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Resumo

O Pampa brasileiro € um conjunto de diferentes ecossistemas com flora e fauna
de grande biodiversidade. Em algumas partes desta regido, o solo é extremamente pobre,
arenoso e altamente susceptivel a erosdo causada pela agua e ventos. A exploracédo
desregrada destas areas, pela producéo agricola baseada no preparo convencional do solo
e a criacdo de animais acima da capacidade de lotacdo, faz com que esta regido esteja sob
intenso processo de degradacdo. Esta degradacao transforma expressivas porgoes de terra
em areia, a semelhanca de um verdadeiro deserto. Plantas de Lupinus albescens, nativas
da regido, vem sendo utilizadas como alternativa para o recobrimento destes solos, a fim
de conter a expansdo dos areais e recupera-los. Assim, o objetivo deste trabalho foi
caracterizar a comunidade microbiana de areas arenizadas e ndo arenizadas do sudoeste
do Rio Grande do Sul (RS), através da aplicacdo de técnicas microbioldgicas e
moleculares, e selecionar micro-organismos eficientes na promocéo de crescimento de
plantas de L. albescens. Nossos estudos mostraram que os solos arenizados, com pH
extremamente acido, sdo pobres em nutrientes. A biomassa e a diversidade microbiana
estd reduzida em relacdo as suas areas adjacentes. Consequentemente, a diversidade de
micro-organismos diazotréficos de vida livre também esta reduzida nas areas arenizadas.
A associacdo destes micro-organismos com plantas de L. albescens mostrou-se eficiente
na promocao de crescimento desta planta. O estudo filogenético dos micro-organismos
diazotroficos simbiontes de plantas de L. albescens demonstrou que Bradyrhizobium sp.
isolados dos nodulos radiculares sdo geneticamente diferentes quando esta planta é
crescida em solo arenizado e ndo arenizado, e que possivelmente constituem novas
espécies do género Bradyrhizobium. A inoculacdo de plantas de L. albescens com
isolados de Bradyrhizobium selecionados (maiores produtores de compostos indélicos)
mostrou que os isolados de solos arenizados s&o mais eficientes na promocdo de
crescimento, sugerindo que o solo pobre seleciona 0s micro-organismos mais eficientes
na promocdo de crescimento de plantas. Nossos resultados mostraram que 0 processo de
arenizacdo no sudoeste do RS afeta diretamente a comunidade microbiana destes locais e
que a associacdo de micro-organismos diazotréficos, simbiontes e de vida livre, com
plantas de L. albescens pode ser uma boa alternativa para estimular o crescimento desta

planta nos areais.



Abstract

The Brazilian Pampa is a set of different ecosystems with high diversity of animals
and plants. In this region, the soil is extremely poor, sandy and highly susceptible to water
and wind erosion. The poorly planned agriculture and livestock intensify the degradation
process, which form arenized zones. Native plants, such as belonging to Lupinus
albescens species, have been used as cover crops in arenized areas aiming to hold the
spread by the wind and their recovery. Thus, the aims of this work were to characterize
the microbial communities from arenized and adjacent areas in the southwest region of
Rio Grande do Sul (RS) state by microbiological and molecular techniques and to select
efficient microorganisms in the growth promotion of L. albescens plants. Our data
showed that arenized soils with pH extremely acidic are scarce of nutrients. The microbial
biomass and community were reduced in arenized area when compared to adjacent areas.
Consequently, the diversity of free-living nitrogen fixing bacteria was also reduced in
these areas. The inoculation of these microorganisms in L. albescens plants showed a
pronounced growth promotion effect. The phylogenetic study of nitrogen fixing
Bradyrhizobium sp. symbiont of L. albescens plants showed that bacterial isolates from
root nodules of plants that grown in arenized area were genetically different from those
isolated from plants that grown in non-arenized area. These genetics differences suggest
that they may belong to new Bradyrhizobium species. The inoculation of L. albescens
plants with selected Bradyrhizobium isolates, which were the best indolic compounds
producers, showed that isolates from arenized area were more efficient in the plant growth
promotion, which suggests that the poor arenized soil select the best plant growth
promoters in order to assist plant development. Our results allow us to conclude that the
arenization process in the southwest region of RS state reduce and modify the microbial
community in these areas. The association of L. albescens plants with nitrogen fixing
bacteria, symbiotic and free living, may be an alternative to promote the growth of these

plants in arenized areas.



1. Introducéo Geral

1.1. Pampa Brasileiro

O pampa brasileiro esta localizado no sudoeste do estado do Rio Grande do Sul
(RS), ocupando aproximadamente 63% da area total deste Estado (176.496 Km?— IBGE,
2004) e 2,07% do territorio brasileiro. Esta area esta localizada na zona temperada do sul,
entre as latitudes 28 00’ e 3400 sul e longitudes 49 30’ e 58 00 oeste.

Por ser um conjunto de diferentes ecossistemas, o Pampa apresenta flora e fauna
préprias com uma grande biodiversidade, que ainda ndo foi completamente descrita pela
ciéncia (Roesch et al., 2009). Estimativas indicam valores em torno de 3.000 espécies de
plantas, com notavel diversidade de gramineas (mais de 450 espécies), de leguminosas
(150 espécies) e muitas espécies de cactaceas, as quais podem ser encontradas nas areas
de afloramentos rochosos (Ministério do Meio Ambiente, 2013).

Um misto de vegetacdo campestre e arbustiva (Campos Nativos — Fig. 1A) é
predominante nesta regido (Berreta et al., 2001). Em algumas partes dos Campos Nativos,
0 solo é extremamente arenoso, com origem em rochas sedimentares, altamente sensivel
a erosao causada pela agua e ventos. Essa fragilidade natural, combinada com as
condicdes climaticas, faz com que o manejo do solo (plantio direto) seja um fator
determinante para o desenvolvimento da agricultura e pecuaria da regido, caso contrario,
estas praticas propiciariam uma intensa degradacao (Pillar et al., 2012).

Historicamente, a populagdo residente nessas areas usa um sistema extrativista
dos recursos naturais como unica fonte de subsisténcia. A intensa degradacdo dos Campos
Nativos provocada pelo sistema extrativista e de monoculturas sob plantio convencional
fez com que, apds um curto periodo de tempo (em meados da década de 70), este sistema

entrasse em declinio (Roesch et al., 2009). A fragilidade natural destes solos, juntamente



com a progressiva introducdo e expansdo das monoculturas e das pastagens com espécies
exoticas tém levado a uma rapida degradacéo e descaracterizagdo das paisagens naturais
do Pampa, com a formacéo de nucleos de arenizagdo. Como consequéncia, estimativas
de perda de habitat relatam que em 2002 restavam apenas 41,32% da vegetacao nativa do
bioma Pampa brasileiro; ja em 2008 essa porcentagem diminui ainda mais, caindo para

36,03% (CSR/IBAMA, 2010).

Figura 1: Area de estudo. A = Campos Nativos; B = Inicio da formag&o de um
areal; C = areal ja estabelecido; D = Plantas de Lupinus albescens crescidas em um areal;
E = = Plantas de Lupinus albescens crescidas fora do areal; F = N6dulos radiculares de
plantas de Lupinus albescens (Lupinoide).



1.2. Nucleos de Arenizagdo do Pampa Brasileiro

A regido sudoeste do RS caracteriza-se por uma extensa faixa de solos de origem
arenitica, altamente suscetiveis a degradacao por processos erosivos. Estes solos possuem
textura arenosa, baixos teores de argila e matéria organica, niveis de fertilidade reduzidos,
baixa capacidade de troca de cétions (CTC), pouco ou nenhum grau de agregacdo das
particulas e pH baixo (Rovedder, 2003). A degradacdo destes solos ocorre de forma
natural, uma vez que a formacéo arenitica e a escassa cobertura vegetal desta area formam
um ecossistema extremamente fragil, suscetivel a qualquer fator de desequilibrio (Eltz e
Rovedder, 2005).

Na década de 50, um relato feito por Avé-Lallemant ja indicava a existéncia de
nacleos de degradacdo (Suertegaray, 2011). Esse processo de degradagdo, no entanto, foi
acelerado na década de 70, onde a exploracao desregrada, o intenso desenvolvimento de
uma agricultura baseada no preparo convencional do solo e a pecuaria intensiva acima da
capacidade de lotacdo dos Campos Nativos, fez com que este fragil ecossistema regional
intensificasse 0S processos erosivos. A situacdo de extrema vulnerabilidade do solo, em
alguns locais da fronteira sudoeste do RS, provocou a transformacdo de expressivas
porcOes de terra em areia, a semelhancga de um verdadeiro deserto (Roesch et al., 2009).

Apesar das semelhancgas com desertos, este conceito ndo se aplica ao sudoeste do
RS, visto que as regides desérticas sdo aridas e apresentam precipitacdo, na maioria dos
casos, inferior a 50 mm anuais. Na regido do sudoeste do RS a precipitacéo alcanga 1400
mm anuais (Souto, 1985). Assim, essa regido é caracterizada pelo retrabalhamento dos
depdsitos areniticos pouco ou nada consolidados, promovendo mobilidade aos
sedimentos nédo protegidos pela cobertura vegetal (Martini, 1979; Suertegaray, 1987;
Suertegaray, 1998). Devido a isto, Suertegaray, em 1987, denominou este fendmeno de

arenizagao (Fig. 1B e C).
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Em um areal ja estabelecido (Fig. 1C), o nucleo se destaca pela extensao de areia
com cobertura vegetal incipiente ou inexistente com um constante transporte pluvial ou
edlico de substrato arenitico, que avanga sobre 0 manto de vegetacao ao entorno. Na borda
limitrofe entre a vegetacdo e o nucleo de arenizacdo se observa a constante expansdo do
nacleo e o seu efeito sobre a vegetacdo natural do entorno, onde ocorrem as deposicdes
eolicas de arenito formando “montes de areia” (Ab’Saber, 1995).

Segundo Suertegaray (2011), as areas arenizadas ocorrem em 1.634 manchas
comprometendo 3.027,41 ha. Estas manchas localizam-se nos municipios de Alegrete,
Cacequi, Itaqui, Magambara, Manoel Viana, Quarai, S&o Borja, Sdo Francisco de Assis e
Unistalda. Este fendbmeno ganha dimensfes maiores a cada ano e, caso ndo se encontre
uma solugdo definitiva para o problema, os prejuizos gerados ao ambiente local podem
vir a intensificar-se com reflexos ndo sé sobre a economia dos municipios afetados, mas
da regido como um todo, em funcéao da provavel diminuicdo do potencial produtivo a que
0S mesmos estdo sujeitos.

