiment and BR 2811 in the velveh b®geriment). All
strains grew at the different tested pH value(4@), and most tolerated a
wide temperature range (15 to 37 °C) and solubdilis®organic calcium
phosphate. The UFLA 03-268 strain was the mostiefit in symbiosis with
acacia and promoted twice the shoot dry matter (poithined with the BR
3617 strain. In the velvet bean experiment, theANIP4A strain was more
efficient in shoot nitrogen accumulation, which mated 101 and 241%
increases, respectively, compared to the valuesiradut in the control with
high mineral N concentration and with the BR 28frhis. The UFLA 03-
144 and INPA 104A strains outperformed the otheatments in SDM
production of velvet bean. In conclusion, the UFQ3-268, UFLA 03-144
and INPA 104A strains exhibit potential for use iasculants in these

species under tropical soil conditions.

Keywords: Biological nitrogen fixation, symbioticffieiency, inoculant,

inorganic phosphate solubilisation
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1. Introduction

Biological nitrogen fixation (BNF) is one of the maprocesses that
ensures sustainable terrestrial ecosystems. Totess is mediated by free-
living, associative and legume nodulating nitrofigmg bacteria (LNNFB).
Among the genera of LNNFB that occur in Braziliaopical ecosystems,
Bradyrhizobium is highlighted. In addition to being the most coomm
microsymbiont in legume nodules (Moreira et al.93;91998; Lima et al.,
2009; Perrineau et al., 2011; Guimarées et al.22Ribeiro et al., 2015), it
establishes efficient symbiosis with a wide rangeaxioeconomically and
environmentally important hosts. In Brazil, the mdsSNNFB strains
approved by the Brazilian Ministry of Agriculturéjvestock and Supply
(Ministério da Agricultura Pecuaria e Abastecimento MAPA) for
inoculation in legume species belonging to this ugenavailable at
http://www.agricultura.gov.br).

Although LNNFB strains authorised by MAPA currentist for 83
legume species in Brazil, recommendations for nebghese species were
based on few experiments and under particular extdipiatic conditions.
Additionally, there are few or no results publishfied some species that
prove symbiotic efficiency of the inoculant straidsnong these species, we
can state that acaciddacia mangium) has few published results regarding
the symbiotic efficiency of its bacterial straingpeoved as inoculants (BR
3609 and BR 3617) (Franco and Faria, 1997; Traenial., 2001; Schiavo
and Martins, 2003), and for velvet bediZolobium aterrimum) still does
not have consistent published data regarding effey of its inoculant strain
(BR 2811) and of new LNNFB strains. It is notewgrthat the inoculant
strains for these species belong to the gdrasdyrhizobium (Moreira and
Siqueira, 2006).

Acacia and velvet bean are promising legume spéaigbe revegetation
of degraded soils, as they are tolerant to heawglmand low-fertility soils

and are able to fix Nin symbiosis with LNNFB, especially the genus
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Bradyrhizobium (Trannin et al., 2001; Galiana et al., 1998; Oldtoal.,
2004). Velvet bean is also considered one of thst dkkernatives for green
manure (Matos et al., 2011) and acacia is one efnhin arboreal species
used in reforestation programs and agroforestryemys (Galiana et al.,
1998). Considering the ecological and economic mignae of these species,
new studies based on results of consistent reseaechecessary, aiming to
select new strains with potential use as inoculants

During the process of selecting new LNNFB straihss important to
consider the ability of the strain to nodulate dmxdnitrogen in symbiosis
with wide range of hosts and its tolerance to tlilveese conditions
predominant in tropical soils, such as high temjpeeaand acidity, in
addition to the strain's symbiotic efficiency. Atidnally, it is desirable to
select strains that can also act in other plantvtjrgoromoting processes
other than BNF, such as insoluble inorganic phaspbkalubilisation (Marra
et al., 2011). In this study, we evaluated toleeans different pH and
temperature conditions, inorganic calcium phosplatebilisation capacity
and efficiency oBradyrhizobium strains in symbiosis with acacia and velvet
bean.
2. Materials and Methods

2.1. Srains evaluated

The Bradyrhizobium strains used in this study are belonging to the
collection of the Sector of Biology, Microbiologya Biological Processes
of the Soil (Setor de Biologia, Microbiologia e Pessos Bioldgicos do Solo
- SBMPBS) at the Federal University of Lavras (Wmsidade Federal de
Lavras - UFLA). These strains come from differemaBlian ecosystems
and they have recently been characterized by heepakg genes
sequencing (Guimaraes et al., 2015; Ribeiro et28ll5), which indicated
that they belong to different phylogenetic groupakle 1). Their symbiotic
efficiencies were already evaluated in previouslisgiwith legume species

different from those evaluated in this study (TabjeCharacteristics of the
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strains approved as inoculants for acacia (BR 3@hd) velvet bean (BR
2811) are also shown in Table The ability of the LNNFB strains to fix
nitrogen in symbiosis with different legumes specis a desirable
characteristic, once it facilitates the commerzation by companies

producing inoculants.
2.2. Tolerance of the strains to different pH and temperature conditions

