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RESUMO

O arroz (Oryza sativa L.) é um dos alimentos mais importantes para a nutricdo
humana, sendo a base alimentar de mais de trés bilhdes de pessoas no mundo. O Brasil
esta entre os principais produtores mundiais de arroz e o estado do Rio Grande do Sul é
0 maior produtor brasileiro. O nitrogénio é considerado um nutriente limitante para a
producdo de arroz, o que provoca o intenso uso de fertilizantes quimicos nessa cultura,
uma préatica altamente prejudicial ao meio ambiente. Neste contexto, tém-se procurado
novas tecnologias que visam o aumento de produtividade, a melhoria da qualidade e a
rentabilidade no cultivo dessa graminea. Uma das alternativas para o aumento da
producdo é a utilizacdo de bactérias promotoras do crescimento vegetal. Bactérias
promotoras do crescimento vegetal (Plant growth-promoting bacteria, PGPB) sdo
bactérias que podem promover o crescimento de plantas e induzir a tolerancia para
diferentes estresses, através de uma grande variedade de mecanismos. Os objetivos
deste estudo foram isolar e caracterizar putativas PGPBs associadas ao solo rizosférico e
raizes de arroz, cultivado em diferentes regides produtoras do sul do Brasil, bem como
de cultivares de arroz que apresentam diferentes niveis de tolerancia ao excesso de
ferro, cultivadas em duas regides: Camaqua (solo com excesso de ferro) e Cachoeirinha
(controle para o excesso de ferro). Os isolados bacterianos foram avaliados para a
producdo de compostos indolicos, sideroforos, ACC deaminase e solubilizacdo de
fosfato. A fixacdo biologica do nitrogénio in vitro foi avaliada para os isolados
bacterianos usados em experimentos de inoculacdo em camara de crescimento e a
campo em Cachoeira do Sul e/ou Camaqua. Seiscentos e sessenta e cinco estirpes
bacterianas foram seletivamente isoladas com base no seu desenvolvimento em meio
seletivo e foram identificadas por analise parcial do gene 16S rRNA e metodologia de
sequenciamento. Estirpes pertencentes aos géneros Enterobacter e Burkholderia foram
as mais abundantes entre os isolados Gram negativos, enquanto que aquelas
pertencentes aos géneros Paenibacillus e Bacillus foram as mais abundantes entre os
isolados Gram positivos. Um grande numero de PGPBs de diferentes géneros
bacterianos apresentou diferentes caracteristicas promotoras de crescimento vegetal.
Produtores de compostos ind6licos foram o0s mais abundantes entre os isolados. Plantas
de arroz inoculadas com os isolados Herbaspirillum sp. (AC32), Burkholderia sp.
(AG15), Pseudacidovorax sp. (CA21) e Azospirillum sp. (UR51) em conjunto com a
metade da dose de fertilizante nitrogenado (60 kg de ureia ha™) atingiram resultados
semelhantes aquelas tratadas com a dose total de fertilizante, sem inoculacdo (120 kg de
ureia ha™). Estirpes pertencentes aos géneros Burkholderia, Chryseobacterium, e
Paenibacillus apresentaram potencial para promover o crescimento da planta e a
captacdo de nutrientes, em diferentes condicdes de ferro. Neste trabalho, a inoculacéo
de arroz através da utilizacdo de estirpes bacterianas confirmou o potencial dessas
bactérias em interagir positivamente com o arroz.
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ABSTRACT

Rice (Oryza sativa L.) is one of the most important crops for human nutrition
been the food base for more than three billion of people in the world. Brazil is one of
the top rice producers and Rio Grande do Sul state is the biggest producer in Brazil.
Nitrogen is the most frequent limiting nutrient for rice production and the chemical
fertilization usage is among agricultural practices that are most prejudicial to
environment. New technologies are being search to increase productivity, to improve
quality and profitability in the cultivation of this grass. One of the alternatives for the
increase in rice production is the use of plant-growth-promoting bacteria. Plant growth-
promoting bacteria (PGPB) are bacteria that can enhance plant growth and induce
tolerance in plants under different stresses using a wide variety of mechanisms. The
objectives of this study were to isolate and characterize putative PGPBs associated with
rhizospheric soil and roots of rice plants cropped in different areas of southern Brazil, as
well of rice cultivars that present distinct tolerance to iron toxicity grown in two areas:
one with a well-established history of iron toxicity (Camaqud) and another without iron
toxicity (Cachoeirinha). Bacterial isolates were evaluated for their ability to produce
indolic compounds, siderophores, ACC deaminase, and solubilize phosphate. In vitro
biological nitrogen fixation was evaluated for bacterial isolates used in the inoculation
experiments in a growth chamber and under field conditions in Cachoeira do Sul and/or
Camaqud. A total of 665 bacterial strains were selectively isolated based on their growth
in selective media and were identified by analysis of the 16S rRNA gene and partial
sequencing methodologies. Strains belonging to the Burkholderia and Enterobacter
genera were the most abundant among all the Gram negative isolates whereas those
belonging to Paenibacillus and Bacillus genera were the most abundant among the
Gram positive isolates. A large number of PGPBs belonging to different bacterial
genera presented several plant growth promotion traits. Indolic compounds producers
were widely found among isolates. Plants inoculated with isolates Herbaspirillum sp.
(AC32), Burkholderia sp. (AG15), Pseudacidovorax sp. (CA21), and Azospirillum sp.
(UR51) together with half-fertilization level (60 kg of urea ha™) achieved growth
similar to those that received the full-fertilization level without inoculation (120 kg of
urea ha™). Strains belonging to Burkholderia, Chryseobacterium, and Paenibacillus
genera presented the potential to promote the plant growth and nutrient uptake in
different iron conditions. In this work, the rice inoculation through the utilization of
bacterial strains confirmed the bacterial potential to positively interact with rice.
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INTRODUCAO

1. Importancia econdémica do arroz
O arroz é o principal componente da dieta béasica da populacdo mundial.

Segundo a FAO, o arroz é o responsavel por 20% da fonte da energia alimentar humana,
enquanto o trigo fornece 19% e o milho 5%. Somente nos paises asiaticos, mais de dois
bilhdes de habitantes tém o arroz e seus derivados como fontes de 60 a 70% das calorias
ingeridas diariamente. Este cereal é, portanto, um alimento de extrema importancia para
a seguranca alimentar da populacdo mundial. Em funcéo disso, aspectos relacionados a
sua producdo e consumo devem ser continuamente monitorados e avaliados, para que o
seu suprimento seja garantido (FAO, 2009).

A producédo de 662 milhdes de toneladas de grdos em casca corresponde a cerca
de 30% do total de grdos usados na alimentacdo humana (SOSBAI, 2010). O Brasil é 0
nono maior pais produtor de arroz do mundo, cuja producdo foi de 11,74 milhdes de
toneladas na safra 2012/2013 (IRGA, 2013). Entre 1975 e 2004 o pais alcangou um
salto de produtividade de 144,1% (FAO, 2009). Esse aumento da produtividade
permitiu atender o aumento da demanda interna, em funcdo do crescimento
populacional brasileiro. O Estado do Rio Grande do Sul (RS) é o maior produtor
nacional de arroz, contribuindo com mais de 60% da producdo nacional, sendo a
fronteira oeste do RS a responsavel por grande parte desta producdo (IRGA, 2013).
Cerca de 12% do arroz produzido no RS é consumido no proprio estado, sendo o
restante exportado para os demais centros consumidores (SOSBAI, 2010). E importante
ressaltar que entre os 20 maiores municipios produtores de arroz do Brasil, 19 sdo
gauchos. Os maiores municipios produtores do RS (Uruguaiana, Santa Vitéria do
Palmar, Itaqui, Alegrete e Sdo Borja), concentraram 30% da producdo galcha na safra
2011/2012 (IBGE, 2012).

A producdo de arroz e, consequentemente, a seguranca alimentar mundial,
dependem da capacidade em atingir niveis ainda mais elevados de produtividade que
ndo sdo possiveis sem o aporte adicional de nutrientes (Shenoy et al., 2001). A demanda
de fertilizantes nitrogenados na agricultura mundial esta diretamente relacionada com o
crescimento da populacdo mundial. Fertilizantes sdo caros e podem causar danos ao
meio ambiente, tais como a contaminacgao da dgua com nitratos, a acidificacdo dos solos
e as emissdes de gases de efeito estufa, como o metano e o dxido nitroso (Shenoy et al.,
2001).
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Em razdo da limitada disponibilidade de terras para a expansdo da cultura do
arroz, diversos trabalhos de pesquisa estdo sendo desenvolvidos. A possibilidade de
aumento da producdo nacional depende da redugdo dos custos dessa producdo e do
desenvolvimento de novas tecnologias. Nesse contexto, a utilizacdo de micro-
organismos benéficos apresenta-se como uma alternativa natural evidenciada no
aumento da produtividade das culturas, na possibilidade de reducdo dos custos de
producdo ao reduzir o volume de adubos nitrogenados que sdo aplicados e na melhor

conservacao dos recursos ambientais.