A adocdo de sistemas de manejo, que visem a manutengdo da vegetacdo natural
e/ou a sua recuperacdo, ¢ fundamental para impedir, ou mesmo reverter, 0 processo de
arenizacao. Assim, devem ser priorizadas as préaticas conservacionistas ou recuperadoras.
Rovedder e Eltz (2008) desenvolveram um método de revegetacdo com culturas de
cobertura, utilizando as espécies aveia-preta (Avena strigosa) e um tremoco nativo da
regido, Lupinus albescens. Os autores observaram reducéo de mais de 90% no transporte
de sedimentos em decorréncia da cobertura do solo, indicando que a técnica de
revegetacdo com plantas de cobertura pode ser usada para contencdo e recuperacao de
areais. Parece especialmente promissora a utilizacdo do tremoco nativo, espécie
leguminosa capaz de realizar uma associa¢do simbidtica com rizobios, e, assim,

possibilitar, também, a ocorréncia do processo de fixag¢do bioldgica de nitrogénio (FBN).
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1.3. O género Lupinus

O género Lupinus pertence a subfamilia Papilionoideae da familia Fabaceae,
apresentando entre 300 a 500 espécies. Este género vegetal € subdividido em espécies do
“Novo Mundo” (Continente Americano — exemplos: L. paraguariensis, L. multiflorus, L.
villosus e L. albescens) e “Velho Mundo” (algumas regides da Africa e Mediterraneo —
exemplos: L. albus, L. hispanicus e L. angustifolius) (Wolko et al., 2011). No
Mediterraneo, a agricultura sustentavel com espécies de Lupinus contribui para o
suprimento proteico a baixo custo na alimentacdo de animais e também para nutricdo
humana (Campos-Andrada et al., 2005). Entretanto, quando cultivadas em condi¢Oes de
estresse abidtico (como calor, seca, frio, sal e altas concentragdes de aluminio), as plantas
de Lupinus produzem alguns tipos de alcaloides, que, muitas vezes, sdo toxicos para
animais (Wolko, 2011). As plantas pertencentes a este género sdo popularmente
conhecidas como tremocos e as espécies mais importantes e estudadas séo: L. albus, L.
luteus, L. angustifolius, L. pilosus e L. atlanticus (Pearse et al., 2006; Turner e Rartung,
2012).

Os tremogos dificilmente crescem em solos com pH superior a 6.8 (Fernandez-
Pascual et al., 2007). Essas plantas apresentam a capacidade de crescer em solos pobres
em nutrientes e sdo altamente tolerantes a seca e contamina¢Ges por metais pesados
(Castaldi et al., 2005; Shen et al., 2005 e Martinez-Alcalé et al., 2010). Por isso, elas vém
sendo utilizadas como plantas de cobertura para melhoria de solos degradados
(Mihailovic et al., 2008). Os principais fatores que ajudam na adaptacdo destas plantas as
condigdes adversas do ambiente sdo: a excrecdo de &cidos organicos pelas raizes que
ajudam na solubilizacdo de nutrientes (Schulze et al., 2006) e a associacdo feita com

bactérias simbioticas fixadoras de nitrogénio atmosférico (West et al., 2005). Esta
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associacdo faz com que as plantas produzam uma quantidade elevada de massa seca e
nitrogénio acumulado na parte aérea.

A espécie Lupinus albescens (Fig. 1D e E) é nativa do bioma Pampa encontrado
da parte leste da América do Sul (Regido do Atlantico) e um estudo filogenético
evidenciou que ela possui uma estreita relagdo com a espécie L. aureonitens (Merino et
al., 1999). Plantas de L. albescens j& foram encontradas no noroeste da Argentina,
Uruguai, Paraguai e Brasil (Planchuelo e Dunn, 1984). Planchuelo (1999) relatou que L.
albescens é a espécie de Lupinus mais encontrada no lado oriental da Argentina, mas que
a intensa urbanizacéo ocorrida entre os anos de 1995 e 1998 reduziu consideravelmente
sua abundancia. Nas areas arenizadas do sudoeste do RS, este tremoc¢o nativo também é
muito encontrado (Rovedder, 2007; Stroschein, 2010).

Fuentes e Planchuelo (1999) mostraram que L. albescens é a primeira espécie de
Lupinus a colonizar bancos de areia em uma pequena ilha do rio Parand, podendo, assim,
ser utilizada para fixacdo de dunas. No caso das areas arenizadas do sudoeste do RS,
plantas de L. albescens podem conter o espalhamento dos areais pelos ventos e aumentar

a quantidade de matéria organica nestes solos (Rovedder e Eltz, 2008).

1.4. O Solo e as Bactérias Promotoras de Crescimento Vegetal (PGPB).

O solo é uma mistura de diferentes organismos, substancias organicas e minerais
presentes em trés fases: solida, liquida e gasosa (Kabata-Pendias, 2004). Os micro-
organismos sdo ubiquos no solo e o uso de tecnologias microbianas em solos para
agricultura vem mostrando seu efeito benéfico na producdo de alimentos. (Singh et al.,
2011). Os micro-organismos séo efetivos, principalmente, quando estdo providos de
condigdes adequadas para o funcionamento de seu metabolismo (como, por exemplo:

disponibilidade adequada de &gua, oxigénio, pH e temperatura do ambiente - Singh et al.,
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2011). Devido a dindmica e complexidade do solo, muitas variaveis podem afetar a
distribuicdo e o estabelecimento das diferentes populacdes de micro-organismos, tais
como condic¢des edafoclimaticas (Pulleman et al., 2012), sistemas de manejo (Singh et
al., 2011; Ding et al., 2013), a interacdo com diferentes micro-organismos (Barea et al.,
2005; Fernandez, 2005) e espécies de plantas (Eisenhauer et al., 2010; Mao et al., 2011).

A rizosfera, regido do solo imediatamente proxima as raizes, € de fundamental
importancia para o desenvolvimento vegetal, uma vez que este é o ambiente circundante
para a captacdo de &gua e nutrientes pelas plantas (Alami et al., 2000). Os exsudatos
liberados pelas raizes vegetais sdo fonte de energia e nutrientes para a microbiota, que
podem selecionar a mesma, resultando em uma comunidade de micro-organismos mais
abundante nas proximidades da raiz (Dennis et al., 2010).

Um estudo feito por Marschner e colaboradores (2004) mostrou que diferencas no
pH, na concentracdo de nutrientes como nitrogénio (N), fésforo (P) e potassio (K), e 0
tipo de solo sdo fatores determinantes para estrutura e composicdo da comunidade
microbiana. Contudo, o tipo de planta cultivada e seus exsudatos radiculares exercem o
maior efeito seletivo dos micro-organismos. Granada e colaboradores (2013) mostraram
diferengas na comunidade microbiana da rizosfera de plantas de L. albescens cultivadas
em solos arenizados e ndo arenizados do sudoeste do RS/Brasil, mas, apesar das
diferencas encontradas, o género Burkholderia foi predominante em ambos o0s
tratamentos.

A ocorréncia de associagOes entre bacterias e raizes vegetais pode ser benéfica,
nociva ou neutra para as plantas (Lynch, 1990). As bactérias promotoras de crescimento
vegetal (ou PGPB — do inglés Plant Growth Promoting Bacteria) formam um grupo
benéfico e heterogéneo de micro-organismos, 0s quais podem ser encontrados na

rizosfera, superficie das raizes ou em associacdo com as mesmas (Botelho, 1996). Pode-

14



se caracterizar PGPBs endofiticas (intercelular — que vivem nos espagos entre as células
do cortex radicular; intracelular - que encontram-se em estruturas especializadas
denominadas de nédulos) e PGPBs extracelulares (podem colonizar a superficie radicular
ou simplesmente viver proximas a ela).

A promocdo do crescimento vegetal por PGPBs pode ocorrer direta ou
indiretamente (Glick, 1995). Pela forma direta, ha varias maneiras pelas quais as PGPBs
podem afetar o desenvolvimento das plantas, tais como: FBN; solubiliza¢do de nutrientes
(tais como P, ferro (Fe) e K); producgdo de sideréforos (quelantes de Fe) e producédo de
reguladores de crescimento vegetal (hormonios) (Selosse et al., 2004; Vega, 2007). A
promocao indireta de crescimento ocorre quando a bactéria diminui ou impede os efeitos
deletérios de um ou mais micro-organismos fitopatogénicos, o que pode ocorrer pela
producdo de substéncias antagonistas, ou pela inducdo de resisténcia da planta a
patdégenos (Glick, 1995). Dessa forma, muitas bactérias sdo capazes de utilizar a
combinacéo de diferentes habilidades para promover o crescimento da planta associada

em Vvarios estagios do seu ciclo de vida (Glick et al., 1999).

1.4.1. Fixacédo Bioldgica do Nitrogénio

Cineticamente, a molécula de N2 ndo é reativa para oxidacdo e reducdo, e a
maioria dos organismos ndo consegue metabolizar diretamente o nitrogénio no formato
de N2. Consequentemente, a aquisi¢do de uma forma de nitrogénio que seja metabolizado
é essencial para o crescimento, desenvolvimento e sobrevivéncia dos organismos
(Howard e Rees, 1996).

Os micro-organismos fixadores de N atmosférico (diazotréficos) sdo PGPBs
extensivamente estudadas devido a importancia do N como um nutriente indispensavel

ao desenvolvimento vegetal e frequentemente limitante para a producédo agricola. Estes
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micro-organismos podem ser do tipo de vida-livre (fixam nitrogénio sem necessitar da
associacdo com plantas e obtém energia de compostos organicos do solo) ou simbiontes
(fixam nitrogénio somente em simbiose com leguminosas, e a planta oferece 0s
compostos organicos necessarios como fonte de energia). Os micro-organismos
diazotréficos sdo capazes de converter o nitrogénio gasoso (N2) a aménia (NHs), atraves
do complexo enzimatico denominado “Complexo da Nitrogenase”.

O Complexo da Nitrogenase consiste em duas metaloproteinas, a ferro (Fe)
proteina e a molibdénio ferro (MoFe) proteina. Em condigdes de falta de molibdénio, uma
nitrogenase alternativa, homologa a MoFe proteina, mas dependente de Fe ou vanadio
(V) pode ser induzida (Leigh et al., 2002). A nitrogenase catalisa ndo somente a redugao
do N2 a am6nia, mas também a reducdo de prétons a hidrogénio e diversos outros
substratos alternativos como acetileno, azida e cianeto (Howard e Rees, 1996).

A reducdo do substrato pela enzima nitrogenase envolve trés etapas basicas de
transferéncia de elétrons: (1) a reducdo da Fe-proteina por carreadores de elétrons (como
ferrodoxinas e flavodoxinas); (2) transferéncia de elétrons da Fe-proteina para MoFe-
proteina em um processo dependente de MgATP e (3) transferéncia de elétrons ao
substrato (quebrando as liga¢des quimicas do N2) pelo sitio ativo da MoFe-proteina (Rees
e Howard, 2005). Em condicdes 6timas, a estequiometria da reacao de reducdo do N> é:

N2+ 8H" + 8¢ +16MgATP — 2NH3 + Hy + 16MgADP + 16Pi

No contexto de agentes de FBN, a associacdo rizobio-leguminosa é a mais
importante, sendo responsavel por aproximadamente 21,45 milhdes de toneladas de N>
fixado por ano (Heridge et al., 2008). A producéo de soja (Glicine max) € dominante, ja
que se calcula que nas quatro maiores regides produtoras do mundo (Estados Unidos,

Brasil, Argentina e China) o N> fixado nesta cultura chega a 16,4 milhdes de toneladas
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por ano, 0 que representa aproximadamente 77% de todo N fixado em leguminosas
cultivadas (Heridge et al., 2008).