For both tests (pH and temperature), the 11 sti@fsA 03-84, UFLA
03-144, UFLA 03-268, INPA 237B, INPA 104A, UFLA (%3, UFLA 03-
164, UFLA 03-150, UFLA 03-197, UFLA 04-0212 and UKxD6-24 ) were
cultured in liquid 79 culture medium (Fred and Waks, 1928) under
constant agitation at 110 rpm at 28 °C for five slayne-millilitre aliquots
of each bacterial culture were transferred to 1l5sterile microtubes and
centrifuged at 10,000 rpm for ten minutes. The sgtant was discarded,
and the cells were resuspended in 1.0 mL of stsalime solution (0.85%)
and then centrifuged. The process of discarding twpernatant,
resuspending the cells, and centrifugation was ateple three times to
remove the residue of the inoculum culture mediwmch would result in
false-positive growth. Next, 0.1 mL aliquots of gkebacterial suspensions
were inoculated and spread onto Petri dishes aongpir9 culture medium
using a Drigalski spatula. In the pH test, the ptugs for the 79 culture
medium were adjusted to 4.0, 5.5, 6.8, 8.0, 9.0 Hhdand the Petri dishes
were incubated at 28 °C. In the tolerance testftdrent temperatures, the
pH of the 79 culture medium was adjusted to 6.8, the Petri dishes were
incubated at 15, 20, 28, 34, 37 and 40 °C. Thdnre@ts were randomly
distributed, with three replicates. To test thestahce of the 18 strains at
these pH and temperatures values, the presenag &bsence (-) of growth
in the 79 culture medium was evaluated after selas of incubation. The
strains that exhibited lower growth under the ergepH and temperature
conditions compared to the optimal conditions (pl8 &nd 28 °C) were

considered as having weak growth (w).
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The other 7 strains (UFLA 03-320, UFLA 03-321, UF08-290, INPA
54B, INPA 86 A, UFLA 06-10 and UFLA 06-13) were &wated, in
previous studies (Costa et alnpublished data), in 79 medium under the
same conditions of pH and temperature cited, usireg same methods

applied above.
2.3. Inorganic cal cium phosphate solubilisation

The 18 strains were evaluated for their capacitgdiubilise inorganic
calcium phosphate (CaHROIn modified solid NBRIP culture medium
(Nautiyal, 1999), where arabinose was used asah®on source, replacing
glucose. This substitution was performed becaug@éanious studies, most
evaluated strains grew better using arabinose ascdnbon source than
glucose in 79 culture medium.

Initially, the strains were cultured in liquid 7Qlture medium, under
agitation at 110 rpm at 28 °C. Next, the opticalsiyy was adjusted (0.5) by
adding saline solution (0.85%), and 20 of suspended cells were applied to
four equidistant points on the Petri dishes (9.5wite) containing solid
NBRIP culture medium. Each strain was evaluateth wito replicates (two
Petri dishes). At 18 days after inoculation, thentigter of the solubilisation
zone (translucent area surrounding the colony)thadolony corresponding
to the zone were measured. Based on these measiisethe solubilisation
indices (SIs) were obtained = @ zone (mm) / @ oplgnm) (Berraquero et
al., 1976). Based on the Sils, the strains weresifiled as having either low
(SI <2 mm), medium (2 SI < 4.0 mm) or high (IS > 4 mm) solubilisation

capacity.
2.4. Experiments with acacia and velvet bean in Leonard jars

To evaluate nodulating capacity and efficiencyhaf 18Bradyrhizobium
strains in symbiosis with acacia and velvet beam experiments were
conducted in Leonard jars at the SBMPBS of the URwAder a completely

randomised design, with three replicates. The fiesfperiment was
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conducted with acacia, from May to August 2014, #nel second with
velvet bean, from June to August 2014. The respectiean maximum and
minimum temperatures recorded in the greenhouse W8r and 38 °C
during the experimental period.

For each experiment, the treatments consisteddifidual inoculations
of the 18Bradyrhizobium strains, two uninoculated negative controls, one
with low (5.25 mg [*) and another with high (52.5 mg‘Lmineral nitrogen
(N) concentration, and one positive control inotedawith the BR 3617
strain Bradyrhizobium japonicum) in acacia and with the BR 2811 strain
(Bradyrhizobium ekanii) in velvet bean, both approved by MAPA as
inoculants for these legume species (available at
http://www.agricultura.gov.br).

A 1:2 mixture of sand (150 c¢hnand vermiculite (300 cihwas added to
the top of the Leonard jars and Hoagland nutriehtiteon (Hoagland and
Arnon, 1950) modified (Guimarées et al., 2012) wdded to the bottom of
the jars. In the inoculated treatments, nutriedtutsm with the same N
concentration (5.25 mg™) as the control with low N concentration was
used. After preparing the jars and nutrient solytibey were autoclaved for
one hour at a pressure of 1.5 kg<at 121 °C.