1.1. Arroz irrigado e toxidez por ferro

O arroz (Oryza sativa L.) € uma espécie anual pertencente a familia Poaceae e ao
género Oryza, adaptada a0 meio aquatico. Esta adaptacdo se deve a formacdo do
aerénguima no colmo e nas raizes da planta, tecido este que possibilita a passagem de
oxigénio do ar para a camada da rizosfera, permitindo o cultivo em ambientes alagados
(anaerdbios) (Taiz e Zeiger, 2009). O género Oryza é de ampla utilizacdo na
alimentacdo humana na forma de gréos, apresentando como centros de origem o Japao,
a India e a Africa (CONAB, 2009).

O cultivo de arroz requer temperaturas 6timas entre 20 e 35°C, dependendo da
fase de desenvolvimento, ndo tolerando temperaturas muito baixas nem muito altas
(Gomes et al., 2004). A descricdo de eventos e marcadores morfologicos, relativos as
fases e estadios de desenvolvimento da planta de arroz, segue uma escala fenoldgica,
sendo a mais utilizada a desenvolvida por Counce et al. (2000). Os estadios
compreendidos pela fase de desenvolvimento da plantula s&o identificados como S (do
inglés seedling). Estadios de desenvolvimento vegetativo sdo identificados pela letra V
(do inglés vegetative) e por um namero que varia de 1 a n, de acordo com o namero de
folhas desenvolvidas no colmo principal da planta. A partir do inicio do
desenvolvimento da panicula, a escala utiliza a letra R (do inglés reproductive). Esta
fase esta associada ao inicio da diferenciagdo da panicula até a maturacdo dos gréos
(Counce et al., 2000). O cultivo de arroz pode ser limitado por uma série de fatores.
Entre eles destacam-se os fatores bidticos, como doengas causadas por fungos,
bactérias, nematoides, e por fatores e/ou estresses ambientais, como a toxidez por ferro,
0s quais formam um complexo que, muitas vezes, impossibilita a producao agricola em

determinadas areas orizicolas.
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O ferro € um micronutriente essencial para o crescimento e desenvolvimento de
plantas, participando de importantes processos bioldgicos, como fotossintese,
respiracdo, sintese de clorofila (Kobayashi e Nishizawa, 2012) e fixacdo biol6gica do
nitrogénio (Dixon e Kahn, 2004). E um dos elementos mais abundantes da crosta

terrestre, presente em todos os solos em quantidades que variam de 0,7 a 55% (Lyndsay,
1979). Em solos aerados e com pH neutro a solubilidade do ferro é muito baixa (10
M) devido & rapida oxidacdo de Fe*" (forma ferrosa) para Fe** (forma férrica) e a
subsequente formacdo de hidroxidos e dxidos insolGveis (Andrews et al., 2003;
Lemanceau et al., 2009). Entretanto, o alagamento do solo promove a solubilizacdo do
Fe**, podendo o actimulo de Fe** na solucdo do solo atingir niveis toxicos ao arroz
(Gomes et al., 2004).

A toxidez por ferro é reconhecida como a principal desordem nutricional do
arroz cultivado em véarzea (Dobermann e Fairhurst, 2000), podendo gerar dano
oxidativo em plantas (Stein et al., 2009). Em ambientes alagados, ap6s a deple¢do do
oxigénio, outros fons sdo utilizados como aceptores de elétrons (NO*, Mn**, Fe** e SO,
%) por micro-organismos anaerdbicos facultativos, sendo subsequentemente reduzidos
(Ponnamperuma, 1972). A concentracdo de ferro soltvel, que anterior a subemergéncia
do solo raramente excede 0,1 mg L™, pode chegar, em solos 4cidos, a aproximadamente
600 mg L™, dependendo das caracteristicas de cada solo (Becker e Asch, 2005).

Existem dois tipos de toxidez por ferro, a direta e a indireta. A toxidez direta é
caracterizada pelo acimulo de grandes niveis de ferro em tecidos vegetais (acima de
300 pg gt de matéria seca) (Fageria et al., 2003). Essa toxidez é manifestada
visualmente através do bronzeamento das folhas, caracterizado como manchas marrons,
que se propagam a partir das pontas para a base das folhas, desenvolvendo-se mais
rapidamente nas folhas mais velhas (Tanaka et al., 1966). A toxidez indireta ocorre
quando a planta, durante a respiracdo, elimina oxigénio através das raizes e ha a
reoxidacdo do Fe*® (mais solvel) em Fe** (pouco soltvel) (Yamauchi e Peng, 1995;
Knoblauch e Reis, 2004). De acordo com Mehraban et al. (2008) esse ferro (Fe*®) que
precipita sobre as raizes bloqueia a absorcdo de outros elementos, como calcio,
magnésio, fosforo, potassio, nitrogénio e zinco. Os sintomas causados pela toxidez
indireta sdo o atrofiamento da planta, a reducdo do perfilhamento e o alaranjamento das

folhas e raizes.
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Uma das alternativas que tem sido propostas para se contornar o problema de
toxidez por ferro € o melhoramento genético, buscando genotipos de arroz que sejam
tolerantes ao excesso de ferro. De acordo com Becker e Asch (2005), plantas de arroz
desenvolveram mecanismos de tolerancia para lidar com as diferentes condi¢6es do solo
e sobreviver em solos com excesso de ferro. Entre tais mecanismos pode-se citar: a
oxidagdo de ferro na superficie das raizes, a seletividade da membrana celular através da
deposicdo de Fe** no apoplasto das células parenquimaticas das raizes, o
remodelamento e a lignificacdo das paredes celulares, o acimulo em tecidos da raiz e do
caule através da formacdo de ferritinas e a compartimentalizacdo em organelas, como

vacuolos.

2. Rizosfera e bactérias promotoras do crescimento de plantas

A rizosfera pode ser definida como a regido do solo onde os processos mediados
por micro-organismos sdo influenciados especificamente pelo sistema radicular. Este
espaco inclui o solo ligado as raizes vegetais e, frequentemente, se estende uns poucos
milimetros da superficie da raiz. Os exsudatos de plantas na rizosfera, tais como
aminoéacidos e agUcares, provém uma rica fonte de energia e nutrientes para as bactérias,
resultando em uma maior populacéo bacteriana nesta area do que fora da mesma (Gray
e Smith, 2005). Estima-se que um grama de solo cultivado contenha 2 x 10° células
procarioticas (Paul e Clark, 1989). De fato, a concentracdo de bactérias (por grama de
solo) que é encontrada na rizosfera é geralmente muito maior do que a densidade
bacteriana, ou concentracéo, que é encontrada em outras por¢des do solo (Glick, 1995).
Além disso, a rizosfera € um importante ambiente para as interagdes planta e micro-
organismo, sendo que a ocorréncia de interacdes entre bactérias e raizes de plantas pode
ser benéfica, nociva ou neutra para as plantas (Lynch, 1990).

As bactérias promotoras de crescimento vegetal (ou PGPB - Plant Growth
Promoting Bacteria) pertencem a um grupo benéfico e heterogéneo de micro-
organismos que podem ser encontrados na rizosfera, superficie das raizes ou em
associagdo com as mesmas (Lynch, 1990). De acordo com o tipo de relacdo com as
plantas, as PGPBs podem ser classificadas em bactérias simbidticas, associativas ou de
vida livre (Shenoy et al., 2001; Khan, 2005). Gray e Smith (2005) também adotaram
duas divisdes de PGPBs, de acordo com o local onde habitam: PGPBs intracelulares —

iPGPB (residem dentro das células vegetais ou encontram-se em estruturas
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especializadas, os nodulos) e PGPBs extracelulares — ePGPB (podem estar associadas
as raizes ou simplesmente viver proximas a elas).

Independentemente da localizacdo das PGPBs, essas bactérias podem promover
0 crescimento das plantas através de varios mecanismos. PGPBs podem fazer o
biocontrole de fungos patogénicos através da producdo de antibidticos, competicdo por
nutrientes, ou pela inducdo de resisténcia sisttmica (Glick, 1995; Glick et al., 1999).
Tais bactérias podem melhorar o estado nutricional das plantas através da fixacéo
biolégica de nitrogénio, solubilizacdo de fosfatos e producdo de sideroforos
(Dobbelaere et al., 2003; Vessey, 2003). Além disso, os efeitos hormonais ocorrem
quando as PGPBs produzem compostos quimicos, tais como auxinas, citocininas,
giberelinas, que impactam diretamente no crescimento das plantas, estimulando a
captacdo de nutrientes (Vessey 2003; Jha e Saraf, 2012). Dessa forma, muitas bactérias
sdo capazes de utilizar diferentes habilidades para promover o crescimento da planta em
varios estagios durante o seu ciclo de vida. As maneiras pelas quais as PGPBs podem
influenciar o crescimento vegetal diferem de espécie para espécie, bem como de
linhagem para linhagem. Assim, as PGPBs geralmente ndo tém um Unico mecanismo

para a promocdo do crescimento das plantas (Glick et al., 1999).