Hardason e Atkins (2003) agruparam as leguminosas de grao pela sua habilidade
de absorver o N fixado. O feijado comum apresentou a menor capacidade de fixacdo de
nitrogénio (aproximadamente 40% do nitrogénio absorvido é derivado da FBN); um
segundo grupo inclui a soja, amendoim e o gréo de bico (aproximadamente 50% do N é
derivado da FBN); e o terceiro grupo, com maior capacidade de absorgéo de N da fixacao,
é composto pela fava e Lupinus spp. (aproximadamente 80% do N é derivado da FBN).
Ainda neste mesmo trabalho, foi ressaltado que o percentual de nitrogénio fixado em
leguminosas forrageiras € muito maior, podendo variar de 70% em Centrosema
pubsecens a 90% em Lupinus spp.

No caso de ndo-leguminosas, Roper e Ladha (1995) concluiram que a quantidade
de N fixado por micro-organismos de vida livre é de grande significancia. Boddey e
colaboradores (2001) em seu estudo com 11 variedades comerciais de cana de agtcar no
Brasil concluiram que a porcentagem de N fixado nesta cultura pode variar de 25 a 60%.
Reis e colaboradores (2001) relataram que a porcentagem de N fixado pode variar de 25-
40% em Pennisetum purpureum, e de 2-26% em cinco espécies de Brachiaria. Souza e
colaboradores (2012) mostraram que a adubacgéo nitrogenada de plantas de arroz pode ser
reduzida em 50% quando estas plantas forem inoculadas com isolados eficientes de

Herbaspirillum sp., Burkholderia sp. e Pseudacidovorax sp..

1.4.2. Outros mecanismos relacionados a promocao de crescimento de plantas
O uso de fertilizantes quimicos aumenta a fertilidade do solo e a produtividade
das culturas, mas, frequentemente, o uso destes produtos esta diretamente relacionado a

problemas ambientais, como lixiviacdo do nitrato em aguas subterraneas, escoamento

17



superficial de N e P e eutrofizacdo de ambientes aquéaticos (Adesemoye e Kloepper,
2009). Inoculantes microbianos sdo promissores para a solugdo deste problema, ja que os
micro-organismos selecionados podem aumentar a disponibilidade e a captacdo de
nutrientes nas plantas (Adesemoye et al., 2008).

Muitos micro-organismos potenciais biofertilizantes produzem fito-hormonios
que sé@o conhecidos pela sua atividade promotora de crescimento de plantas. Na maioria
dos casos, estes fito-horménios afetam os padrbes de crescimento das raizes das plantas
resultando em raizes maiores, mais ramificadas e com maior &rea de absorcdo de
nutrientes (Vessey et al., 2003).

O acido indol-acético (AlA) é um fito-horménio de crescimento vegetal altamente
difundido nas PGPBs. Este horménio é produzido predominantemente pela via do
triptofano, através da producdo de acido indol-pirtvico (Patten e Glick, 2002). O AIA
ajuda no réapido estabelecimento das raizes, com a elongacéo das raizes primarias e pela
proliferacdo das raizes secundarias. A producgdo de AlA torna-se vantajosa por ancorar
jovens plantulas ao substrato e aumentar a absorcdo de agua e nutrientes.

Muitos trabalhos relatam a promogédo de crescimento de plantas por PGPBs
produtoras de AIA. Tsavkelova e colaboradores (2007) relataram que isolados de
Sphingomonas sp., Rhizobium sp., Mycobacterium sp. e Microbacterium sp. produtores
de AIA estimularam a germinagdo de sementes de Dendrobium moschatum
(Orchidaceae). Patten e Glick (2002) mostraram que os sistemas radiculares de plantas de
canola inoculadas com um isolado de Pseudomonas putita produtor de AIA foram de 35-
50% mais desenvolvidos que os das plantas controles (sem inoculagdo). O mesmo foi
observado por Gravel e colaboradores (2007) em plantas de tomate. Ali e colaboradores
(2009) também mostraram o aumento de 45-55% do sistema radicular de plantas de

feijdo-mungo (Vigna radiada) inoculadas com especies de Bacillus produtores de AlA.
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Outra caracteristica de promoc¢éo de crescimento muito comum entre os isolados
bacterianos € a producéo de siderdforos. Estes compostos podem solubilizar ou sequestrar
o ferro insolvel do solo provendo as plantas deste elemento (Shoda, 2000; Glick, 2003).
Sharma e Johri (2003) mostraram um aumento na massa seca de plantas de milho,
crescidas em um ambiente contendo somente Fe3* (insoltvel), e inoculadas com isolados
de Pseudomonas sp. produtores de sideréforos. Os sideroforos bacterianos também
podem atuar como supressores de doengas flngicas, uma vez que o sideréforo fangico
tem menor afinidade pelo ferro que o bacteriano, o que deixa o fungo em privacao deste
elemento (Compant et al., 2005). Sessitsch e colaboradores (2004) mostraram que
bactérias endofiticas isoladas de raizes de batata reduziram o desenvolvimento de
Xanthomonas campestres e Streptomyces scabies pela producgéo de sideréforos.

Rajkumar e colaboradores (2010) salientaram outra aplicacdo positiva para 0s
siderdéforos bacterianos. Em solos contaminados por metais pesados, a inoculagdo de
plantas com bactérias resistentes a contaminacdo e produtoras de sider6foros tém
fundamental importancia para o crescimento e sobrevivéncia da planta. Os sider6foros
bacterianos podem ligar-se a metais como ferro (Fe), cromo (Cr), chumbo (Pb), aluminio
(Al), cadmio (Cd), cobre (Cu) e zinco (Zn) (Neubauer et al., 2000) aumentado a
disponibilidade destes elementos na rizosfera das plantas e, consequentemente,
aumentando a efetividade de tratamentos de fitorremediacdo de solos contaminados.
Braud e colaboradores (2009) mostraram que em solos contaminados por Cr e Pb, a
inoculacéo de espécies de Pseudomonas produtoras de sideroforos em plantas de milho,
aumentou a bioacumulagéo destes metais na parte aérea da planta.

O fosforo € um dos macronutrientes essenciais para 0 crescimento e
desenvolvimento das plantas. Este elemento € um dos mais abundantes no solo

(aproximadamente 400-1200 mg Kg de solo™), entretanto uma quantia muito baixa esta
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complexada de uma maneira sollvel e disponivel para as plantas (aproximadamente 1
ppm) (Rodriguez e Fraga, 1999). A habilidade de solubilizar fosfato é frequentemente
encontrada nas PGPBs. Estes micro-organismos podem liberar fosfatases e/ou acidificar
o0 solo, o que pode solubilizar fosfato mineral insoltvel, liberando ions solUveis que
podem ser captados pelas plantas (Jones, 1998). Os principais géneros bacterianos
solubilizadores de fosfatos e promotores de crescimento de plantas relatados foram:
Rhodococcus, Bacillus, Arthrobacter, Serratia, Delftia, Chryseobacterium,
Phyllobacterium, Pseudomonas, Rhizobium, Burkholderia, Pantoea, Enterobacter,
Acinetobacter, Herbaspirillum e Azospirillum (Rodrigues et al., 2004; Chen et al., 2006;
Hameeda et al., 2008; Poonguzhali et al., 2008; Hariprasad e Niranjana, 2009; Collavino

etal., 2010; Park et al., 2011, Yu et al., 2011, Estrada et al., 2013; Granada et al., 2013).

1.5. Lupinus e 0s micro-organismos diazotroficos de vida-livre

Por ser uma espécie leguminosa e estabelecer relagcGes simbidticas com bactérias
fixadoras de N, poucos exemplos na literatura relatam associacdo entre bactérias
diazotroficas de vida livre e plantas do género Lupinus.

As bactérias diazotrdficas de vida livre incluem espécies do género Azospirillum,
Herbaspirillum, Burkholderia, Bacillus, entre outros (Baudoin et al., 2009; Cummings,
2009; Gholami et al., 2009; Haghighi et al., 2011; Bhattacharyya e Jah, 2012; Monteiro
et al., 2012). Em associacdo com plantas, este tipo de micro-organismo é capaz de suprir
aproximadamente 50% do nitrogénio necessario para o pleno desenvolvimento da planta
que estd em associacdo (Souza et al., 2012). Mas a promocdao de crescimento da planta,
neste caso, ocorre principalmente pela interacdo entre FBN e varias outros fatores como:
producéo de AIA (Ali et al., 2008; Shoebitz et al., 2009), de ACC deaminase (Yim et al.,

2009; Karthikeyan et al., 2012), de siderdforos (Kraepiel et al., 2009), solubilizacéo de

20



nutrientes (Jilani et al., 2007; Intorne et al., 2009) e a supressao do desenvolvimento de
patégenos (Compant et al., 2005; Han et al., 2005; Shoebitz et al., 2009).

Garcia e colaboradores (2001) mostraram que as PGPBs diazotréficas mais
abundantes da rizosfera de quatro espécies de Lupinus (L. albus, L. angustifolius, L. luteus
e L. hispanicus) foram as representantes dos géneros: Bacillus sp., Aureobacterium sp.,
Cellulomonas sp., Pseudomonas sp. e Arthrobacter sp.. Ja Weisskopf e colaboradores
(2011) e Granada e colaboradores (2013) mostraram que linhagens pertencentes ao
género Burkholderia foram as mais abundantes na rizosfera de L. albus e L. albescens,
respectivamente. Giongo e colaboradores (2010) isolaram bactérias do género
Enterobacter sp. e Serratia sp. das raizes de plantas L. albescens, e a inoculagdo destas
bactérias na planta resultou em um efeito significativo na promocao de crescimento da
mesma.

Dary e colaboradores (2004) mostraram que a FBN por micro-organismos de vida
livre em plantas de L. luteus ndo é afetada quando os solos apresentam uma contaminacgao
moderada por metais pesados como Cu, Cd e Pb. Garcia e colaboradores (2004)
mostraram que a co-inoculacdo de PGPBs diazotroficas de vida livre do género
Pseudomonas sp. e Bacillus sp. alguns dias antes da inoculagdo com bactérias simbioticas
pertencentes a espécie Bradyrhizobium japonicum estimulou a FBN em plantas de L.

albus.

1.6. Lupinus e os micro-organismos diazotroficos simbiontes
Bactérias fixadoras de nitrogénio simbidticas, popularmente conhecidas como
rizobios, sdo aquelas que invadem as raizes da espécie vegetal (leguminosa) levando a
uma gradual e coordenada diferenciacédo celular e ajuste fisiolégico do metabolismo até

a formacdo de estruturas especializadas denominadas nodulos (Garg e Geetanjali, 2007).
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Sao nestes nddulos que ocorre a FBN. Esta interacdo leguminosa-rizébio é altamente
especifica, sendo que a planta deve reconhecer a bactéria (sinal lipooligosacarideo —
fatores Nod — emitido pela bactéria, Geurts e Bisseling, 2002) e a bactéria reconhecer a
planta (pela emisséo de flavonoides das raizes da leguminosa - Hartwig e Phillips, 1991).