Before sowing, the velvet bean seeds were subjetedreak in
dormancy using concentrated30, for 45 minutes. Next, they were washed
with sterile distilled water. Dormancy was brokenthe acacia seeds by
immersing them in boiling water for one minute. disinfect the surface of
the acacia seeds, 98% ethanol (30 seconds) ana@#irs hypochlorite (2
minutes) were used, followed by successive waskhingterile distilled
water. The seeds of each species were pre-germimatderile Petri dishes
containing filter paper and wet cotton, where thweye kept for 48 hours in
a growth chamber at 28 °C. Four seeds were sowexhgh jar for each
species, and the plants were thinned after eigys,daaving one plant per
jar in the velvet bean experiment and two plants jge in the acacia

experiment.



203

The bacterial strains were cultured in liquid 79%tue medium under
agitation at 110 rpm at 28 °C for five days. Inteawculation treatment, 1
mL of the inoculant was added to each plant at mceotration of 1x10
bacterial cells mL.. After inoculation, a layer of paraffin sand (16 kf
sand, 1 L of chloroform and 10 g of paraffin) wasled to each jar to avoid
possible contamination. The nutrient solution weeppred, autoclaved, and
reapplied to the jars periodically throughout thepeximent. Nutrient
solution (1/4 ionic strength) was added to the jartsl 45 days after planting
the species. Starting from this period, the ioriergyth of the nutrient
solution was increased to 1/3.

The acacia and velvet bean plants were collect® @ind 60 days after
sowing, respectively. The following variables weewaluated in each
experiment: nodule number (NN), nodule dry mattsD), shoot dry
matter (SDM), root dry matter (RDM), total dry nett(TDM) and
efficiency compared to the control with high midefd concentration
(EFNC). For the velvet bean experiment, shoot géro accumulation
(SNA) was also evaluated. In the acacia experiniemtas not possible to
determine SNA, as the quantity of dry matter preduic the shoots was not
sufficient for N content analysis in some of theatments.

The nodules, shoots and roots were placed in dzgos and dried in an
air-circulated oven at 60 °C until reaching consiaeight to determine the
NDM, SDM and RDM. EFNC was calculated using thdofeing formula:
EFNC = (treatment SDM * 100) / (SDM of the treatrnenth high mineral
N concentration). SNA in the velvet bean plants wasdculated by
multiplying SDM (mg) by N content (%) / 100. N cent in the shoots of
the velvet bean plants was determined using the-iseenokjedahl method.
After applying the Shapiro-Wilk test to verify noalfity of the data, the data
were subjected to analysis of variance using tI8/8R statistical analysis
program, version 5.3 (Ferreira, 2011). The NN anDM data were
transformed into the square root of Y + 0.5. Effeat the treatments were

compared using the Scott-Knott test at 5% proligbili
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3. Results
3.1. Tolerance of the strains to different pH and temperature conditions

All the strains grew well in 79 culture medium witfie pH adjusted to
the different evaluated values (4.0, 5.5, 6.8, @@ and 10) and at
temperatures of 20, 28, 34 and 37 °C (Table 24@\fC, only the UFLA
06-24 strain grew well; the UFLA 03-150, UFLA 0371@nd INPA 86A
strains exhibited weak growth and the other straads completely inhibited
growth.

3.2. Inorganic calcium phosphate solubilisation

Most strains (55%) were able to solubilise inorgaralcium phosphate
(Table 2). Of the strains that solubilised, UFLA-26 stood out by
exhibiting a solubilisation index of 2.1, which cheterises it as a strain with
medium solubilisation capacity. The other straimbilgited solubilisation
indices lower than 2.0 and were classified as fplow inorganic calcium

phosphate solubilisation capacity.
3.3. Efficiency of the strains in promoting acacia growth

There were treatment effects (p<0.05) on all véemkevaluated (Table
3). Only seven strains (UFLA 03-84, UFLA 03-144, lA403-150, UFLA
03-197, UFLA 03-268, INPA 104A and UFLA 03-153) atfwe inoculant
strain (BR 3617) nodulated. The treatments inoedlatith the UFLA 03-
150, UFLA 03-197 and INPA 104A strains exhibited ameNN values
similar (p>0.05) to BR 3617 and higher (p<0.05)nthiae other strains. The
UFLA 03-144, UFLA 03-150, UFLA 03-197, UFLA 03-268nd INPA
104A strains provided NDM similar (p>0.05) to tlditBR 3617 and higher
(p<0.05) than that of the UFLA 03-84 and UFLA 031drains. There was
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no correlation (p>0.05) between NN or NDM with tb¢her evaluated
variables.