3. Mecanismos de promocéao do crescimento vegetal
3.1. Fixacdo bioldgica do nitrogénio

Todos 0s organismos Vvivos requerem nitrogénio para sintetizar biomoléculas,
tais como proteinas e acidos nucleicos. No entanto, a maior fonte de nitrogénio na
natureza, o nitrogénio atmosférico, ndo é assimilavel por grande parte dos seres vivos
(Chubatsu et al., 2012). O processo bioldgico responsavel pela reducdo do nitrogénio
molecular (N,) em aménia (NH3) é denominado de fixacdo bioldgica de nitrogénio
(FBN) (Franche et al., 2009). Ele é realizado por micro-organismos denominados de
diazotréficos, os quais sdo PGPBs extensivamente estudadas devido a importancia do
nitrogénio.

O nitrogénio é considerado um nutriente indispensavel ao desenvolvimento
vegetal e frequentemente limitante para a producgéo agricola. De acordo com estatisticas
da FAO (2001), cerca de 42 milhdes de toneladas de fertilizantes nitrogenados estdo
sendo aplicadas anualmente em escala global para a producdo das trés culturas de
cereais mais importantes: trigo, arroz e milho. O aumento do uso de fertilizantes

quimicos, que constitui a maior interferéncia humana no ciclo do nitrogénio, levanta
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preocupacOes sobre 0 acréscimo nas emissdes de oxidos de nitrogénio, acidificacdo do
solo e eutrofizacdo da 4gua (Dixon e Kahn, 2004). Anualmente 2,5 x 10" kg de NH3sdo
fixados via FBN, enquanto que 8 x 10'° kg de NH; sdo produzidos por indistrias de
fertilizantes nitrogenados (Cheng, 2008). O nitrogénio fixado fornecido pela FBN é
menos propenso a lixiviacdo, volatilizacédo e desnitrificacdo, uma vez que é utilizado in
situ e, portanto, € um processo bioldgico importante que contribui para uma agricultura
sustentavel (Dixon e Kahn, 2004).

A FBN néo é realizada por eucariotos. Entretanto, esse processo ¢ amplamente
realizado por bactérias e arqueas, mostrando grande biodiversidade entre os organismos
diazotréficos, que sdo encontrados em uma ampla variedade de habitats (Dixon e Kahn,
2004). Diazotréficos associativos referem-se a uma grande variedade de espécies que
fixam o nitrogénio e que colonizam a superficie ou o espaco intercelular (endéfitos) das
raizes das plantas, sem a formacdo de estruturas diferenciadas (Shenoy et al., 2001;
Franche et al., 2009). As vantagens de uma associacdo endofitica, em plantas néo
leguminosas, € que esta associacdo protege as bactérias da competicdo, oferece troca
metabolica mais intima com a planta hospedeira, confere protecdo contra altas
concentracdes de oxigénio, além do transporte de nitrogénio fixado para a planta
hospedeira (Quispel, 1991). Bactérias que fixam nitrogénio independente de outros
organismos sdo chamadas de diazotréficos de vida livre, contribuindo com pouco
nitrogénio fixado para as culturas agricolas, utilizando-o para seu proprio crescimento
(Shenoy et al., 2001; Saikia e Jain, 2007). Por outro lado, a relacdo simbidtica entre
rizobios e leguminosas pode fornecer grandes quantidades de nitrogénio a planta e pode
ter um impacto significativo na agricultura (Saikia e Jain, 2007).

Nos mais variados habitats, todos os micro-organismos diazotréficos sao
capazes de transformar o nitrogénio gasoso a amodnia através do complexo enzimatico
da nitrogenase, uma enzima altamente conservada entre diazotroficos simbidticos e de
vida livre (Franche et al., 2009). Em todos os organismos diazotréficos existe sempre
pelo menos uma forma de nitrogenase, a nitrogenase molibdénio-ferro (Mo-
nitrogenase), ou nitrogenase dependente do molibdénio, ou ainda nitrogenase 1. Porém,
sob condi¢des de deplecdo de molibdénio, duas outras formas foram inicialmente
identificadas em Azotobacter: nitrogenase 2 ou dependente de vanadio (Va-nitrogenase)
e nitrogenase 3 ou dependente de ferro (Fe-nitrogenase) (Bishop e Premakumar, 1992;
Dixon e Kahn, 2004; Cheng, 2008). Todas as formas da nitrogenase sédo extremamente

sensiveis ao oxigénio (Dixon e Kahn, 2004; Shridhar, 2012).
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A enzima nitrogenase (Mo-nitrogenase) tem sido purificada a partir de diferentes
bactérias, sendo composta de duas metaloproteinas (Franche et al., 2009). O
componente | ou dinitrogenase (FeMo-proteina), que contém o sitio catalitico da
enzima, € um tetramero formado por duas subunidades ndo idénticas. O componente Il
ou dinitrogenase redutase (Fe-proteina), € um dimero que transfere os elétrons para a
dinitrogenase. Estas proteinas, juntamente com ATP, Mg*? e uma fonte de elétrons sdo
essenciais para a atividade de fixacdo de nitrogénio (Moat e Foster, 1995; Franche et al.,
2009).

A sensibilidade da nitrogenase ao oxigénio impde restricdes fisioldgicas
consideraveis a diazotrofia, pois existe uma obrigacdo de proteger a enzima dos danos
por oxigénio. Na maioria dos diazotrofos, uma rede diversa de estratégias fisiologicas e
utilizada para prover protecdo contra oxigénio, incluindo evitar oxigénio através de
crescimento anaerdbico, consumo do oxigénio pela respiracdo, barreiras contra difusdo
de oxigénio, ou a compartimentalizacdo da enzima espacial ou temporalmente. O
nddulo das raizes de leguminosas é um exemplo de tal estratégia, em que o cértex do
nodulo é uma barreira contra a difusdo de oxigénio (Dixon e Kahn, 2004). A fixacdo de
nitrogénio € energeticamente muito dispendiosa e também ¢ inibida pela presenca de
nitrogénio fixado, principalmente amonia.

A bactéria de vida livre Klebsiella oxytoca linhagem Mb5al (primeiramente
identificada como K. pneumoniae) foi o primeiro diazotrofico a ter os genes envolvidos
na FBN identificados e caracterizados. Nela, os genes de fixacdo biolégica do
nitrogénio (nif, do inglés, nitrogen fixation) para a sintese da nitrogenase funcional
encontram-se agrupados em uma regido cromossomica abrangendo 24 kb (Arnold et al.,
1988; Franche et al., 2009) onde estdo dispostos 20 genes organizados em 8 operons:
nifJ, nifHDKTY, nifENX, nifUSVWZ, nifM, nifF, nifLA e nifBQ, sendo a FeMo-proteina
codificada pelos genes nifD e nifK e a Fe-proteina codificada pelo gene nifH (Franche et
al., 2009). O gene da Fe-proteina, nifH, € um dos genes funcionais mais antigos da
historia da evolucdo e tem possibilitado o estudo da diversidade dos genes de fixacdo de
nitrogénio em bactérias de interesse, bem como a caracterizagdo de tais genes em
comunidades microbianas do solo (Rosado et al., 1998).

Em leguminosas, as bactérias do solo da familia Rhizobiaceae (rizébio) estdo
confinadas dentro de um 6rgéo simbiotico, o nodulo da raiz, onde sdo capazes de fixar
nitrogénio, permitindo que o hospedeiro possa crescer sem a necessidade de fertilizantes

nitrogenados (Hakoyama et al., 2009). Muitas espécies de rizobios foram descritas por
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apresentar uma relacdo simbidtica com plantas leguminosas, tais como Azorhizobium,
Bradyrhizobium, Mesorhizobium, Rhizobium e Sinorhizobium, e muitas sdo utilizadas
agronomicamente no cultivo de culturas de interesse econdmico. A producdo de soja no
Brasil ¢ um exemplo da eficiéncia da FBN, pois, desde que foram realizados programas
para o incremento da fixacdo de N, que resultaram no desenvolvimento de inoculantes
com linhagens de Bradyrhizobium, poucas aplicacbes de fertilizantes nitrogenados
foram realizadas (Alves et al., 2004).