Uma das primeiras descri¢cdes feitas de uma bactéria isolada a partir de nddulos
de uma espécie de Lupinus foi realizada por Eckhardt e colaboradores (1930). Este estudo
relata a presenca de bactérias de multiplicacéo lenta, que ndo se enquadravam em outros
grupos de nodulacdo cruzada, sendo classificadas como Rhizobium lupini. Apés a
publicacdo de Jordan (1982), esta espécie foi alocada dentro da espécie Bradyrhizobium
japonicum por apresentar caracteristicas semelhantes em meio de cultura. Além deste
género bacteriano, outra espécie foi descrita como sendo simbionte com L. albus. Os
isolados bacterianos simbiontes dessa planta apresentavam caracteristicas que 0s
distinguiam de Bradyrhizobium sp. em meios de cultura e tinham estreita relagio
filogenética com o género Ochrobactrum, sugerindo tratar-se de uma nova espécie:
Ochrobactrum lupini (Trujillo et al., 2005). Fernandez- Pascual e colaboradores (2007)
relataram que plantas de Lupinus sdo promiscuas, sendo noduladas por varios genétipos
e espécies de Bradyrhizobium. Estes gendtipos estdo estreitamente relacionados com B.
japonicum mas, na sua maioria, sdo novas espécies. Ja foi relatada a nodulacéo de plantas
de Lupinus por bactérias de varios géneros, os mais encontrados foram: Bradyrhizobium
sp., Rhizobium sp., Ochrobactrum sp. e Phyllobacterium sp. (Jarabo-Lorenzo et al., 2003;
Trujilo et al., 2005; Valverde et al., 2005; Stepkowski et al., 2007).

Os primeiros estdgios da nodulagdo de Lupinus por bactérias do género
Bradyrhizobium sdo diferentes do padrdo conhecido em leguminosa-Rhizobium.
Enquanto a interacdo leguminosa-Rhizobium ocorre através da infeccdo dos pelos

radiculares, a interacdo Lupinus-Bradyrhizobium spp. ocorre em rachaduras na epiderme
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da raiz (Gonzalez-Sama et al., 2004). O resultado é o desenvolvimento de um noédulo
radicular indeterminado que é chamado de “lupinoide” (Fig. 1F). Este tipo de ndédulo é
resultado de um crescimento ramificado do meristema, onde o nddulo envolve, fazendo
uma circunferéncia em torno da raiz, parecendo um “colar” (Fernandez- Pascual et al.,
2007).

A literatura relata que este tipo de nodulagdo é altamente resistente a estresses
abioticos, como alta concentracgdo de sais, pesticidas, metais pesados e alta acidez do solo
(Fernandez-Pascual et al., 2007). Mas, devido a existéncia desses tipos de estresses,
Simms e colaboradores (2005) relataram que a inoculagdo de plantas de L. alboreus
submetidas a seca com isolados de Bradyrhizobium resultou, na maioria das amostras, em
nddulos muito pequenos e ineficientes na FBN. Por isso, a selecdo de novas estirpes
bacterianas, resistentes a estresses abidticos para inoculacdo em plantas de Lupinus parece
ser uma boa alternativa para o aumento da FBN (Abd-Alla, 1999; Raza et al., 2001;
Fernandez- Pascual et al., 2007). Um experimento de selecdo de bactérias diazotroficas
simbiontes de plantas de L. angustifolius e L. albus mostrou que a contribuicdo do N

fixado pode chegar a 200 e 330 Kg N hat, respectivamente (Wolko et al., 2011).

1.7.Filogenia molecular do género Bradyrhizobium
Filogenia é o estudo da relacdo evolutiva entre grupos de organismos (espécies ou
populacBes), que é descoberto por meio de sequenciamento de dados moleculares e
matrizes de dados morfologicos. Os resultados dos estudos filogenéticos sdo a historia
evolutiva dos grupos taxonémicos, ou seja, sua filogenia. O estudo da filogenia € uma
importante ferramenta de abordagem de diversas questdes biologicas, como relagbes
entre espécies ou genes, a origem e a disseminacdo de uma infeccdo viral e mudancas na

demografia e migracdo das espécies (Yang e Rannala 2012).
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Para a determinag&o da taxonomia bacteriana, a inferéncia filogenética baseada na
comparacao das sequéncias rrs tem sido amplamente utilizada, principalmente no estudo
da taxonomia e classificacdo de bactérias simbidticas fixadoras de nitrogénio, conhecidas
como rizébios. O gene rrs € um importante marcador para construir filogenias de
linhagens em nivel de dominio, subdivisdo e género, mas em nivel de espécie este gene
ndo é suficientemente resolvido pelo seu alto grau de conservacdo (Martinez-Romero e
Caballero-Mellado, 1996). Por isso, a partir da década de 90, outros genes constitutivos
conservados comegaram a ser utilizados para refinar os estudos filogenéticos dos genes
rrs (dnak, atpD, recA, ginll, rpoB e gyrB — Lloret e Mertinez-Romero, 2005). O
agrupamento filogenético dos rizébios por estes genes cromossomais coincide com a
filogenia inferida pelo gene rrs na topologia dos principais clados (Lloret e Mertinez-
Romero, 2005). No entanto, analises filogenéticas dos genes de nodulacdo (nodABC)
podem mostrar incongruéncias com a topologia dos genes citados anteriormente (Boivin
e Giraud, 1999).

Estirpes de Bradyrhizobium tém sido isoladas de nodulos radiculares de diferentes
tribos de leguminosas, tanto de espécies de herbaceas, como de lenhosas, de origem
tropical e temperada, incluindo leguminosas aquéticas, como espécies de Aeschynomene
e ndo leguminosas, como Parasponia andersonii (Sprent, 2001). Isolados deste género
bacteriano possuem o0s mais diversos estilos de vida, podendo ser encontrados em
simbiose com leguminosas do solo e aquaticas, solo rizosférico das mais variadas plantas
e endofiticos de muitas ndo leguminosas, como o arroz (Vinuesa et al., 2005). Como
consequéncia, este género bacteriano vem sendo muito estudado, e, nos ultimos anos,
muitas espécies novas de Bradyrhizobium foram descritas, totalizando 20 espécies.

Tendo como base sequencias do 16S rRNA (rrs), o género Bradyrhizobium forma

um clado na classe a-proteobactérias, juntamente com bactérias oligotréficas do solo ou
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aquaticas, como Rhodopseudomonas spp., Nitrobacter spp., Blastobacter spp. (Sawada
et al., 2005). Mesmo com a grande quantidade de espécies ja descritas, muitos estudos
mostram que o género Bradyrhizobium contém muitos isolados que ainda ndo foram
classificados. Atualmente, quando a posi¢do taxonémica da bactéria € incerta, costuma-
se usar o nome da planta hospedeira apds o nome do género bacteriano, como, por
exemplo, Bradyrhizobium sp. (Acécia), Bradyrhizobium sp. (Lupinus) (KuyKendall,
2003).

Trabalhos de filogenia de Bradyrhizobium utilizam muitos genes constitutivos
(Vinuesa et al., 2005; Stepkowski et al., 2007; Delamuta et al., 2013; Durén et al., 2013)
e genes de nodulacdo (Stepkowski et al., 2007; Menna e Hungria, 2011; Durén et al.,
2013) em suas analises. Estes trabalhos utilizam analises de Maxima Verossimilhanga,
Neighbor-joining e Baiesiana para o embasamento dos seus resultados. Todos estes
trabalhos relatam uma alta diversidade entre os isolados de Bradyrhizobium estudados,
que podem ser encontrados em associacdo com diferentes leguminosas nos mais variados

nichos ecoldgicos, e que ndo se encaixam nos grupos taxondmicos ja existentes.
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2. Objetivos

2.1. Objetivo Geral

O objetivo deste trabalho foi caracterizar a comunidade microbiana de diazotroficos
de vida livre e simbiontes de plantas de Lupinus albescens (nativas da regido) e selecionar
as melhores linhagens com caracteristicas de promocao de crescimento vegetal, a fim de

favorecer o crescimento destas plantas nas areas arenizadas.

2.2. Objetivos especificos
I. Caracterizacdo da microbiota total e micro-organismos diazotroficos de vida livre em
associacdo com plantas de Lupinus albescens crescidas em areas arenizadas e areas

adjacentes que ndo estdo sob processo de arenizagao.

I1. Avaliar a diversidade taxonémica de isolados de Bradyrhizobium sp. simbiontes de

plantas de L. albescens crescidos em areas arenizadas e ndo arenizadas.
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Capitulo 1

Granada C, Costa PB, Lisboa BB, Vargas LK and Passaglia LMP (2013) Comparison
among bacterial communities present in arenized and adjacent areas subjected to

different soil management regimes. Plant Soil 373: 339-358.
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Capitulo 11

Multilocus sequence analysis reveals taxonomic differences among Bradyrhizobium

sp. symbionts of Lupinus albescens plants grown in arenized and non-arenized areas
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sp. symbionts of Lupinus albescens plants grown in arenized and non-arenized areas
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ABSTRACT

Lupinus albescens is a leguminous plant that belongs to “New World” Lupine
species, which is native to the south of Brazil. This Brazilian region is characterized by
poor degraded soils with low organic matter, called arenized areas. The symbiosis
between Lupinus plants and nitrogen-fixing bacteria belonging to the Bradyrhizobium
genus may help the plant establish itself in these areas. To characterize the bradyrhizobial
population symbiont of L. albescens plants grown in arenized and non-arenized areas in
the South of Brazil, a multilocus phylogenetic analysis was conducted. Seventy-four
bradyrhizobial isolates were analyzed, 38 coming from L. albescens plants grown in an
arenized area and 36 from a non-arenized area. The Bradyrhizobium spp. isolates
symbionts of L. albescens plants were different among arenized and non-arenized areas.
Analysis of the 16S rRNA, dnakK, atpD, recA, ginll, rpoB, gyrB, nodA, nodB, and nodZ
nucleotide sequences showed that strains from the non-arenized area presented higher

genetic variability. Phylogenetic study reported the existence of three supported clades,
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which are most likely three different new Bradyrhizobium species: one species from the
arenized area and two from the non-arenized area. An in vivo inoculation experiment with
L. albescens plants grown under optimal conditions indicated that Bradyrhizobium sp.
isolated from an extreme environment (the arenized area) were more efficient at
promoting plant growth than those that were isolated from the non-arenized area. This
result suggested that the environment affects the selection of more efficient plant growth
promoters to sustain plant growth.

Key words: Lupinus sp.; taxonomic diversity; Bradyrhizobium sp.; arenized areas.