For SDM, RDM, TDM and EFNC, no strain, including B3®17, had
higher values (p<0.05) than the control with higledhcentration (Table 3).
Of the strains evaluated, 83% had increased (p¥&D%, TDM and EFNC
compared to the control with low N concentratioregirding SDM and
EFNC, the nodulating UFLA 03-268 strain stood op&{.05) from the
others evaluated (including the BR 3267) and therobwith low mineral N
concentration. This strain provided 236% higher SBdinpared to that
obtained in the control with low mineral N conceibn. Another four
nodulating strains (UFLA 03-150, UFLA 03-197, INP®W4A and UFLA
03-153) and five non-nodulating strains of acati&l(A 04-0212, UFLA
03-290, UFLA 03-164, UFLA 03-320 and UFLA 03-32Xpyided higher
(p<0.05) SDM and EFNC than those of the BR 361 %ufant strain and
those of the control with low N concentration.

Of the evaluated strains, 61% of the evaluatednstrachieved higher
RDM values (p<0.05) than that of the control witdwl N concentration
(Table 3). Among the inoculated treatments, thédsg RDM (p<0.05) was
obtained with the UFLA 03-320 strain. The treatrseinbculated with the
UFLA 04-0212, UFLA 03-150, UFLA 03-268, UFLA 03-290/FLA 03-
153, UFLA 03-320, UFLA 03-321 and UFLA 06-10 staiexhibited higher
RDM values (p<0.05) than that of the treatment utaed with the BR 3617
strain. The UFLA 03-84, INPA 237B and INPA 54B stseawere inefficient
at promoting acacia growth, behaving similarly (%) to the control with
low N concentration for SDM, RDM, TDM and EFNC.

3.4. Efficiency of the strains in promoting velvet bean growth

There were treatment effects (p<0.05) on all védemtevaluated (Table
4). Of the 18 evaluated strains, only one (UFLA23§-did not nodulate
velvet bean. The mean NN values ranged from 3 tmatules per plant,
which were obtained in the treatments inoculatet wie UFLA 03-290 and
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INPA 86A strains, respectively. The INPA 54B, INB&A and UFLA 03-
321 strains provided higher NN values (p<0.05) than other strains and
clustered with the BR 2811 inoculant strain. Thghleist NDM values were
obtained with the UFLA 03-144 (0.491 g planeand INPA 104A strains
(0.539 g plant), which stood out (p<0.05) from the other testémiss,
including the BR 2811. The UFLA 03-84, UFLA 03-138PA 86A, UFLA
03-268, UFLA 03-153, UFLA 03-320 and UFLA 03-32%asts formed a
second group with higher NDM (p<0.05) than thatagi#d with the BR
2811 strain. The UFLA 04-0212, UFLA 03-197, INPAB>4nd UFLA 06-
10 strains formed a third group with NDM values itam(p>0.05) to that of
BR 2811.

NN did not correlate (p>0.01) with the other valésb evaluated.
However, NDM was positively correlated (p<0.01)mw&DM, RDM, TDM,
EFNC and SNA (Table 5). The two strains (UFLA 03tJhd INPA 104A)
that are highlighted for NDM provided higher SDMdaBFNC (p<0.05)
values than those of the other strains and theraontith high N
concentration (Table 4). The treatment inoculatétth whe UFLA 03-321
strain also exhibited higher SDM and EFNC valuemtthose of BR 2811
and the control with high N concentration. The UFD&-84, UFLA 04-
0212, UFLA 03-150, UFLA 03-268, INPA 54B, INPA 86RAFLA 03-153
and UFLA 03-320 strains behaved similarly (p>0.@%)the control with
high N concentration and provided higher result(p5) than the BR 2811
strain for these two variables.

No strain had RDM values similar to or higher tifpg0.05) those of the
control with high N concentration (Table 4). ThePIN 104A strain stood
out (p<0.05) from the others, and 11 strains (UR3A84, UFLA 04-0212,
UFLA 03-144, UFLA 03-150, UFLA 03-268, UFLA 03-290NPA 237B,
UFLA 03-320, UFLA 03-321, UFLA 06-13 and UFLA 0631exhibited
RDM values similar (p>0.05) to that obtained witle BR 2811 strain and

higher values (p<0.05) than the control with lovedhcentration.
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The highest TDM (5.575 g plaitand SNA values (127.76 mg plapt
were obtained in the treatment inoculated withIN#@A 104A strain, which
provided higher results (p<0.05) than the otheatirents (Table 4). This
strain promoted twice the SNA obtained in the aantwith high N
concentration and more than triple the SNA obtaimedhe treatment
inoculated with the BR 2811 strain. The UFLA 03-BFLA 03-144, UFLA
03-150, UFLA 03-268, INPA 86A, UFLA 03-320 and UFL08-321 strains
were also efficient in SNA, promoting higher valugs<0.05) than the
control with high N concentration. Of the straingaleiated, ten strains
(UFLA 03-84, UFLA 04-0212, UFLA 03-144, UFLA 03-15QFLA 03-
268, INPA 104A, INPA 86A, UFLA 03-153, UFLA 03-32ind UFLA 03-
321) exhibited higher SNA values than that of tiReZB11 inoculant strain.