O isolamento de bactérias diazotroficas de raizes de gramineas forrageiras e
cereais tem sido amplamente realizado, conduzindo a identificacdo de dois grupos no
que diz respeito ao grau de associacdo com o hospedeiro vegetal: colonizadores
diazotréficos rizosféricos e endofiticos (Franche et al., 2009). Bactérias diazotroficas
em associacdo com plantas ndo leguminosas e que contribuem para o crescimento
vegetal sdo também referidas como PGPBs. Entre estas se destacam 0s géneros
Herbaspirillum,  Azospirillum, Burkholderia, Rhizobium,  Gluconacetobacter,
Enterobacter, entre outros. Gyaneshwar et al. (2011) sugerem que espécies de
Burkholderia fixadoras de nitrogénio devam ser classificadas em um novo género,
separando-as de espécies patogénicas que se associam aos humanos.

Herbaspirillum é uma bactéria diazotréfica endofitica isolada da rizosfera e
raizes de varias plantas incluindo arroz, milho, sorgo, trigo e cana de agucar (Saikia e
Jain, 2007), podendo colonizar os espacos intercelulares de raizes, caules e folhas sem
causar sintomas de doenca (Elbeltagy et al., 2001; Chubatsu et al., 2012). Outra bactéria
bastante estudada é Gluconacetobacter diazotrophicus, uma bactéria endofitica isolada
de cana-de-aclcar e de grande importancia para o crescimento desta cultura pelos
beneficios derivados da FBN (Sevilla et al., 2001).

Espécies de Azospirillum, outro género de bactérias diazotrdficas endofiticas
facultativas, exibem uma distribuicdo ecoldgica ampla e estdo associadas com uma
ampla diversidade de plantas, tais como trigo, arroz, sorgo e milho e véarias espécies nao
gramineas (Dobereiner e Pedrosa, 1987). No entanto, analises quantitativas da FBN em
casa de vegetacdo indicam que a contribuicdo de N fixado por A. brasilense nédo
desempenha um papel fundamental na promocgéao do crescimento de plantas (Spaepen et
al., 2008). Okon (1985) determinou a quantidade de nitrogénio fixado em arroz e trigo
utilizando o isétopo >N confirmando que a maior parte do nitrogénio fixado por

Azospirillum permanece dentro da sua prépria célula e no ambiente rizosférico.
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3.2. Producéo de sideroforo e disponibilidade de ferro

Embora o ferro seja o segundo metal (ap6s o aluminio) e o quarto elemento mais
abundante na crosta terrestre, apenas uma pequena fracdo esta disponivel para ser
utilizada pelos seres vivos. O ferro tem a capacidade de aceitar e doar elétrons
prontamente, interconvertendo-se entre a forma férrica (Fe**) e ferrosa (Fe®") (Benite et
al., 2002) podendo apresentar problemas de toxicidade e baixa solubilidade (Andrews et
al., 2003). E um micronutriente essencial para praticamente todos os organismos,
participando de varios processos fisiologicos tais como fotossintese, respiracéo,
transporte e consumo de H,, transporte de oxigénio, regulacdo génica, biossintese de
DNA, fixacdo bioldgica de nitrogénio, entre outros (Krewulak e VVogel, 2008).

O ferro, enquanto nutriente essencial e de modo geral, ndo esta prontamente
disponibilizado em ambientes terrestres ou em hospedeiros animais, apresentando-se
exclusivamente em sua forma oxidada (Fe**) (Benite et al., 2002). Por exemplo, em
solos aerados e com pH neutro - bem como em condicdes fisioldgicas - a solubilidade
do ferro é muito baixa (10 M) devido & rapida oxidacdo de Fe** para Fe** e a
subsequente formacéo de hidroxidos e dxidos insolaveis (Chipperfiel e Ratledge, 2000;
Andrews et al., 2003; Lemanceau et al., 2009). Entretanto, muitos micro-organismos
podem vencer esta limitagdo nutricional obtendo ferro através da utilizacdo de
quelantes, chamados sideréforos (Neilands, 1995; Andrews et al., 2003; Lemanceaun et
al., 2009). Em geral, as concentracfes minimas de ferro requeridas para muitas bactérias
sdo de 10°a 107" M para alcangar um 6timo crescimento (Andrews et al., 2003).

A biodisponibilidade do ferro microbiano é amplamente controlada pela
presenca de siderdforos, que sdo capazes de solubilizar hidréxidos de ferro do ambiente
e manter a concentracdo de ferro solivel em uma concentracdo Otima para o
crescimento microbiano (Boukhalfa e Crumbliss, 2002). Tal estrutura também pode ser
encontrada em algumas espécies de plantas como, por exemplo, em arroz (Ishimaru et
al., 2006). Além disso, alguns micro-organismos sdo capazes de captar sideroforos
exogenos, ndo produzidos por eles prdprios, desde que possuam proteinas de membrana
especificas (Lemanceau et al., 2009).

Siderdforos (do grego: “transportador de ferro”) sdo definidos como quelantes
organicos de baixo peso molecular (<1000 Da) com alta afinidade por Fe**, cuja funcdo
é seletivamente adquirir e mediar o transporte de ferro e a deposi¢do no interior das
células (Neilands, 1995; Benite et al., 2002; Krewulak e Vogel, 2008). Existem

aproximadamente 500 compostos, com diferentes estruturas, identificados como
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sideroforos (Boukhalfa e Crumbliss, 2002). Sideréforos podem ser classificados de
acordo com o grupo funcional utilizado como ferro-ligante (Andrews et al., 2003).
Exemplos de sider6foros mais conhecidos sdo a enterobactina (um catecolato) e
ferricromo (um hidroxamato).

O complexo ferro-sider6foro excede o tamanho das porinas, que constituem
canais aquosos que permitem a difusdo de pequenas moléculas hidrofilicas através da
membrana externa das bactérias Gram negativas, e, desse modo, requerem
transportadores especificos de membrana externa para entrar no espago periplasmico. A
via de captacdo de ferro via sideroforo depende de um receptor na membrana externa,
uma proteina ligante periplasmética e de um transportador na membrana interna,
transportador ABC (Krewulak e Vogel, 2008). Uma vez internalizado, o complexo Fe**-
sideroforo deve ser dissociado para liberar o ferro complexado para posterior utilizacdo
no metabolismo celular (Braun e Hantke, 2011). Este processo envolve a reducdo do
ferro associado ao sideroforo, resultando em dissociacdo devido a afinidade
relativamente baixa de sider6foros pela forma Fe?* (Andrews et al., 2003), podendo,
entdo, o sideréforo ser degradado ou exportado para posterior reutilizacdo (Braun e
Hantke, 2011).

Diversos trabalhos mostram que a excrecdo de sider6foros por bactérias da
rizosfera pode estimular o crescimento de plantas, melhorando a nutricdo das mesmas
ou por inibir o estabelecimento de patdgenos de plantas, decorrente do sequestro de
ferro do meio ambiente. A competicdo por ferro, mediada pela producéo de sideréforos,
é considerada como um mecanismo importante no biocontrole de patégenos (Weller,
1988; Beneduzi et al., 2012). Exemplos de PGPBs com esta atividade incluem
Pseudomonas putida e P. aeruginosa, que inibem o crescimento dos patdgenos de
tomate Fusarium oxysporum e Pythium, respectivamente (Vandendergh e Gonzalez,
1984; Buysens et al., 1995). Ao contrario dos fitopatdgenos microbianos, as plantas ndo
sdo prejudicadas com a deplecdo de ferro pelas PGPBs. Algumas plantas podem até
mesmo capturar o complexo ferro-sideréforo bacteriano, transportando-o e
disponibilizando ferro para suas células (Crowley et al., 1988). Siderdforos também
podem desencadear resisténcia sisttmica induzida (ISR, do inglés, induced systemic
resistance). Diferentes linhagens de Pseudomonas sp. sdo conhecidas por desencadear
ISR em plantas a diferentes micro-organismos, entre eles ao fungo Botrytis cinerea

causador de doencas em feijao e tomate (Hofte e Pahm, 2007).
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De acordo com Wei Jin et al. (2010) o estado nutricional das plantas, em
especial a deficiéncia de ferro, pode alterar a comunidade de micro-organismos
rizosféricos produtores de siderdforos. Estes autores submeteram plantas de Trifolium
pratense (trevo-vermelho) a estresse por falta de ferro e verificaram um nimero muito
maior de bactérias que secretavam sideroforos rapidamente (em até 24 h) quando
comparado com a condi¢do controle. Além da alta afinidade por ferro, sider6foros
apresentam afinidade por outros metais. Em estudo realizado com Azotobacter
vinelandii, Kraepiel et al. (2009), mostraram que esta bactéria excreta compostos
catecolatos, previamente identificados como sideroforos, que se ligam a uma variedade
de cofatores metais da nitrogenase (Mo, V e Fe). Este trabalho também sugere o papel
de sideréforos na detoxificacdo de metais toxicos (tungsténio, W), sendo que 0 processo
ocorre pela formacdo do complexo W-sider6foro, impedindo a captacdo através da
célula bacteriana. Dimkpa et al. (2009) mostraram que a presenca de metais, tais como
Al, Cd, Ni e Fe inibe a producéo de auxina em Streptomyces sp. No entanto, a sintese de
auxina é aumentada sob condi¢des produtoras de sider6foros. Esses mesmos autores
observaram que plantas de feijdo-caupi cultivado em solo contaminado com metais
pesados e inoculadas com filtrados de Streptomyces acidiscabies contendo sideréforos e
auxinas apresentaram um bom crescimento vegetal quando comparado com plantas
controle.