INTRODUCTION

Plants from the Lupinus genus belong to the subfamily Papilionoideae of the
Fabaceae family. The genus Lupinus is comprised of approximately 300 species of annual
herbs, perennial herbaceous or woody shrubs [16]. This genus is divided into “Old world”
and “New World” species, which are able to grow in various climates and environmental
conditions [45]. Native species from the “Old world” (some places in the Mediterranean
and northern Africa) were introduced into Australia and South Africa near the end of 19"
century [68] and include the most studied species of Lupinus albus, Lupinus hispanicus,
Lupinus luteus, and Lupinus angustifolius [19]. “New world” species are spread across
the American continent, where they are distributed over a wide range of climates,
including alpine, temperate, and subtropical [80], and consist of various species such as
Lupinus paraguariensis, Lupinus multiflorus, Lupinus villosus, Lupinus mexicanus, and
Lupinus albescens [21, 9]. Plants belonging to this genus rarely develop in soils with a
pH higher than 6.8 [19]. However, they have the ability to grow in poor nutrient soils in

addition to being highly tolerant to dry conditions, salt excess, and heavy metal
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contamination [4, 62, 37]. Because of these characteristics, Lupinus plants have been used
as cover crops aiming to recover degraded soils [43].

The association of Lupinus plants with symbiotic diazotrophic bacteria results in
the accumulation of more dry matter and nitrogen in the plant’s shoot. Fernandez-Pascual
et al. [19] reported that Lupinus plants exhibit a promiscuous behavior as these plants are
nodulated by many species and genotypes of Bradyrhizobium strains. These species are
closely related to Bradyrhizobium japonicum but they present some differences as they
are acidic-tolerant and able to grow in soil with higher levels of free aluminum [26]. Thus,
most of them are classified as new Bradyrhizobium species [these species are called
Bradyrhizobium sp. (Lupinus)]. Currently, the most frequent symbiotic diazotrophic
bacteria isolated from Lupinus were Bradyrhizobium sp., Rhizobium sp., Ochrobactrum
sp., Mesorhizobium sp., and Phyllobacterium sp. [28, 73, 75, 67, 69].

L. albescens is a “New World” species closely related to L. aureonitens [42].
Symbiotic bradyrhizobia isolated from root nodules of this Lupine species exhibited a
nodA phylogeny grouped with rhizobia species isolated from Machaerium milleflorum
(Panama), Desmodium axillare (Panama), Inga pavoniana (Mexico), Rhynchosia
pyramidalis (Panama) and Inga oersterdiana (Mexico) [67]. L. albescens plants were
found in the northwest region of Argentina as well as in Uruguay, Paraguay and Brazil
[49]. In most of these countries, these plants have been used as cover crops aiming to
improve the soil [3, 76, 37]. Due to its ability to grow in sandy soils, Fuentes and
Planchuelo [20] reported that L. albescens was the first Lupine species to colonized
sandbanks, and it is possible to recommend it as a useful plant for dune fixation. This
plant species is native to the south of Brazil where arenized areas occur [55, 69].

Arenized areas in the south of Brazil occur as a consequence of dissolution of

arenitic rocks, erosion, and reworking of non-consolidated surface sands, which cause
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sand deposition [38, 71, 70]. The fragility of the soil in these areas promotes losses of
clay, silt, and organic matter and, consequently, soil degradation, which is very difficult
to reverse [53]. In these areas, revegetation technique performed with L. albescens plants
demonstrated that this plant species was able to hold the spread of sand by the wind and
increase the organic matter content in the soil [54].

Despite its environmental importance, there are few reports studying L. albescens
plants. Symbiotic nitrogen-fixing bacteria isolated from root nodules of this plant species
have not yet been characterized. Phylogenetic analysis with a larger number of genes
could be an important tool to study these bacterial isolates. Thus, the aims of this work
were to characterize bradyrhizobial communities isolated from root nodules of L.
albescens plants cultivated in arenized and non-arenized areas in the south of Brazil and

to study their taxonomic diversity through multilocus phylogenetic analysis.

MATERIALS AND METHODS
Site description and sampling

The arenized areas in the south of Brazil are located between the latitudes of 29°00’
S to 31°00" S and longitudes of 54°30" W to 58°45" W. For this study, samples of roots
and rhizospheric soil of L. albescens plants were collected in a perimeter of 50 m from
arenized (29°42'31" S and 55°32'45” W) and non-arenized (29°30'52"” S and 55°08'40"
W) areas. All samples were collected in November 2012. During this period, L. albescens
were in the flowering stage. We defined rhizospheric soil as the soil adhered to the roots.
Rhizospheric soil from 20 L. albescens plants grown in arenized or non-arenized areas
were separately mixed, and 0.5 kg of fresh weight from each area were analyzed to
determine pH, organic matter (OM), clay, phosphorous (P), potassium (K), calcium (Ca),

magnesium (Mg), and aluminum (Al) contents using standard methods [65].
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Bradyrhizobia isolation from L. albescens root nodules

All of the root nodules from the 40 L. albescens plants sampled were removed and
surface sterilized by washing them in 70% ethanol for 1 min, followed by a 2% sodium
hypochlorite (v/v) wash for 1 min, and finally five serial washes with sterilized distilled
water. Bradyrhizobia isolation was performed according to standard procedures and
purified by repeated streaking [64]. Individual slow-growing colonies were cultured in
yeast mannitol (YM) medium [77] for 7 days at 28°C and stored at —20°C in 50%
glycerol.
Evaluation of indolic compounds production

Bradyrhizobia isolates were grown in YM medium supplemented with tryptophan
(2.4x1073 M) for 5 days at 28°C. The analysis of indolic compounds (ICs) production was
performed according to the method described by Glickmann and Dessaux [22]. This
methodology uses the Salkowski reagent (7.2 x 102 M of FeCls + 7.9 M of H2SO4) in
solution with the bacterial supernatant. The pink coloration of this solution indicates the
bacterial production of ICs. The samples were spectrophotometrically measured at 550
nm using a standard curve for calibration.
Molecular techniques

Each bradyrhizobia isolate was grown in King B medium for 7 days at 28° C. The
bacterial cultures were subjected to DNA extraction according to Sambrook and Russel
[58]. To confirm the bacterial genus, the obtained DNA was PCR amplified with primers
BacpaeF [66] and Bacl542R [18] (Table 1). These primers amplify a fragment of
approximately 1,534 base pairs (bp) between nucleotides 8 and 1,542 of the prokaryotic
16S rRNA gene. The primers and PCR conditions used to amplify a fragment of recA,

ginll, atpD, dnakK, gyrB, rpoB, nodAB, and nodZ genes are also listed in Table 1.
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Table 1: Primers for each targeted gene and PCR amplification conditions.

Primer Sequence (5" - 3") TG* (Position) PCR conditions References

BRdnakf  TTCGACATCGACGCSAACGG dnaK (1411-1430) 2 min 95°C, 35 X (45 5 95°C, 30 s 1]

BRdnakr ~ GCCTGCTGCKTGTACATGGC dnak (1905-1885) 58°C, 1.5 min 72°C), 7 min 72°C

TsrecAf  CAACTGCMYTGCGTATCGTCGAAGG  recA (8-32) 2 min 95°C, 35 X (45 5 95°C, 30 s 166]

TsrecAr  CGGATCTGGTTGATGAAGATCACCATG  recA (620-594) 58°C, 1.5 min 72°C), 7 min 72°C

TSatpDf  TCTGGTCCGYGGCCAGGAAG atpD (189-208) 2 min 95°C, 35 X (455 95°C, 30 5 6]

TSatpDr  CGACACTTCCGARCCSGCCTG atpD (804-784) 58°C, 1.5 min 72°C), 7 min 72°C

TSgnllf  AAGCTCGAGTACATCTGGCTCGACGG  ginll (13-38) 2 min 95°C, 35 X (45 5 95°C, 30 s f64]

TSginllr  SGAGCCGTTCCAGTCGGTGTCG glnll (681-660) 58°C, 1.5 min 72°C), 7 min 72°C

gyrB343F  TTCGACCAGAAYTCCTAYAAGG gyrB (343-364) 5 min 95°C, 5 X (2 min 94°C, 2 min

gyrB1043R  AGCTTGTCCTTSGTCTGCG gyrB (1061-1043) f ?mc; S:STQ Z Zml? }éfé,(g?nsir??z% [36]

MOB83F  CCTSATCGAGGTTCACAGAAGGC rpoB (83-103) 5 min 95°C, 3 X (2 min 94°C, 2 min

OB1061IR  AGCGTGTTGCGGATATAGGCG rpoB (1081-1061) f ?nﬁ] éngj I Zml? ’7?2’95;(;’%8”?742% [36]

TSnodDI  CAGATCNAGDCCBTTGAARCGCAT nodD (24-1) - .

TSnodA2b  GATTCCVWGBCCYTCVAGATC nodA (345-325) 2 min 95°C, 35 X (455 95°C, 305 rqg
53°C, 2.5 min 72°C), 7 min 72°C.

TSnodB2N  CTGTGRTTHGCRAYCTYRTGYCC nodB (239-217)

TSnodZ3  GGTTTCGGYGAYTGYCTBTGGTC nodZ (40-62) 2 min 95°C, 35 X (45 95°C, 305 [0

TSnodz4  AATRTCTTCGCCRTTRCCRTGCC hodZ (552-530) 53°C, 1.5 min 72°C), 7 min 72°C.

BacpaeF  AGAGTTTGATCCTGGCTCAG 165 rDNA (1-20) 2 min 94°C, 35 X (L min 94°C, Lmin ___ [66]

Bacl542R  AGAAAGGAGGTGATCCAGCC 165 rDNA (1549-1530) 55°C, 1.5 min 72°C), 7 min 72°C. [18]

*TG = Target gene.