Only four strains (INPA 237B, UFLA 03-164, UFLA @8 and UFLA
06-13) were inefficient at promoting velvet beanwth, behaving similarly
(p>0.05) to the control with low N concentratiom DM, RDM, TDM,
EFNC and SNA (Table 5).

4. Discussion

Tolerance to wide ranges of pH (4.0 to 10) and txapres (15 to 37
°C) of the Bradyrhizobium strains evaluated in the present study
corroborates the results of other studies withirsdraf this genus isolated
from Brazilian tropical ecosystems (Florentino &t 2010; Silva et al.,
2014; zilli et al., 2014). Tolerance to differenHpand temperature
conditions is an important characteristic in sehecttNNFB strains, as
inoculant strains are authorised for use in allzBign regions, which in turn
exhibit vastly diverse climate and soil conditiortowever, strains tolerant
to acidity and high temperatures are more desiradbdause these conditions
are predominant in Brazilian soils. In the pressntly, we highlighted the
UFLA 03-150, UFLA 03-197, INPA 86A and UFLA 06-24rans, which

were able to tolerate temperatures up to 40 °C.
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Insoluble inorganic phosphate solubilisation cayasianother important
characteristic to be evaluated in selecting LNNFRigs, using them not
only for supplying nitrogen but also to increas@gghorus availability for
the plants. ForBradyrhizobium strains that solubilise inorganic calcium
phosphate in NBRIP culture medium, the solubil@aindices usually range
from low to medium (Marra et al., 2011; Costa et 2013), corroborating
the results obtained in the present study. The URIBA24 strain, which
exhibited a medium solubilisation index, despitesgmbiosis forming with
acacia and velvet bean, can be evaluated in theefuégarding its capacity
to solubilise inorganic calcium phosphate in sail & provide phosphorus,
in addition to nitrogen, to their host of origiGl{cine max) with which this
strain forms efficient symbiosis (Table 1).

The wide functional variability in symbiotic effiemcy of the strains
evaluated in both studied species (acacia and tvbban) demonstrates the
high symbiotic diversity of the genwradyrhizobium. We emphasize that
these strains belong to different phylogenetic pspucharacterized by
housekeeping genes sequencing (Guimardes et di2; Ribeiro et al.,
2015). Besides, it was verified variability in syioiic efficiency even
among strains of the same phylogenetic group. Highbiotic diversity of
Bradyrhizobium strains has been also observed in other studidsdifferent
hosts (Thies et al., 1991; Guimarées et al., 20&2amillo et al., 2013;
Rufini et al., 2014).

The lower growth in acacia plants inoculated wiftaias that nodulated
(BR 3617, UFLA 03-84, UFLA 03-144, UFLA 03-150, URKL03-197,
UFLA 03-268, INPA 104A and UFLA 03-153) comparedthe plants with
high mineral N concentration indicates the rap&hpresponse to mineral N,
which was readily available since the onset ofékperiment. Established
symbiosis and N supply via BNF takes longer; thaeefit is likely that
none of these strains were able to meet all ofNtlgiantity required for this
species' growth during the experimental period.sTieisponse has already

been reported in an experiment with acacia conduictesoil for 100 days
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(Trannin et al., 2001) and also for other arboteglme species inoculated
with LNNFB strains (Trannin et al., 2001; Floremtiat al., 2009; Ferreira et
al., 2012a).

Although symbiotic efficiency of the BR 3617 stramith acacia was
reported by Franco and Faria (1997), shoot dry enatfata from the
inoculated treatments and from the controls witld amthout mineral
nitrogen were not presented. In the present sttidy,BR 3617 inoculant
strain was less efficient compared to five (UFLA-TE), UFLA 03-197,
UFLA 03-268, INPA 104A and UFLA 03-153) of the savstrains that
nodulated acacia, indicating the need for seleatieqy LNNFB strains for
this legume species. Of these five, we highlight#eLA 03-268, which
reached twice the efficiency of BR 3617, demonstgaits potential for use
as an inoculant in acacia, aiming to at least @lirtimeet its N demand
during the seedling production phase.

The fact that most (82%) of the non-nodulating istraof acacia
promoted growth plants confirms the good capacity the genus
Bradyrhizobium to promote plant growth by acting in other biokmdi
processes, as already observed for some plantesp@antoun et al., 1998;
Machado et al., 2013). However, our study is thestfithat reports
Bradyrhizobium strains promoting growth in this acacia species.