As bactérias geralmente regulam o metabolismo do ferro em resposta a
biodisponibilidade deste nutriente. Em excesso, o ferro € tdxico para as células.
Portanto, é necessaria uma regulacdo bastante controlada para garantir a demanda e
evitar a toxidez, sendo que mudancas na disponibilidade de ferro causam mudancas na
expressao de genes relacionados ao metabolismo do ferro (Rudolph et al., 2006). Fur
(Ferric uptake regulator) é uma metaloproteina dimérica caracterizada por apresentar
atividade repressora, reprimindo a transcricdo de seus genes-alvo quando interage com
seu co-repressor, o Fe** (Neilands, 1995; Andrews et al., 2003; Rudolph et al., 2006). O
aumento nos niveis de Fur também induz os sistemas de armazenamento de ferro, tais
como as ferritinas (Andrews et al., 2003). A homeostase do ferro é essencial para a
célula, uma vez que, em excesso, esse elemento pode ser deletério devido a associacao
com espécies reativas de oxigénio, através da reacdo de Fenton, gerando compostos
capazes de danificar os componentes celulares (Touati, 2000). Proteinas Fur controlam
a expressdo de mais de 90 genes em E. coli, reprimindo mais de 35 genes envolvidos na

aquisicdo de ferro em condic@es de suficiéncia de ferro (Andrews et al., 2003).
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3.3. Solubilizacéo de fosfato

O fosforo (P) é um nutriente essencial as plantas, participando como
componente estrutural dos acidos nucleicos, fosfolipidios, adenosina trifosfato (ATP),
sendo um elemento-chave de vias metabdlicas e bioquimicas e particularmente
importante para a FBN (Richardson e Simpson, 2011). Em geral, grande proporcao de P
estd presente em formas insollveis e, consequentemente, ndo esta disponivel para a
nutricdo das plantas. Os baixos niveis de P sdo devido a alta reatividade de fosfato
solGvel com outros elementos (Khan et al., 2007). Plantas s6 podem absorver P em duas
formas soltveis: a forma monobasica (H,PO4) e a forma dibasica (HPO,*) (Glass,
1989). Portanto, a disponibilidade de P depende da sua solubilidade, que pode ser
influenciada pela atividade das raizes das plantas e micro-organismos do solo.

As fontes de P disponiveis no solo sdo provenientes de compostos fosfatados
organicos - incorporado dentro da biomassa ou matéria organica do solo (Richardson e
Simpson, 2011), - e de compostos fosfatados inorganicos, principalmente na forma de
complexos minerais insoluveis (Rodriguez et al., 2006). Como menos de 5% do fosfato
total do solo encontra-se disponivel para as plantas (Dobbelaere et al., 2003), a adicéo
de fertilizantes fosfatados tornou-se uma pratica comum na agricultura moderna. Cerca
de 5 a 30% dos fertilizantes fosfatados aplicados aos solos s&o aproveitados pelas
plantas e uma parte significativa é reduzida por reagBes fisico-quimicas no solo
(Trolove et al., 2003), sendo rapidamente imobilizado, logo ap6s a aplicacéo, pelo ferro
e pelo aluminio em solos acidos (pH abaixo de 5), e por célcio em solos alcalinos (pH
acima de 7), tornando-se, assim, indisponivel para as plantas (Holford, 1997;
McLaughlin et al., 2011). Sob tais formas, o fosfato ndo é assimilado de forma eficiente
pelas plantas, demandando aplicacdo excessiva de adubos fosfatados nas areas de
cultivo. No entanto, estas alteracdes do solo, além de apresentarem alto custo, sdo
também consideradas uma potencial fonte de poluicdo ambiental (Shaharoona et al.,
2008). A eutrofizacdo é a principal preocupacdo ambiental relacionada com a aplicacdo
de fertilizantes fosfatos em excesso e posterior escoamento para 0s recursos hidricos
(Harris et al., 2005).

Os principais objetivos em gerenciamento de fosforo no solo sdo melhorar a
producdo de culturas, bem como minimizar a perda de P dos solos oriundos de
fertilizantes (Chen et al., 2006). O fornecimento de P para as plantas por meio de
inoculante bioldgico é uma alternativa sustentavel e viavel, ja que o P soltvel é liberado

a partir de reagdes de solubilizacdo de fosfatos insolveis no solo envolvendo diversos
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micro-organismos, como bactérias e fungos (Richardson e Simpson, 2011). Estima-se
que bactérias com potencial de solubilizagdo de fosfato constituem 10-50%, enquanto
fungos constituem 0,5-1% da populagdo total de micro-organismos cultiviveis do solo
(Chabot et al., 1993; Khan et al., 2007).

Bactérias solubilizadoras de fosfato sdo capazes de solubilizar compostos
inorganicos fosfatados pela producdo de &cidos organicos (Jones, 1998; Chen et al.,
2006; Rodriguez et al., 2006). A producdo de &cidos organicos por bactérias tem sido
bem documentada. Entre eles, o acido glucénico e o acido carboxilico sdo 0s mais
conhecidos (Rodriguez e Fraga, 1999). Tais acidos organicos atraves dos seus grupos
carbonil e hidroxil quelam os cétions (principalmente Ca) ligados ao grupo fosfato,
convertendo-os em formas sollveis captadas pelas plantas (Kpomblekou e Tabatabai,
1994), propiciando um melhor crescimento e maior rendimento das culturas (Khan et
al., 2007). Os micro-organismos solubilizadores de fosfatos desempenham um papel
importante na disponibilizagdo de diferentes formas inorganicas de fosfatos, tais como
fosfato de calcio, fosfato de aluminio e fosfato de ferro (Chabot et al., 1993).
Determinado micro-organismo pode solubilizar apenas fosfato de célcio, enguanto
outros ainda solubilizam outras formas, devendo-se levar em consideracdo que 0S
micro-organismos podem solubilizar esses fosfatos em diferentes intensidades (Doyle et
al., 1990).

Em relacdo a solubilizacdo de fosfato, a maioria das plantas cultivadas tem sido
positivamente afetada pela associacdo com a microbiota rizosférica. No estudo
desenvolvido por Qin et al. (2011), os autores observaram que todas as estirpes de
rizbios apresentaram atividade solubilizadora, especialmente para fosfato de calcio.
Além disso, em comparacdo com plantas ndo noduladas, as plantas noduladas tiveram
maior biomassa e contetdo de fdésforo. Do contrario, nem todas as bactérias com
capacidade de solubilizar fosfato aumentam o crescimento da planta pelo aumento da
disponibilidade P para as plantas hospedeiras. Por exemplo, De Freitas et al. (1997)
encontraram estirpes solubilizadoras de fosfato pertencentes ao género Bacillus e a
espécie Xanthomonas maltophilia isoladas de rizosfera de canola (Brassica napus L.)
gue apresentaram efeitos positivos sobre o crescimento vegetal, mas sem efeitos sobre o
contetdo de P, indicando que outro mecanismo foi o responsavel pela promocao do
crescimento vegetal.

Diferentes géneros bacterianos tém a capacidade de solubilizar fosfato

inorganico, como, por exemplo, Pseudomonas, Bacillus, Rhizobium, Burkholderia,
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Achromobacter, Agrobacterium, Micrococcus, Aereobacter, Flavobacterium e Erwinia,
sendo que as espécies pertencentes aos géneros Rhizobium, Pseudomonas e Bacillus séo
as solubilizadoras mais eficientes (Rodriguez e Fraga, 1999). Estudos com Bacillus
firmus (Datta et al., 1982) e Paenibacillus polymyxa (Gaur e Ostwal, 1972)
comprovaram 0 aumento na captacdo do fosforo em lavouras de arroz e trigo,
respectivamente, e o ganho de producdo apos inoculacdo destas bactérias.

Adicionalmente, o solo contém uma ampla gama de substratos organicos, o que
pode ser uma fonte de fosforo para o crescimento da planta. A solubilizacdo de
compostos fosfatados organicos ou mineralizacdo € caracterizada pela hidrolise de
substratos organicos para a liberacéo de ions ortofosfato (principalmente como H,PO,)
(McLaughlin et al.,, 2011). A mineralizacdo da maioria dos compostos fosfatados
organicos é realizada pela liberacdo de enzimas, tais como fosfatases (Richardson e
Simpson, 2011) e fitases (Rodriguez et al., 2006).