PCR products were sequenced using a Megabace 1000 automatic sequencer using
the DY Enamic™ ET Dye Terminator Cycle Sequencing Kit (GE Health Care). The DNA
sequences were analyzed with BioEdit version 7.0.9.0 software [25] to verify their quality
and to check for possible chimeric origins. The sequences from 16S rRNA genes were
compared with sequences from the EzTaxon-e Server, which is an extension of the
EzTaxon database [8] (available at http://eztaxon-e.ezbiocloud.net/). Other sequences
were compared with those from the GenBank database using BLASTN software [1]
(available at http://blast.ncbi.nlm.nih.gov/). The nucleotide sequences obtained in this
work were deposited in the GenBank database under accession numbers: XXXXX to

XXXXX for the 16S rRNA gene, YYYYY to YYYYY for recA, ZZZZ7Z t0 227777

for ginll, KKKKKK to KKKKKK for atpD, LLLLLL to LLLLLL for dnak, BBBBBB
to BBBBBB for gyrB, RRRRRR to RRRRRR for rpoB, AAAAAA to AAAAAA for
nodAB, and NNNNNN to NNNNNN for nodZ.
Phylogenetic Analyses

Phylogenetic analyses were performed after sequence alignments using both the
Neighbor-joining (NJ) and Bayesian methods. The alignments were performed using
MUSCLE [17], implemented in MEGA 6.0 [72]. The NJ analyses were performed in
MEGA 6.0 using a Kimura 2-parameters with 1,000 bootstrap replications. The Bayesian
analyses were performed using BEAST1.7 software [14]. The model of nucleotide
evolution used in all analyses was the GTR+1+G, selected by the jModelTest software
[10]. The Yule process was selected as a tree prior to Bayesian analysis; 10,000,000
generations were performed for the 16S rRNA, nodZ, and nodAB analyses and 20,000,000
for the concatenated housekeeping genes analyses using Markov chain Monte Carlo
(MCMC) algorithms. The trees were visualized and edited using FIGTREE version 1.3.1

software (http://tree.bio.ed.ac.uk/software/figtree/).
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The phylogenetic analyses were performed with four different datasets. The first
dataset comprised of 1,207 bp fragments from the 16S rRNA genes from the 74
Bradyrhizobium sp. isolates. For this analysis, we used the following reference strains: B.
huanghuaihaiense CCBAU 23303 [85], B. iriomotense EK 05 [27], B. cytisi CTAW 11
[6], B. canariense BTA 1 [78], B. japonicum USDA 6 [30], R. lupine DSM 30140 [34],
B. dagingense CCBAU 15774 [79], B. liaoningense 228 [81], B. elkanii USDA 76 [32],
B. pachyrhizi PAC 48 [51], B. lablabi CCBAU 23086 [7], B. jicamae PAC68 [51], and
the out-group Ochrobactrum lupini LUP21 [73].

The second dataset comprised of 2,238 bp fragments from six concatenated
housekeeping genes (atpD, dnakK, recA, ginll, rpoB, and gyrB) from 24 Bradyrhizobium
sp. isolates that were previously selected based on the analysis of their 16S rRNA gene
sequences and on their ICs production activity. Due to the large number of housekeeping
genes analyzed, a different set of reference strains was used: B. lablabi CCBAU 23086,
B. pachyrhizi PAC 48, B. elkanii LMG 6135 [15], B. rifense CTAW 71 [5], B. canariense
LMG 22265 [78], B. japonicum USDA 6, B. diazoefficiens USDA 110 [11], B.
dagingense CCBAU 15774, B. huanghuaihaiese CCBAU 23303, and the out-group
Rhizobium etli CFN 42 [60].

The third and fourth datasets were composed of nodulation genes. The third
dataset comprised the 435 bp fragment of the nodulation gene nodZ. Reference strains
used in this analysis were as follows: Bradyrhizobium sp. CH 2506 [67], B. yuanmingense
SEMIA 6319 [40], Bradyrhizobium sp. FTA 6 [67], B. diazoefficiens USDA 110,
Bradyrhizobium sp. USDA 135 (USDA), Bradyrhizobium sp. CH 2493 [67],
Bradyrhizobium sp. Pop 367 [33], B. elkanii WUR 3 [12], B. jicamae PAC 68 [46], and
the out-group Mesorhizobium loti MAFF 303099 [31]. The fourth and last dataset was

comprised of the 1,245 bp fragment of concatenated nodulation genes nodAB. Reference
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strains used in this analysis were B. japonicum USDA 6, B. yuanmingense CCBAU 10071
[83], Bradyrhizobium CH 2490 [67], Bradyrhizobium C 8 [67], Bradyrhizobium WU 8
[63], Mesorhizobium CCBAU 1123 [82], and Bradyrhizobium AEKY 10 [50].

All the sequences used as reference strains were obtained from the GenBank
database with the accession numbers cited in their respective Figure (Fig. 1 and 3) with
the exception of Figure 2 due to the high number of genes analyzed.

Growth chamber inoculation experiment

Five bradyrhizobia isolates were selected according to their ability to produce ICs:
Riz38, Riz44, Riz96, Riz124, and Riz151. These isolates were inoculated in L. albescens
plants in a growth chamber experiment to evaluate their potential to promote the growth
of L. albescens plants.

The growth chamber experiment included five repetitions for each bradyrhizobia
isolate plus two control treatments without bacterial inoculation, one with nitrogen [35
mg of nitrogen as NH4sNO3 per pot — positive control (T+)] and another without nitrogen
[negative control (T-)]. The experiment was carried out in plastic pots with 500 g of sterile
vermiculite. L. albescens seeds were previously scarified and surface sterilized by
washing them in 70 % ethanol for 3 min, followed by washing with 2 % sodium
hypochlorite (v/v) for 3 min and five serial rinses with sterilized distilled water. These
seeds were pre-germinated under sterile conditions for 3 days at 21°C. One seed per pot
was planted 2 cm below the vermiculite surface, and each seed was immediately
inoculated with one bradyrhizobia isolate [5 ml of bradyrhizobia suspension in a saline
solution (0.85% NaCl) containing 108 cfu mI™}]. A 50 ml volume of Sarruge nutrient
solution [59] without nitrogen and diluted to 25 % was added to each pot every week.

Substrate moisture was verified every day. After a period of 50 days, the plants

were harvested and root and shoot lengths were determined. The plant material was dried
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for four days at 65°C, and the plant dry weights were then evaluated. Then, 0.2 g of plant
dry shoots was utilized for analyzing the nitrogen (N), phosphorus (P), and potassium (K)
contents. The obtained data were used to compare plant growth among the different
bacterial treatments and non-inoculated controls. A statistical analysis was performed via

an ANOVA test, with means compared using the Scott-Knott test (p<0.05).

RESULTS

Samples of the rhizospheric soil and the roots of L. albescens plants were collected
from arenized and non-arenized areas in south Brazil. The soil nutrient analysis (Table 2)
showed that both areas present low nutrient levels, but arenized soil presented even lower
levels of phosphorous (P), potassium (K), calcium (Ca), magnesium (Mg), organic matter
(OM), and clay, and higher levels of toxic aluminum. The soil pH was considered strongly
acidic in the arenized area (pH = 4.9) and moderately acidic in the non-arenized area (pH
=5.5). An important difference among the two studied areas was that in the non-arenized
area, the soil had dense vegetation coverage (grasslands) while the soil in the arenized

area did not have vegetation coverage and only a few L. albescens plants (Fig. S1).

Table 2: Soil nutrient analysis of arenized and non-arenized areas.

Sampling P K Clay OM pH Al Ca Mg
sites* --- mg dm1--- % H20 --- cmolc (dmd)t ---

AS 14 24.0 8 0.5 4.9 0.4 0.5 1.1
NAS 21.9 83.2 16 1.0 5.5 0.12 3.18 2.8

*Sampling sites: AS = arenized soil; NAS = non-arenized soil. OM = Organic matter

content
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Seventy-four different bradyrhizobia strains were isolated from root nodules of L.
albescens. Among these, 38 were isolated from plants that grown in the arenized area
(AS) and 36 from the non-arenized area (NAS - Table 3). The evaluation of indolic
compounds (ICs) production showed that the majority of these isolates was able to
produce an intermediary amount of ICs (50 — 100 ug of IC mL™) and only one isolate,
from the non-arenized area (NAS151), produced more than 100 pg of IC mL™ (Table 3).
The ICs data did not reveal significant differences among Bradyrhizobium sp. isolates

from arenized and non-arenized areas.

Table 3: Number of Bradyrizobia isolated from root nodules of Lupinus albescens grown

in arenized and non-arenized areas and their ability to produce indolic compounds.

number of IC production (ug mL1)
Bacterial species*
Site: isolates 0-50 50-100 >100
AS Bradyrhizobium sp. 38 17 21 0
NAS Bradyrhizobium sp. 36 17 18 1
Total: 74 34 49 1

* Bacterial genus was identified by sequencing the 16S rRNA gene. IC = Indolic
Compounds. AS = Bradyrhizobium sp. isolated from arenized soil. NAS =

Bradyrhizobium sp. isolated from non-arenized soil.

After the characterization of the studied area, the isolation of the microorganisms
and the evaluation their ICs production, we performed a phylogenetic study. First, we
studied the 16S rRNA genes of the 74 bacterial isolates. Because we were interested in
isolates that promote plant growth, based on the 16S rRNA phylogeny we selected the

best ICs producers from each clade. We identified 24 isolates to study by multilocus
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phylogenetic analyses. Thereafter, the multilocus phylogenetic analyses were composed
of three datasets: the first dataset with six concatenated housekeeping genes (dnakK, atpD,
recA, ginll, gyrB, and rpoB); the second with the nodZ gene; and the third with
concatenated nodAB genes.

Sequences Characterization

The analysis of 1,207 bp of 16S rRNA genes from the 74 isolates showed a high
sequence similarity with the Bradyrhizobium genus. The nucleotides of these sequences
were 90.55% conserved; the 38 sequences from isolates from the arenized area were
91.30% conserved and the 36 sequences from isolates from the non-arenized area were
92.46% conserved. The most variable regions were observed among nucleotides 915 —
966 and 1173 — 1198.

From each of the six housekeeping genes selected, the sizes of the fragments
analyzed were as follows: dnaK (70 kDa chaperone protein — 245 bp), recA
(recombination protein RecA — 381 bp), atpD (ATP synthase beta-chain — 333 bp), ginll
(glutamine synthetase Il — 603 bp), gyrB (subunit B protein of DNA gyrase — 199 bp),
and rpoB (B subunit of RNA polymerase — 477 bp). The more conserved nucleotide
sequences were gyrB (84.9% conserved), atpD (82.8%), and recA (82.7%), while the less
conserved sequences were glnlll (65.8%), dnaK (77.5%) and rpoB (79.2%). Analyzing
all the housekeeping genes together, the Bradyrhizobium sp. isolates from the arenized
area presented more conserved sequences (90.4% of conservation) than isolates from the
non-arenized area (83.2%).

When analyzed together, the segment of the 435 bp from nodZ (synthesizes a
fucosyl transferase) and the segment of the 1,167 bp from concatenated nodAB nodulation
genes of isolates from arenized and non-arenized areas were conserved only 53.7% and

46.2%, respectively. This low level of nucleotide sequence conservation may be a
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consequence of the low conservation observed among Bradyrhizobium sp. sequences
isolated from the non-arenized area. The nodZ gene from these Bradyrhizobium isolates
was only 53.7% conserved, and the concatenated nodAB genes were only 46.5%
conserved. Bradyrhizobium isolates from the arenized area had highly conserved nodZ
and concatenated nodAB sequences (90.6% and 98.5%, respectively).

All the analyzed sequences from our Bradyrhizobium sp. isolates showed no
significant differences in their content of A, T, G, and C bases.

Phylogenetic Analysis

Phylogenetic analyses were performed using both the NJ and Bayesian methods.
Although the bayesian and NJ analyses have showed similar topologies, the posterior
probabilities in the bayesian analysis were better than bootstrap values in the NJ.
Therefore, we chose only bayesian trees to discuss the phylogenetic results in this work.
The NJ trees can be found in the supplementary material (Fig. S2, S3, and S4).