In the velvet bean experiment, the high correlatietween NDM and
quantity of biologically fixed N corroborates resulin the scientific
literature for other legume species (Dobereinealet1966; Ferreira et al.,
2012b). The lower efficiency of the BR 2811 inoculatrain compared to
most (61%) of the strains evaluated and the contith high mineral N
concentration most likely suggests that this stshiould be replaced by new
LNNFB strains efficient in symbiosis with this spesx Eight of the strains
evaluated in the present study (UFLA 03-84, UFLA1@3, UFLA 03-150,
UFLA 03-268, INPA 104A, INPA 86A, UFLA 03-320 andRUA 03-321)
outperformed (p<0.05) the control with high minehl concentration in

SNA, thus demonstrating high efficiency in Ffixation in symbiosis with
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velvet bean. These strains, especially UFLA 03-4dd INPA 104A, which
were the most efficient in producing SDM, exhibighh potential for use as
inoculants in velvet bean.

We highlight that the strains most efficient in $yosis with acacia
(UFLA 03-268) and velvet bean (UFLA 03-144 and INRA4A) were
isolated from Amazonian soils (Table 1), which hdesen highlighted as
sources of LNNFB with high potential for use asaualants in legume
species (Soares et al., 2006; Ferreira et al., [§0T2ur study is the first to
indicate newBradyrhizobium strains isolated from Amazonian soils, which,
in addition to being tolerant to acidity and higimiperatures, exhibit higher
symbiotic efficiency than the inoculant strainstloé acacia (BR 3267) and

velvet bean (BR 2811) and can be used as futueliants in these species.
5. Conclusions

All strains evaluated are tolerant to acidity arnighhtemperatures and
most solubilise inorganic calcium phosphate. Th& AJB3-268 strain is the
most efficient in symbiosis with acacia and prorsoteice the shoot dry
matter obtained with the BR 3617 inoculant strdine UFLA 03-144 and
INPA 104A strains have high potential for use ascidant in velvet bean
because they exhibit higher symbiotic efficiencgrtihe BR 2811 inoculant

strain and the control with high mineral nitrogemcentration.
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Origin, symbiotic efficiency in other hosts and fggenetic affiliation of thdradyrhizobium strains used in this study.

Brazilian ecosystems Host plant / Symbiotic efficiency in Phylogenetic Phylogenetic

Strains — state axenic conditiorfsand/or in sofl group$® affiliation References
UFLA 03-84 Pasture — RO V. unguiculata (Al)?* 1 Bradyrhizobiumsp. Soares et al. (2006)
UFLA 03-144 Agriculture — AM V. unguiculata (IE)® I Bradyrhizobium sp. g‘gil’;‘;“ées et al.
UFLA 03-268 Agroforestry — AM V. unguiculata (IN)? I Bradyrhizobium sp. (\]Z%rf?r’? llo et al.
. c - A

INPA 237B Forestry — AM gttre(r)gﬁﬁllgﬂlrjzu snrq). (/EI\)/IfcropUhum I Bradyrhizobium sp. ((238|1r751;:\raes et al.

. : . c N A
INPA 104A Forestry — AM ;??ﬁjnggﬁgsfnmasm. I Bradyrhizobium sp. ((238|1r751;:\raes et al.
UFLA03-153  PeeMnng =y yngjicuiata (£ I Bradyrhizobiumsp. g, 65 et al. (2014)
UFLA 03-164 Eﬂagxite Mining — V. unguiculata (E)*° I Bradyrhizobium sp. Soares et al. (2014)
UFLA03-150  Agriculture —AM V. unguiculata (E}* n* Bradyrhizobium sp. ((Zz‘gil';‘;“ées etal.
UFLA 03-197 Agriculture — AM V. unguiculata (E)* " Bradyrhizobium sp. ((2;8'1'2? raes etal
UFLA 03-290 Agroforestry — AM V. unguiculata (IN)® Ive Bradyrhizobium sp. (‘;%rfg; flo et al,
UFLA 04-0212  Agriculture —AM M. atropurpureum (E)® v Bradyrhizobium sp. (?&;S?tmo etal
UFLA 03-320 Agriculture — MG V. unguiculata (E)*" Ive Bradyrhizobiumsp.  Rufini et al. (2014)
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Brazilian ecosystems Host plant / Symbiotic efficiency in Phylogenetic Phylogenetic

Strains — state axenic conditiorfsand/or in sof group§'GI affiliation References
UFLA 03-321 Agriculture — MG V. unguiculata (E)** Ve Bradyrhizobiumsp.  Rufini et al. (2014)
. N L
INPA 862 Forestry — AM Swartzia sp.M. atropurpureum (E)? Bradyrhizobium sp. ((2351|1r751;’;\ rées etal.
c - -
INPA 54B Floresta — AM Inga sp. M. atropurpureum (E)* v Bradyrhizobium sp. ((2351|1r751;’;\ rées etal.
UFLA 06-10 Agriculture — Pl G. max (E)? G-I° Bradyrhizobiumsp. Ribeiro et al. (2015)
UFLA 06-13 Agriculture — Pl G. max (E)® G-Il Bradyrhizobiumsp. Ribeiro et al. (2015)
UFLA 06-24 Agriculture — Pl Glicine max (E)° Singlé Bradyrhizobiumsp. Ribeiro et al. (2015)
BR 2811 ) Crotqlarla spec;%mhs/ Sizolobium - B. elkanii Menna et al. (2006)
aterrimum (Al)
BR 3617 - Acacia mangium (Al) #° i B. elkanii (MlgrgegI;a etal.