As bactérias do solo que expressam um nivel significativo de fosfatases acidas
incluem estripes dos géneros Rhizobium, Enterobacter, Serratia, Citrobacter, Proteus,
Klebsiella, Pseudomonas e Bacillus (Rodriguez e Fraga, 1999). Plantas geneticamente
modificadas de trevo (Trifolium subterraneum L.) expressando uma fitase fldngica
extracelular (de Aspergillus niger) nas raizes mostraram uma capacidade eficiente em
adquirir fosforo diretamente de fitato (Richardson e Simpson, 2011).

Além das bactérias solubilizadoras de fosfato citadas anteriormente, fungos
micorrizicos arbusculares também desempenham papel importante nos processos de
fornecimento de P para as plantas, atuando como extensdes do sistema radicular,
aumentando a area de absorcdo das raizes e a velocidade de absor¢do de P (Bolan,
1991). Plantas também possuem mecanismos capazes de influenciar a disponibilidade
de P no solo, tais como mudancas de pH da rizosfera, liberacdo de acidos organicos, de

fosfatases e de agentes quelantes (Hinsinger, 2001).

3.4. Producéo de auxina

Em plantas, os horménios vegetais, também conhecidos como fito-horménios ou
substancias de crescimento vegetal, sdo substdncias naturais que, em baixas
concentracgdes, influenciam a fisiologia da planta (Teale et al., 2006). Os reguladores de
crescimento vegetal podem ser classificados como auxinas, citocininas, giberilinas,
acido abscisico e etileno (Raven et al., 2001) e mais recentemente como jasmonatos e

salicilatos (Taiz e Zeiger, 2009). Diversas espécies bacterianas produzem auxinas como
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parte de seu metabolismo, incluindo o &cido indol-3-acético (AlA) e o acido indole-3-
butirico (AIB), ou os seus precursores. O AlA é a principal auxina de ocorréncia natural
e de maior relevancia fisioldgica (Spaepen et al., 2007; Jha e Saraf, 2012).

O fito-hormbénio auxina (do grego auxein: ‘“crescimento, aumento”) €
amplamente distribuido entre bactérias associadas a plantas, sendo que cerca de 80%
dos isolados bacterianos da rizosfera sédo capazes de produzir AIA (Patten e Glick,
2002; Spaepen et al., 2007). Muitas bactérias promotoras do crescimento sintetizam
AlA e seu efeito na planta mimetiza o do AIA enddgeno (Patten e Glick, 2002).
Entretanto, o AIA aparentemente ndo funciona como um horménio em células
bacterianas e sua producéo pelas bactérias pode ter surgido devido a sua importancia na
relacdo bactéria-planta. O alongamento das raizes primarias ou a proliferacdo de raizes
laterais, por exemplo, é vantajoso para plantas jovens devido ao aumento da habilidade
de se ancorar ao solo e obter 4gua e nutrientes do ambiente (Patten e Glick, 2002).

A sintese de fito-hormonios por bactérias da rizosfera depende da presenca de
precursores nos exsudatos radiculares de plantas. Entre os diferentes exsudatos, o
aminoéacido triptofano tem sido identificado como o principal precursor para a via de
biossintese de AIA em bactérias. A identificacdo de compostos intermediarios conduziu
a identificacdo de cinco vias diferentes usando triptofano como o precursor principal e
as diferentes vias para a sintese de AIA em bactérias apresentam um elevado grau de
semelhanca entre as vias de biossintese de AIA em plantas (Spaepen et al., 2007). Em
bactérias, a producdo de AlA pela via indol-3-piruvato (IpyA) tem sido descrita em uma
vasta gama de bactérias patogénicas ou ndo, tais como Pantoea agglomerans,
Bradyrhizobium, Azospirillum, Rhizobium, Enterobacter cloacae, entretanto, a maioria
das bactérias benéficas utilizam preferencialmente a rota IPyA. Em bactérias
fitopatogénicas, AIA é geralmente produzido a partir da via indol-3-acetamida (IAM)
com triptofano mono-oxigenase e indol-acetamida hidrolase como enzimas chaves.
Além dessas vias de sintese de AIA dependente de triptofano, a via triptamina (TAM)
foi identificada em Bacillus cereus, e a via oxidase da cadeia lateral do triptofano (TSO)
foi descrita em Pseudomonas fluorescens (Spaepen et al., 2007). Em Azospirillum
brasilense pelo menos trés vias biossintéticas foram descritas na producdo de AlA: duas
dependentes de triptofano (IAM e IpyA) e uma outra independente de triptofano
(Prinsen et al., 1993), sendo IpyA a mais importante (Spaepen et al., 2008).

A potencialidade de rizobios em estabelecer simbiose com leguminosas ja é bem

documentada, entretanto, estirpes bacterianas pertencentes aos géneros Rhizobium e
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Bradyrhizobium podem promover o crescimento de plantas ndo leguminosas (Biswas et
al., 2000). Os autores observaram que rizobios diazotréficos podem promover o
crescimento e o rendimento de grdos em arroz, possivelmente por mecanismos que
envolvem modificacBes na fisiologia e arquitetura das raizes, permitindo uma melhor
eficiéncia na obtencdo de &gua e nutrientes do ambiente. Adicionalmente, estudos
indicaram a importancia de AIA em eventos de nodulagdo (Spaepen et al., 2007). Por
exemplo, em ensaios de co-inoculagdo de feijdo com Azospirillum e Rhizobium foram
obtidos um maior nimeros de nodulos, um aumento na quantidade de nitrogénio fixado,
bem como um maior rendimento. Por outro lado, na utilizacdo de uma estirpe mutante
de Azospirillum para o gene ipdC, que produz apenas 10% do AlA, os resultados foram
insatisfatorios, indicando a importancia do AIA bacteriano no estabelecimento e
eficiéncia da simbiose (Remans et al., 2008).

Sendo o aminoéacido triptofano identificado como o principal precursor para a
via de biossintese de AlA, Kravchenko et al. (2004) estudaram o efeito do aminoécido
triptofano presente em exsudatos radiculares de tomate e rabanete sobre a producdo de
AIlA bacteriano e promocdo do crescimento de plantas. Estes autores sugerem que as
altas concentracdes de triptofano na rizosfera de rabanete induziram a sintese de AIA
bacteriano e assim, estimularam o desenvolvimento do sistema radicular. Por outro
lado, resultados negativos foram encontrados em experimentos com tomate, decorrentes
da baixa concentracdo de triptofano nos exsudatos radiculares.

Bactérias pertencentes ao género Azospirillum sp. produtoras de AIA
promoveram alteracfes no crescimento e desenvolvimento de plantas de trigo
(Dobbelaere et al., 1999; Akbari et al., 2007; Spaepen et al., 2008) e de girassol
(Ambrosini et al., 2012) mostrando o grande potencial deste género na promocao do
crescimento vegetal. Baudoin et al. (2010) observaram que estirpes geneticamente
modificadas de A. brasilense para a sintese de AIA inoculadas na rizosfera de trigo
foram eficientes na colonizagdo de raizes com densidades populacionais constantes ao
longo do tempo e ecologicamente funcionais, exercendo um papel fundamental na
promocao de crescimento vegetal.

Outra bactéria bastante estudada € Gluconacetobacter diazotrophicus, uma
bactéria endofitica isolada de cana-de-agUcar de grande importancia para o crescimento
desta cultura pelos beneficios derivados da FBN. Em condi¢bes de deficiéncia de
nitrogénio, plantas de cana-de-agucar inoculadas com uma linhagem selvagem de G.

diazotrophicus apresentaram um bom crescimento e conteGdo de N total maiores
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quando comparados com plantas inoculadas com uma linhagem mutante defectiva na
capacidade de fixar nitrogénio. Quando N ndo foi um fator limitante, a promogéo do
crescimento foi observada em plantas inoculadas com ambas as linhagens, sugerindo
que um efeito adicional é fornecido por G. diazotrophicus, sendo a producdo de AlA
um forte um candidato por influenciar o crescimento vegetal (Sevilla et al., 2001).

A resposta das plantas ao AlA liberado por micro-organismos pode variar de
efeitos benéficos (anteriormente citado) até efeitos deletérios. Xie et al. (1996) testaram
uma estirpe selvagem de Pseudomonas putida, que produzia cerca de 2 pg de AIA ml*
e 0 seu respectivo mutante, que produzia quatro vezes a mais a quantidade de AIA
sintetizado pela estirpe de tipo selvagem. Enquanto a primeira foi capaz de promover o
crescimento de raizes de canola, a segunda foi responsdvel pela diminuicdo do
crescimento.