This study starts with the analysis of the 16S rRNA gene sequences from 74
Bradyrhizobium isolates. This analysis resulted in three different clades (Fig. 1 and Fig.
S2). The first clade (Clade I) included 11 Bradyrhizobium isolates from the non-arenized
area. These isolates were closely related to the majority of Bradyrhizobium spp. reference
strains used in this analysis. The second clade (largest clade - Clade IlI) included 44
isolates, and most of them (37) were isolated from the arenized area. No Bradyrhizobium
spp. sequence from reference strains were observed in this clade. The third clade (Clade
I11) included 19 Bradyrhizobium sp. isolates, and only one of them was isolated from the
arenized area (AS7). The Bradyrhizobium spp. isolates included in these clade were
closely related to B. elkanii strain USDA 76 (isolated from soybean), B. pachyrhizi strain

PAC 48 (isolated from Pachyrhizus erosus), B. lablabi strain CCBAU 23086 (isolated
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from Lablab purpureus), and B. jicamae strain PAC 68 (also isolated from Pachyrhizus

erosus).
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Figure 1: Phylogenetic tree of the 74 bradyrhizobial isolates from arenized (AS) and non-

arenized (NAS) areas and 13 reference strains inferred by Bayesian analysis using 1,207

bp of the 16S rRNA gene. The significance of each branch is indicated at the branching

points by posterior probability > 0.90.
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The analysis of the six housekeeping genes (Fig. 2 and Fig. S3) also resulted in
three different clades. These clades corroborate with those observed in the 16S rRNA
gene tree. The first clade (Clade 1) included four Bradyrhizobium sp. isolates from the
non-arenized areas, which were closely related to B. elkanii strain LMG 6135 (isolated
from soybean), B. pachyrhizi strain PAC 48, and B. lablabi strain CCBAU 23086. The
second clade (Clade I1) included all Bradyrhizobium sp. isolated from the arenized area
(14 isolates) and three isolates from non arenized area (NAS74, 80, and 81). The third
clade (Clade I1) included four isolates from the non-arenized area. The second and third
clades did not have a phylogenetic relationship with the Bradyrhizobium spp. reference
strains used in this analysis. Most of the reference strains used in this analysis clustered

in a separated group.
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Figure 2: Phylogenetic tree of the 24 bradyrhizobial isolates from arenized (AS) and non-
arenized (NAS) areas and 10 reference strains inferred by Bayesian analysis using 2,238
bp of six housekeeping concatenated genes (atpD, dnaK, recA, ginll, rpoB, and gyrB).
The significance of each branch is indicated at the branching points by posterior

probability > 0.90.
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The phylogenetic tree based on the nodZ gene (Fig. 3.A and Fig. S4.A) showed
the same topology as the concatenated tree of housekeeping genes, also resulting in three
different clades. The first clade (Clade 1) included all isolates from the arenized area and
three from the non-arenized area (NAS74, 80, and 81). These Bradyrhizobium sp. isolates
were closely related to the Bradyrhizobium sp. strain CH2506 (isolated from Lupinus
uleanus root nodules in Brazilian soils). The second clade (Clade I1) included four isolates
from the non-arenized areas (NAS87, 89, 96, and 151), which were closely related to
Bradyrhizobium sp. CH2493 (isolated from L. paraguariensis in Brazil), Bradyrhizobium
sp. Pop367 (from Phaseolus lunatus in Mexico), and B. elkanii WUR 3 (from
Chamaecrista fasiculata in Europe). The third clade included three Bradyrhizobium sp.
isolates from the non-arenized area (NAS124, 144 and 150), which were closely related
to B. jicamae PAC 68 (isolated from Pachyrhizus erosus in Honduras).

Similarly to the results from the analysis of concatenated housekeeping genes and
nodZ, the phylogenetic tree for nodAB also grouped the Bradyrhizobium sp. isolates into
three different clades (Fig. 3.B and Fig. S4.B). Clade I included all Bradyrhizobium sp.
isolated from the arenized area and three from the non-arenized area (NAS74, 80, and
81). These isolates were closely related to Bradyrhizobium sp. CH2490 isolated from
Lupinus paranensis in Brazilian soils. Clades Il and 111 included only Bradyrhizobium sp.
isolates from the non-arenized area and were not related to reference strains used in this

work.
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Figure 3: Phylogenetic tree of the 24 bradyrhizobial isolates from arenized (AS) and non-arenized (NAS) inferred by Bayesian analysis using 435
bp of the nodulation gene nodZ (A) and 1,245 bases pairs of concatenated nodulation genes nodAB (B). The significance of each branch is indicated

at the branching points by posterior probability > 0.90.



Inoculation experiment with L. albescens plants

When five Bradyrhizobium sp. isolates (two from the arenized area — AS38 and
AS44; three from the non-arenized area - NAS96, NAS124 and NAS151) were inoculated
in L. albescens plants, Bradyrhizobium isolates from the arenized area were most
effective in the promotion of plant growth (Table 4). Plants inoculated with these isolates
showed the best results of root dry matter, shoot length and dry matter, and shoot nutrient
content (N, P, K). These values were statistically similar to or higher than the non-
inoculated positive control that received 35 mg of N (T+). Plant inoculation with
Bradyrhizobium sp. from the non-arenized area showed results statistically similar to the

non-inoculated negative control (T-) that not received N.

DISCUSSION

It is known that soil is the basis of all life on earth. Soil erosion ranks as one of
the most serious environmental problems in the world [47]. This problem occurs as a
consequence of poorly managed natural and human ecosystems, including agriculture and
forestry. As a result, the diversity of plants, animals, and microbes is diminished [48]. In
the south of Brazil, the soil is naturally fragile and, together with a poorly planned
agriculture, results in losses of the organic matter and erosion, forming sand banks called
arenized zones [24]. Our results confirm that the south of Brazil presents poor soils with
low nutrient levels, but this problem is seriously worsened in the arenized area (Table 2).
The absence of vegetal coverage, an extremely acidic soil pH, and a high content of toxic
aluminum make the arenized area a severe environment for development and

establishment of microbial communities [13, 24].
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Table 4: Growth-promoting effects of L. albescens plants 50 days after their inoculation with the five selected Bradyrhizobia isolates.

Root Root Shoot Shoot amount of N per amount of P per amount of K per
Treatment length (mm)  dry matter (mg) Length (mm) dry matter (mg) plant (mg) plant (mg) plant (mg)
T+ 178.2+9.6abc 211.4+19.6b 131.2+8.5b 741.5£33.2b 14.2+0,1b 1.3+0.3bc 4.4+0.4a
AS38 195.5+21.3a 376.2+8.7a 170.7+14.6a 1400.9454.4a 53.9+4.7a 1.9+0.4a 3.6x0.3 a
AS44 173.2+£13.5abc 379.1+17.6a 164.2+4.3a 1298.9+14.9a 50.8+ 3.7a 1.840.3ab 3.4+1.0a
NAS96 141.5+10.6¢ 134.9+18.9c 73.0+5.6¢ 322.4+13.9c 4.3+ 0.9c 1.1+0.2cd 1.410.2b
NAS124 139.5+16.1c 133.1+16.8¢ 92.7+4.3c 294.1+7.4c 4.6%0.5c 0.7+0.2d 1.3£0.4b
NAS151 186.2+18.9ab 130.2+17.6¢ 88.2+15.9c 288.5+7.6C 4.9+1.4c 0.4+0.1d 0.9+0.3b
T- 156.25+11.1bc 118.9+13.3c 85.0+3.3c 307.1+19.2c 2.7x1.7c 0.6+0.2d 1.1+0.2b

AS = Bradyrhizobia isolated from Arenized soil; NAS = Bradyrhizobia isolated from Non-Arenized Soil. N = Nitrogen, P = Phosphorous, K =
Potassium. The means followed by different letters differ by using Tukey test (P<0.01). T— control treatment without nitrogen fertilization; T+
control treatment with 30 mg of N (given as NH4NOz) per pot. The assay was conducted in plastic pots with sterile vermiculite. Substrate moisture

was verified every day, and each pot receive 50 mL of Sarruge nutritive solution every week (diluted 25 %[59]) without N.



The characterization of the 74 Bradyrhizobium sp. isolates showed that most of
them are low (0-50 pg ml™) or intermediate (50-100 pg ml™?) indolic compounds (ICs)
producers. Phytohormones of indolic group stimulate seed germination, increase the rate
of root formation, control processes of vegetative growth, tropism, florescence, and
fructification of plants, affect the biosynthesis of various metabolites, and provide plant
resistance to stress factors [74]. Association of ICs producers Bradyrhizobium sp. with L.
albescens plants in arenized areas might be very important for the plant’s adaptation to
this extreme environment. Therefore, the study of the diversity of Bradyrhizobium sp. in
these areas and their phylogenetic relationships is important in understanding how the
arenization process affects the microbial community, especially symbiotic nitrogen
fixers.

The phylogenetic analyses performed with the four different datasets showed
similar topologies, grouping the Bradyrhizobium sp. isolates from L. albescens root
nodules into three supported clades. One clade grouped bacterial isolates from the
arenized area with a few isolates from the non-arenized area. The other two clades
grouped only isolates from the non-arenized area. Interestingly, the 16S rRNA gene
sequences from isolates from the non-arenized area were more conserved than those from
isolates from arenized area. However, analysis of the housekeeping and nodulation genes
showed otherwise, that Bradyrhizobium sp. sequences from the non-arenized area were
more diverse than sequences from the arenized area.

The low concentration of nutrients [56], high concentration of toxic aluminum
[23] and absence of vegetal coverage (extreme soil temperatures are reached [35]) make
arenized areas a severe environment for the establishment of Bradyrhizobium-legume
symbiosis [84]. These factors may be selecting a few resistant and efficient

Bradyrhizobium sp. strains, which were capable of forming nodules in L. albescens plants
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that grown in the arenized area. Analysis of 16S rRNA genes showed that the
Bradyrhizobium sp. isolated from the arenized area were closely related to B. japonicum,
but phylogenetic analysis grouped these isolates separately. These data may indicate that
these bacterial isolates are a new Bradyrhizobium species. Jarabo-Lourenzo et al. [28]
obtained similar results in their work with bradyrhizobial populations isolated from seven
Lupinus species (L. luteus, L. angustifolius, L. hispanicus, L. consentinii, L. micranthus,
L. albus, and Lupinus sp.). In this work, the authors studied some Bradyrhizobium sp.
isolates that were closely related to B. japonicum, but they concluded that the majority of
them were new species.

The isolates from the non-arenized area displayed similarities with some
Bradyrhizobium reference strains studied in this work. These Bradyrhizobium sp. isolates
are genetically different from the Bradyrhizobium sp. isolated from the arenized area;
however, a more in-depth investigation is needed to establish their phylogenetic
relationships. Nevertheless, all the data obtained up until now indicate that they could
also belong to two new species.