RO, Ronddna; AM, Amazonas; MG, Minas Gerais; PauRiAl, Approved as inoculant by the Brazilian Niny of Agriculture, Livestock and

Supply (Ministério da Agricultura Pecuaria e Abasteento); IE, Intermediate efficiency (Shoot drytteaof the treatment inoculated with the
tested strain < to that of the uninoculated comvith nitrogen supplementation, and > to that af thinoculated control with low nitrogen
concentration); IN, Inefficient (Shoot dry mattdrtbe treatment inoculated with the tested strato that of the uninoculated control with low

nitrogen concentration); E, Efficient = (Shoot dnatter of the treatment inoculated with the testigdin = to that of the uninoculated control

with nitrogen supplementation).
°Data from Guimaraes et al. (201%)ata from Ribeiro et al. (2015
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Table 2
Growth in 79 medium under different temperature pHdrange and solubilisation of CaHP@ modified NBRIP culture medium

by Bradyrhizobium strains.

Strains Temperatures (°C) /pH Solubilisation of CaHPO
15/4.0 20/5.5 28/6.8 34/8.0 37/9.0 40/10 Sls SC
UFLA 03-84 w/+ + + + + -+ 1.2 Low
UFLA 03-144 w/+ + + + + -+ 1.0 Low
UFLA 03-268 w/+ + + + + -+ 1.0 Low
INPA 237B w/+ + + + + -+ 1.0 Low
INPA 104A w/+ + + + + -+ 11 Low
UFLA 03-153 w/+ + + + + -1+ GDS -
UFLA 03-164 w/+ + + + + -+ GDS -
UFLA 03-150 w/+ + + + + w/+ GDS -
UFLA 03-197 w/+ + + + + w/+ 1.0 Low
UFLA 03-290 w/+ + + + + -+ 1.1 Low
UFLA 04-0212 w/+ + + + + -+ 1.0 Low
UFLA 03-320 w/+ + + + + -+ 1.0 Low
UFLA 03-321 w/+ + + + + -+ GDS -
INPA 54B w/+ + + + + -1+ GDS -
INPA 86A w/+ + + + + w/+ GDS -
UFLA 06-10 -1+ + + + + -+ GDS -
UFLA 06-13 w/+ + + + + -+ GDS -
UFLA 06-24 w/+ + + + + -1+ 2.1 Medium

Sls, Final solubilisation indices (18 days afteydualation); SC, Solubilisation capacity; GDS, Gramd does not solubilise.
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Table 3
Nodule number (NN), nodule dry matter (NDM), shdoy matter (SDM), root dry matter (RDM), total dnyatter (TDM) and
efficiency compared to control with high nitrogeoncentration (EFNC) obtained in acacia plants iteded withBradyrhizobium

strains in Leonard jars at 90 days after sowing.

Treatments NN NDM SDM RDM TDM EFNC

S — mg plant’ ------------ %
Without | + High N (52.5 mg L)? Oc 0d 768 a 361 a 1129 a 100 a
Without | + Low N (5.25 mg L})? Oc od 104 f 62e 166 f 13 f
UFLA 03-84 + Low N 12b 4Db 78 f 39e 117 f 10f
UFLA 03-144 + Low N 12 b 8a 153 e 59e 212 e 20e
UFLA 03-268 + Low N 6b 8a 354 b 119¢c 473 b 46 b
INPA 237B + Low N Oc od 82 f 38¢e 121 f 11f
INPA 104A + Low N 23 a 9a 220d 65 e 285 e 29d
UFLA 03-153 + Low N 3c 4Db 226 d 138 ¢ 364d 30d
UFLA 03-164 + Low N Oc od 210d 77d 287 e 27d
UFLA 03-150 + Low N 24 a 10 a 262d 147 ¢ 409 c c34
UFLA 03-197 + Low N 28 a 1la 210d 56 e 266 e 27d
UFLA 03-290 + Low N Oc od 214 d 138 ¢ 352d 28d
UFLA 04-0212 + Low N Oc 0od 198 d 132 ¢ 330d 26d
UFLA 03-320 + Low N Oc od 304 c 168 b 472 b 40 c
UFLA 03-321 + Low N Oc od 224 d 178 b 402 c 29d
INPA 86A + Low N Oc od 170 e 85d 255 e 22 e

INPA 54B + Low N Oc od 74 f 45e 119f 10f
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Treatments NN NDM SDM RDM TDM EFNC

S — mg plant" ------------ %
UFLA 06-10 + Low N Oc od 174 e 134 ¢ 309d 23 e
UFLA 06-13 + Low N Oc od 153 e 60 e 213 e 20 e
UFLA 06-24 + Low N Oc od 152 e 79d 232 e 20e
BR 3617 + Low N 33a 12 a 175 e 79d 254 e 23 e
CV (%) 4451 46.12 12.48 14.76 10.83 12.02

N, nitrogen; I, inoculation

In each column, means followed by the same leteenat statistically different and belong to thensagroup, according to the Scott—Knott test at

P<0.05.