Adicionalmente a sintese de auxinas, micro-organismos do solo sdo também
capazes de degrada-las. A capacidade por catabolizar o AlA estd bem caracterizada em
Bradyrhizobium japonicum (Jensen et al., 1995) e em Pseudomonas putida 1290
(Leveau e Lindow, 2005). P. putida 1290 utiliza AIA com fonte de carbono, nitrogénio
e energia e em experimentos de inoculacdo em rabanete foi eficiente em minimizar os
efeitos negativos de grandes concentragdes de AlA produzidas por bactérias patogénicas
como Rahnella aquaticus e Pseudomonas syringae. Neste contexto, micro-organismos
rizosféricos degradadores de AIA também podem ter um efeito positivo no crescimento

de plantas e impedir o ataque de patdgenos (Leveau e Lindow, 2005).

3.5. Atividade ACC deaminase e etileno

O etileno é um hormdnio vegetal gasoso produzido endogenamente que atua em
concentragdes muito baixas, participando da regulacdo de praticamente todos o0s
processos de crescimento, desenvolvimento e senescéncia das plantas (Shaharoona et
al., 2006; Saleem et al., 2007). As fungdes do etileno no desenvolvimento vegetal estéo
relacionadas basicamente no amadurecimento dos frutos, na diferenciacdo do
crescimento de parte aérea e raizes, quebra de dorméncia das sementes, inducdo de
florescimento, promocédo da absciséo de folhas, frutos e flores (Taiz e Zeiger, 2009).
Além de ser um regulador de crescimento da planta, o etileno também tem sido
identificado como um hormonio do estresse. Sob condi¢fes de estresses bidticos e
abioticos, a producdo enddgena de etileno € substancialmente acelerada e adversamente

interfere no crescimento das raizes e, consequentemente, no crescimento da planta como
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um todo (Shaharoona et al., 2006; Saleem et al., 2007). Por outro lado, 0 aumento nos
niveis de etileno em respostas a condi¢des de estresse pode ser um indutor de respostas
de defesa que ajudam a aumentar a sobrevivéncia da planta sob tais condic6es (Glick,
2005).

Uma série de enzimas tem sido investigada por ajudar na reducdo dos niveis de
etileno nas plantas. Certas PGPBs contém uma enzima vital, a 1-aminociclopropano-1-
carboxilato (ACC) deaminase, que regula a producdo de etileno vegetal através da
metabolizacdo de ACC nas raizes (precursor imediato da sintese de etileno em plantas
superiores) a &cido o-cetobutirico e aménia (Arshad et al., 2007; Saleem et al., 2007).
Esta enzima tem sido amplamente encontrada em varias espécies microbianas de
bactérias Gram negativas, bactérias Gram positivas e fungos (Saleem et al., 2007).

A descri¢cdo-modelo do modo de acdo de bactérias contendo ACC deaminase foi
precisamente e originalmente elaborada por Glick e colaboradores (in Glick, 2005). De
acordo com esse autor, uma parte significativa de ACC vegetal pode ser excretada das
raizes de plantas ou sementes, captada por micro-organismos do solo e hidrolisada pela
enzima ACC deaminase, diminuindo a quantidade de ACC no ambiente. Assim,
comunidades microbianas do solo com atividade de ACC deaminase podem apresentar
melhor crescimento quando associadas a raizes de plantas por serem capazes de utilizar
ACC como fonte de nitrogénio, em comparacdo com 0S outros micro-organismos do
solo. Bactérias contendo atividade de ACC deaminase podem ser Uteis na manutencao
do crescimento e desenvolvimento das plantas sob condi¢Ges de estresse, através da
reducdo da producdo de etileno (Arshad et al., 2007).

De acordo com a atividade de ACC deaminase que ¢é observada entre um micro-
organismo e outro, as bactérias podem ser conceitualmente divididas em dois grupos:
com alta ou baixa atividade da enzima. Organismos expressando alta atividade de ACC
deaminase associam-se de maneira inespecifica com uma variedade de superficies de
plantas. Este grupo inclui organismos de rizosfera e endofiticos, os quais podem agir
como um dissipador do ACC produzido em consequéncia do estresse. Por outro lado,
organismos expressando baixa atividade ACC deaminase ligam-se apenas a plantas
especificas e/ou sdo expressas apenas em certos tecidos, ndo diminuindo o nivel global
de etileno na planta, mas evitando um aumento localizado nos niveis de etileno. Este
grupo inclui os rizébios. Durante a infeccdo por rizobios ha uma pequena elevacéo nos
niveis de etileno nas raizes das plantas sendo exigida uma baixa atividade da enzima

(Glick, 2005; Saleem et al., 2007), e, assim, podendo facilitar a nodulagdo (Shaharoona
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et al., 2006). Shaharoona et al. (2006) demonstraram que a inoculacdo de leguminosas
com rizébios e PGPB apresentando atividade de ACC deaminase pode ser uma
abordagem eficaz e inovadora para alcangar a eficiéncia na nodulacédo em leguminosas.

Como citado anteriormente, a alta concentracdo de etileno em respostas a
estresses bioticos e abioticos leva a inibicdo do crescimento radicular e da planta com
um todo. Atualmente, a utilizacdo de PGPB apresentando atividade de ACC deaminase
na promogdo do crescimento e desenvolvimento das plantas sob condigdes de estresse
tém atraido muita atencdo dos pesquisadores.

A seca é uma dos principais estresses ambientais que limitam o crescimento das
plantas e a producdo agricola (Saleem et al., 2007). Em trabalho desenvolvido por
Arshad et al. (2008) os autores observaram que a inoculagdo com estirpes de
Pseudomonas putida e P. fluorescens apresentando atividade de ACC deaminase
eliminaram parcialmente os efeitos do estresse hidrico em ervilha (Pisum sativum L.). A
inoculacdo com PGPBs apresentando atividade de ACC deaminase teve impactos
positivos no crescimento de plantas de arroz sob condi¢Ges de estresse salino em
diferentes parametros, incluindo a porcentagem de germinacéo, crescimento das raizes e
parte aérea, teor de clorofila, bem como a reducdo da quantidade de etileno, quando
comparado com o controle ndo inoculado (Bal et al., 2013). Saravanakumar e
Samiyappan (2007) também observaram que Pseudomonas fluorescens com atividade
de ACC deaminase promoveu o crescimento vegetal de plantas de amendoim em
condicdes de estresse salino. Por outro lado, Jha et al. (2011) mostraram que a
combinacdo de Pseudomonas pseudoalcaligenes (bactérias endofitica) com Bacillus
pumilus (bactéria rizosférica) foi capaz de proteger plantas de arroz do estresse salino
por inducdo de osmoprotetores e antioxidantes, 0s quais sdo considerados como
marcadores bioguimicos e fisioldgicos de tolerancia a estresses. Além disso, as plantas
de arroz do tratamento controle (sem NaCl) inoculadas com estas bactérias
apresentaram resultados satisfatorios na promocdao de crescimento.

Trabalhos recentes mostram que bactérias com atividade de ACC deaminase
podem contribuir para a fitorremediagdo. A fitorremediacdo de solo e ambientes
aquaticos é coordenada pelo sistema radicular da planta. No entanto, o crescimento
radicular é frequentemente inibido por poluentes do solo, tais como metais pesados. A
producdo acelerada de etileno em resposta ao estresse induzido por contaminantes é
conhecida por inibir o crescimento das raizes e é considerada como a principal limitacéo

da eficiéncia da fitorremediacdo (Arshad et al., 2007). Neste enfoque, plantas
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inoculadas com bactérias com atividade de ACC deaminase ou plantas transgénicas que
expressam genes que codificam ACC deaminase podem regular os niveis de etileno e,
consequentemente, contribuir para um melhor desenvolvimento do sistema radicular.
Tal estratégia pode levar a uma maior captacdo de metais pesados ou rizodegradacdo de
xenobidticos (Arshad et al., 2007).

Por fim, para um melhor entendimento e o conhecimento da microbiota e das
fungdes que esta exerce quando em interacdo com as plantas, se faz necessario o uso de
técnicas que permitam o acesso as comunidades bacterianas. A adogdo de técnicas de
microbiologia e biotecnologia permite o conhecimento das comunidades bacterianas
associadas as plantas, bem como permite o estudo da interagdo entre micro-organismos
com diversas culturas. Devido a grande demanda de “tecnologias limpas”, a selecdo de
uma ou mais estirpes, que possam ser usadas eficientemente no aperfeicoamento da
producdo agricola e em beneficio da sustentabilidade ambiental, passa pelo isolamento
de micro-organismos e a sua caracterizacdo em busca de tracos fenotipicos desejaveis.