The Clade 11l formed in the phylogenetic tree of 16S rRNA gene and Clade |
formed in the analysis of housekeeping genes showed that B. elkanii, B. lablabi, and B.
pachyrhizi are closely related species. When Chang et al. [7] described the new species
B. lablabi, they reported a close relationship of this species with B. elkanii and B.
pachyrhizi. Other phylogenetic analysis performed by Duran et al. [16] also found a
relationship between these three species and their Bradyrhizobium sp. symbiont of
Lupinus mariae-josephae isolated from alkaline-limited soils in eastern Spain. The
Bradyrhizobium sp. symbionts of L. albescens isolated in this work were isolated from
Brazilian acidic soils and were also phylogenetically related to B. lablabi, B. elkanii, and

B. pachyrhizi. Raza et al. [52] found a Bradyhizobium sp. (Lupini) symbiont of L. albus
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that was able to grow in acidic (pH = 4) and alkaline (pH = 8) media. However, there are
no studies reporting that the same Bradyrhizobium sp. could be isolated from soils from
alkaline and acidic environments.

One main aspect of leguminous nodulation by rhizobia is the presence of Nod
factors. Rhizobial genes involved in the biosynthesis of the Nod factor core are the
common nodABC genes [2]. However, other nod genes confer plant specificity. For
example, the nodZ gene determines the fucosylation of glucosamine at the reducing end
[29]. Thus, we performed our phylogenetic analysis with concatenated nodAB and
separated nodZ genes. The phylogenetic analysis of Nod factors used in this work resulted
in three distinct clades. In the analysis of nodAB genes, Clade | grouped all
Bradyrhizobium sp. isolates from the arenized area, three from the non-arenized area and
the Bradyrhizobium sp. strain CH2490 isolated from L. paranensis in Brazilian soils. The
other two clades, which were comprised only of non-arenized Bradyrhizobium sp.
isolates, did not show similarity to the reference strains. Stepkowski et al. [67] showed
that the nodA gene tree had a strong geographical structure (Bradyrhizobium isolates from
“New World” Lupine species grouped separately from “Old World” Lupine species). The
same result was confirmed in the present work, as the Bradyrhizobium sp. isolates showed
similarity only with American bradyrhizobia isolates.

The three supported clades formed by nodZ gene analysis showed that one clade
(Clade I) grouped all Bradyrhizobium sp. isolates from the arenized area and three from
the non-arenized area, which were similar to Bradyrhizobium sp. strain CH2506 isolated
from L. uleanus in Brazilian soils. The other two clades, which included only non-
arenized Bradyrhizobium sp. isolates, showed phylogenetic similarity with bradyrhizobia

isolates from different legumes in American Continent, as exception of B. elkanii strain
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WUR3 isolated from European soils. Kalita et al. [29] also showed high similarity among
nodZ genes from Bradyrhizobium spp. symbiont of several different legumes.

The concatenated nodAB tree and the nodZ tree had a congruent topology. The
validity of this data is supported by Stepkowski et al. [68] and Moulin et al. [44], who
showed that nodA and nodZ trees are congruent. Analysis of nodAB and nodZ showed
that Bradyrhizobium sp. isolated from the arenized area were similar to reference strains
CH2490 and CH2506, respectively, both symbionts of Lupinus spp. in Brazilian soils.
Stepkowski et al. [67] showed that these both strains belong to nodA Clade 111.2, which
grouped Bradyrhizobium isolates that are symbionts of Lupinus spp. from the American
continent, more specifically from the lowlands of Texas, Brazil, Argentina, Paraguay,
Uruguay, and the Bolivian Andes. However, the same study grouped these strains
separately when analyzing the atpD gene; Bradyrhizobium sp. strain CH2506 was related
to B. japonicum USDAG6 and Bradyrhizobium sp. strain CH2490 was not related to the
reference strains used.

The Bradyrhizobium sp. isolates from the arenized area selected for the
inoculation experiment of L. albescens plants were highly efficient in promoting plant
growth for several parameters analyzed when compared to the effects of the other isolates
and the controls. Some reports already showed that there are some Bradyrhizobium spp.
isolates resistant to environmental stresses such as salt [52, 61], temperature [86, 57], and
pH [52, 39], and were therefore efficient plant growth promoters. The arenized area is
characterized by pH extremely acidic soil, low nutrient content, and a high content of
toxic aluminum, which makes this environment extremely stressful for plant development
[24]. Therefore, our data suggest that the environment selects for Bradyrhizobium sp.
strains according to plant needs. Knowing that the arenized area is an unfavorable

environment for plant growth, the best plant growth promoter Bradyrhizobium sp. isolates
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seem to have been selected for symbiosis with L. albescens plants, which helps the plant’s
adaptation and development. The phylogenetic analysis performed in this work showed
that Bradyrhizobium sp. isolates from root nodules of L. albescens grown in the arenized
area are different from those isolated from the non-arenized area. The potential of plant
growth also confirmed these results. Meghvansi et al. [39] reported that Bradyrhizobium
sp. isolated from alkaline soils and resistant to acid environments were more efficient in

promoting plant grow and fixing nitrogen in soybean (Glicine max).

CONCLUSION

The Bradyrhizobium spp. isolates that are symbionts of L. albescens plants were
different in the arenized and non-arenized areas. Analysis of 16S rRNA, dnaK, atpD,
recA, ginll, rpoB, gyrB, nodA, nodB, and nodZ nucleotide sequences showed that strains
from the non-arenized area have higher variability. Phylogenetic study displayed the
existence of three distinct clades, which most likely are three different new
Bradyrhizobium species, one species from the arenized area and two from the non-
arenized area. In vivo inoculation experiment with L. albescens plants indicated that
Bradyrhizobium sp. isolated from an extreme environment (the arenized area) were more
efficient in promoting plant growth than those isolated from the non-arenized area. This
result suggested that the environment is affecting the selection of the more efficient plant

growth promoters to sustain plant growth.
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Supplemetary Material

Figure S1: Lupinus albescens plant grown in the arenized area (A) and the non-arenized
area (B). It can be observed that in the non-arenized area, the soil had dense vegetation
coverage (grasslands), while in the arenized area, the soil did not have vegetation

coverage with only few spaced L. albescens plants.
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Figure S2: Neighbor-joining phylogenetic tree of the 74 bradyrhizobial isolates from
arenized (AS) and non-arenized (NAS) areas and 10 reference strains using 1,207 bp of
the 16S rRNA gene. The significance of each branch is indicated at the branching points
by a bootstrap percentage calculated for 1,000 subsets (only values higher than 70% are

indicated).
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Figure S3: Neighbor-joining phylogenetic tree of the 24 bradyrhizobial isolates from
arenized (AS) and non-arenized (NAS) areas and 13 reference strains using six
housekeeping concatenated genes (atpD, dnaK, recA, ginll, rpoB, and gyrB). The
significance of each branch is indicated at the branching points by a bootstrap percentage

calculated for 1,000 subsets (only values higher than 70% are indicated).
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gene (A) and concatenated nodAB genes (B). The nodZ analysis was performed using 10 reference strains, while seven reference strains were used
in the concatenated nodAB analysis. The significance of each branch is indicated at the branching points by a bootstrap percentage calculated for
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5. Considerac6es finais

O processo de arenizacao do sudoeste do Rio Grande do Sul € um dos mais graves
problemas socioambientais do Brasil. A localizacéo e a dificuldade de acesso a estas areas
gera dificuldades na realizacdo de estudos e trabalhos de extensdo que visem minimizar
0 problema ou até recuperar tais ndcleos de arenizacdo. Sabendo da escassa vegetacédo
que encobre os ndcleos de arenizacdo e da importancia da microbiota do solo no
estabelecimento e manutencdo de culturas de plantas, nosso grupo decidiu realizar um
estudo dos micro-organismos diazotroficos de plantas de L. albescens nativas do Pampa
brasileiro (areas arenizadas e adjacentes ndo arenizadas).

O presente estudo revelou que a escassez de nutrientes, pH extremamente acido,
baixa quantidade de argila e matéria organica e as altas concentrac6es de aluminio toxico
tornam os solos arenizados um ambiente indspito ndo somente para o desenvolvimento
de plantas, mas, também, para o estabelecimento e manutencdo da comunidade
microbiana. Comparando com suas areas adjacentes, a microbiota das areas arenizadas
estd altamente reduzida (tanto na quantidade como na diversidade). Os trabalhos
envolvendo a diversidade de bactérias diazotréficas (simbidticas e de vida livre)
promotoras de crescimento de plantas mostraram que o ambiente arenizado seleciona 0s
poucos micro-organismos resistentes as condi¢es adversas da regido e que estes, por
consequéncia, sdo potenciais promotores de crescimento de plantas de L. albescens.

Nosso estudo de inoculagdo de isolados de Bradyrhizobium sp. em plantas de L.
albescens também mostrou claramente as diferencas no efeito de promocdo de
crescimento dos micro-organismos isolados de solos arenizados e ndo-arenizados. As
plantas inoculadas com os isolados de solos arenizados se igualaram ou foram superiores

ao controle ndo inoculado, que recebeu uma alta dose de nitrogénio, enquanto que as
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plantas inoculadas com os isolados de solos ndo-arenizados foram semelhantes ao
controle n&o inoculado e que ndo recebeu nitrogénio.

A recuperacdo das areas arenizadas pode ser feita pelo cultivo de plantas de
cobertura que visem 0 aumento da matéria organica destes locais. Plantas de L. albescens
sdo altamente promissoras para este fim e a associacdo com bactérias diazotroficas pode
incrementar seu grande potencial. Os isolados bacterianos obtidos neste trabalho ainda
precisam ser testados em experimento de inoculagdo em plantas de L. albescens crescidas
em diferentes tipos de solos antes de aplicar a estratégia de recuperacdo em um areal ja
estabelecido.

As analises filogenéticas também mostraram diferentes pools génicos entre 0s
isolados dos dois locais estudados, revelando uma variabilidade sempre maior entre 0s
isolados de &reas ndo arenizadas. Nossos resultados ndo agruparam os Bradyrhizobium
sp. isolados de é&reas arenizadas com as espécies de Bradyrhizobium descritas na
literatura, sugerindo que eles constituem uma nova espécie deste género bacteriano. Os
isolados bacterianos de solos ndo arenizados precisam de mais estudos, mas Nnossos
resultados igualmente sugerem que eles possam constituir duas novas espécies de
Bradyrhizobium. Consequentemente, o proximo passo deste projeto sera a descricdo
destas novas espécies.

O estudo filogenético de bactérias do género Bradyrhizobium foi o inicio de uma
nova linha de pesquisa no Laboratorio de Microbiologia Agricola do Departamento de
Genética da UFRGS. Nosso laboratério, que executa com maestria o isolamento e
caracterizagdo de bactérias diazotroficas de vida livre, avaliando seu potencial de
promocdo de crescimento de diversas plantas, comecard a avaliar a diversidade de
isolados bacterianos sob o foco filogenético. Este trabalho também nos propiciou a

parceria com o pesquisador Tomasz Stepkowski do Institute of Bioorganic Chemistry da
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Polish Academy of Sciences, em Varsdvia, Polénia. Esta parceria possibilitara o estudo
de linhagens de Bradyrhizobium sp. simbiontes de plantas de Lupinus spp. originarias de

varias partes do mundo.
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