#Nitrogen sources used in the nutrient solutioniNTj,- 4H,0, KNO;, NH;H,PO,
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Table 4
Nodule number (NN), nodule dry matter (NDM), shawy matter (SDM), root dry matter (RDM), total dmatter (TDM),
efficiency compared to the control with high nitebgconcentration (EFNC) and shoot nitrogen accumonlgSNA) obtained in

velvet bean plants inoculated wiBnadyr hizobium strains in Leonard jars at 60 days after sowing.

Treatments NN NDM SDM RDM TDM EFNC SNA

e — mg plant ------------ %  mgplant
Without | + High N (52.5 mg L) od Oe 2554 ¢ 2112 a 4666 b 100 c 63 e
Without | + Low N (5.25 mg L%)° 0d Oe 1096 e 767 d 1863 f 43 e 15¢
UFLA 03-84 + Low N 10c 311b 2579 ¢ 902 c 3481d 02t 83d
UFLA 03-144 + Low N 27b 491 a 3728 a 1142 ¢ 4870b 147 a 93¢
UFLA 03-268 + Low N 15¢ 287 b 2847 ¢ 1077 c 3924 c 112 c 89d
INPA 237B + Low N 4d 80d 1278 e 894 c 2173 f 50e 21g¢g
INPA 104A + Low N 13¢c 539 a 4132 a 1443 b 5575 a 63 4 128 a
UFLA 03-153 + Low N 12 ¢ 293 b 2380 ¢ 785d 3165e 94 c 73e
UFLA 03-164 + Low N 27b 64d 1447 e 702 d 2149 f 76 199
UFLA 03-150 + Low N 33b 274 b 2805 ¢ 1032 c 3837c 110c 94 c
UFLA 03-197 + Low N 63 a 205¢c 1653 d 636 d 2289 f 65d 37f
UFLA 03-290 + Low N 3d 35d 1721d 1059 ¢ 2780 e 8 d6 37f
UFLA 04-0212 + Low N 18c 234 c 2603 ¢ 943 ¢ 3546 d 102 c 68 e
UFLA 03-320 + Low N 17c 307 Db 2790 c 970c 3760 c 110c 103 b
UFLA 03-321 + Low N 44 a 321b 3309 b 1007 c 4316 c  130b 109 b

INPA 86A + Low N 70 a 291 b 2467 c 750d 3217 e c97 79d



223

Continuation...

Treatments NN NDM SDM RDM TDM EFNC SNA
S — mg plant’ ------------ % mg plant
INPA 54B + Low N 58 a 252 ¢ 2563 c 852 d 3416 d et01 47f
UFLA 06-10 + Low N 5d 218 c 2011 d 977 c 2988 e 80d 30f
UFLA 06-13 + Low N 19c 66d 1413 e 1005 ¢ 2418 f 56 229
UFLA 06-24 + Low N od Oe 1070 e 727d 1797 f 41e 15¢g
BR 2811 + Low N 62 a 205 ¢ 1989d 923 ¢ 2913 e 79d 37 f
CV (%) 28.38 3.40 10.70 12.13 9.32 10.60 13.13

N, nitrogen; I, inoculation

In each column, means followed by the same leteenat statistically different and belong to thensagroup, according to the Scott—Knott test at
p<0.05

#Nitrogen sources used in the nutrient solutionNTxj,- 4H,0, KNO;, NH;H,POy
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Table 5
Pearson correlation coefficients between nodulebam(NN), nodule dry matter (NDM), shoot dry mag8DM), root dry matter

(RDM), total dry matter (TDM), relative efficienayompared to the control with high mineral nitrogemcentration (EFNC) and

shoot nitrogen accumulation (SNA) obtained in vebh&an plants inoculated wiBradyrhizobium strains in Leonard jars at 60 days

after sowing.

NDM SDM RDM TDM EFNC SNA
NN 0.28" 0.17¢ -0.16" 0.171" 0.17¢ 0.14™
NDM - 0.97" 0.56 0.90 0.91" 0.85
SDM - 0.65 0.98 0.96" 0.91"
RDM - 0.76 0.63 0.55
TDM - 0.95 0.89"
EFNC - 0.90

“P<0.01; P<0.05;"ot significant