O manejo das interagdes microbianas solo-planta tem emergido como uma
ferramenta potente devido ao seu potencial biotecnolégico, evidenciado no aumento da
produtividade das culturas, possibilidade de reducéo dos custos de producédo ao diminuir
0 volume de adubos nitrogenados que sdo aplicados e melhor conservacdo dos recursos
ambientais (Shridhar, 2012). Uma das técnicas mais promissoras para reduzir 0s
impactos ambientais, bem como reduzir custos de producéo, é o uso de bioinoculantes -
também chamados de biofertilizantes - compostos por bactérias benéficas como
alternativa ao uso de fertilizantes. Devido ao sucesso das interacdes entre rizobios e
leguminosas e 0 uso dessas bactérias na agricultura, os estudos com PGPBs estdo sendo
cada vez mais intensificados na area de microbiologia agricola, sendo o conhecimento
da comunidade bacteriana que apresenta relacdo associativa com plantas de arroz o foco

desse trabalho.
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OBJETIVOS

1. Objetivo geral

O presente estudo teve como objetivo geral a caracterizacdo da comunidade
bacteriana cultivavel naturalmente associada ao cultivo de arroz no Estado do Rio
Grande do Sul, bem como a compreensédo da interacdo planta-bactéria na promogéo do
crescimento vegetal, a fim de que estirpes com potencial para a producéo de inoculante
possam contribuir para o aumento da produtividade e/ou a reducdo do uso de

fertilizantes nitrogenados nessa graminea.

2. Objetivos especificos

I. Acessar e caracterizar a diversidade de bactérias Gram negativas e Gram positivas de
solo rizosférico e raizes de arroz em diferentes localidades do Estado do Rio Grande do

Sul, por métodos microbioldgicos e moleculares;

Il. Avaliar a capacidade das linhagens bacterianas isoladas quanto a diferentes
habilidades de promocdo de crescimento vegetal, tais como a fixacdo bioldgica de
nitrogénio, producdo de compostos indolicos, producédo de siderdforos, solubilizacdo de

fosfato e atividade de ACC deaminase;

I11. Eleger as linhagens bacterianas com potencial para estimular o crescimento vegetal

e submeté-las a experimentos de inoculacdo, em camara de crescimento e campo;

IV. Avaliar a eficiéncia dos isolados na promocdo do crescimento das plantas e na

capacidade de minimizar os efeitos da toxidez por ferro;

V. Submeter as linhagens bacterianas promissoras a producdo de um produto

inoculante, visando a posterior utilizagdo deste no cultivo de arroz;
V1. Testar a eficiéncia do inoculante na promogéo do crescimento de arroz, a fim de que

esta tecnologia possa contribuir para o aumento da produtividade e a reducéo do uso de

fertilizantes nitrogenados para esta cultura.
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CAPITULO 1

The effect of plant growth-promoting rhizobacteria on the growth of rice (Oryza

sativa L.) cropped in southern Brazilian fields
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Abstract

Background and Aims Several strains of rhizobacteria
may be found in the rhizospheric soil, on the root
surface or in association with rice plants. These bac-
teria are able to colonize plant root systems and
promote plant growth and crop yield through a vari-
ety of mechanisms. The objectives of this study were
to isolate, identify, and characterize putative plant
growth-promoting rhizobacteria (PGPR) associated
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with rice cropped in different areas of southern
Brazil.

Methods Bacterial strains were selectively isolated
based on their growth on three selective semi-solid
nitrogen-free media. Bacteria were identified at the
genus level by PCR-RFLP 16S rRNA gene analysis
and partial sequencing methodologies. Bacterial iso-
lates were evaluated for their ability to produce indolic
compounds and siderophores and to solubilize phos-
phate. In vitro biological nitrogen fixation and the
ability to produce 1-aminocyclopropane-1-carboxylate
deaminase were evaluated for each bacterial isolate
used in the inoculation experiments.

Results In total, 336 bacterial strains were isolated
representing 31 different bacterial genera. Strains be-
longing to the genera Agrobacterium, Burkholderia,
Enterobacter, and Pseudomonas were the most prom-
inent isolates. Siderophore and indolic compounds
producers were widely found among isolates, but
101 isolates were able to solubilize phosphate. Under
gnotobiotic conditions, eight isolates were able to
stimulate the growth of rice plants. Five of these eight
isolates were also field tested in rice plants subjected
to different nitrogen fertilization rates.

Conclusions The results showed that the condition
of half-fertilization plus separate inoculation with
the isolates AC32 (Herbaspirillum sp.), AG1S5
(Burkholderia sp.), CA21 (Pseudacidovorax sp.),
and URS1 (Azospirillum sp.) achieved rice growth
similar to those achieved by full-fertilization
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without inoculation, thus highlighting the potential
of these strains for formulating new bioinoculants
for rice crops.

Keywords PGPR - Plant growth promoting
rhizobacteria - Plant yield - Nutrient uptake - Rice

Introduction

Bacteria in the soil are important in biogeochemical
cycles and have been used for crop production for
decades (Hayat et al. 2010). Root-colonizing plant-
beneficial bacteria, commonly referred to as plant
growth-promoting rhizobacteria (PGPR), are capable
of stimulating plant growth when cultivated in associ-
ation with a host plant (Vessey 2003; Hayat et al.
2010). These bacteria are associated with the rhizo-
sphere, the narrow zone of soil surrounding the root
that is under the immediate influence of the root system
(Dobbelaere et al. 2003) and that provides an important
soil ecological environment allowing plant-microbe
interactions (Hayat et al. 2010). The rhizosphere pro-
vides a rich source of energy and nutrients to the
bacteria resulting in higher bacterial diversity and larg-
er populations when compared with bulk soil (Gray
and Smith 2005). Likewise, rhizobacteria also secrete a
wide variety of metabolites into the rhizosphere that
are utilized by plants (Van Loon 2007).

Plant-microbe interactions in the rhizosphere are the
determinants of plant health and soil fertility (Hayat et
al. 2010). The degree of intimacy between PGPR and
the host plant can vary depending on where and how the
bacteria colonize the host plant, and the relationships
between PGPR and their hosts can be classified as either
rhizospheric or endophytic (Vessey 2003). In root endo-
phytic relationships, bacteria can colonize the internal
tissues of the plant by residing within the apoplastic
spaces between plant cells (Schulz and Boyle 20006).
In rhizospheric relationships, PGPR may colonize the
rhizosphere, the surface of the root, or even superficial
intercellular spaces (Vessey 2003).

PGPR are able to increase plant growth, accelerate
seed germination, improve seedling emergence
responses to external stress factors, protect plants from
disease, and promote root growth (Lugtenberg et al.
2002). PGPR can directly affect plant growth by (i)
fixing atmospheric nitrogen (performed by diazotro-
phic organisms); (ii) solubilizing minerals such as
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phosphorus; (iii) producing siderophores (iron
chelators); (iv) producing plant growth regulators
(hormones) such as indole acetic acid (IAA) (Selosse
et al. 2004; Vega 2007); and (v) producing the enzyme
1-aminocyclopropane-1-carboxylate (ACC) deami-
nase to reduce ethylene levels in the roots of develop-
ing plants, thereby increasing root length and growth
(Forchetti et al. 2007). Indirect stimulation occurs
when PGPR prevent the deleterious effects of phyto-
pathogenic microorganisms by producing sidero-
phores, (3-1,3-glucanase, chitinases and antibiotics
(Glick 1995; Glick and Pasternak 2003) or by induc-
ing systemic disease resistance (Tuzun and Kloepper
1994). Thus, PGPR are able to use different pathways
to promote plant growth at various stages during the
plant life cycle. The manner in which PGPR can
influence plant growth differs from species to species
as well as by strain (Glick et al. 1999). In the last few
decades, a large array of bacteria have been found to
possess plant growth-promoting properties, including
species of Pseudomonas (Ahmad et al. 2006), Azospir-
illum (Okon and Labandrera-Gonzalez 1994; Malik et
al. 1997; Ambrosini et al. 2012), Bacillus (Ahmad et
al. 2006; Beneduzi et al. 2008; Cakmakgi et al. 2007),
Klebsiella (Govindarajan et al. 2007; Farina et al.
2012), Herbaspirillum (Elbeltagy et al. 2001),
Burkholderia (Ambrosini et al. 2012; Farina et al.
2012), Enterobacter (Santi Ferrara et al. 2011; Ambro-
sini et al. 2012), and Achromobacter (Ambrosini et al.
2012).

Rice (Oryza sativa L.) is the most important cereal
crop and staple food for two-thirds of the world’s
population (Khush 2003; Yanni and Dazzo 2010).
Nitrogen is the most frequent limiting nutrient for
rice production, which requires 1 kg of nitrogen to
produce 15-20 kg of grain (Ladha and Reddy
2003). Consequently, rice production currently
depends on the large-scale use of chemical fertil-
izers, which pose an environmental hazard for rice-
producing areas (Wartiainen et al. 2008). However,
agricultural systems have changed to improve envi-
ronmental quality and avoid environmental degrada-
tion (Roesch et al. 2007). One popular approach of
integrated plant nutrient management systems is the
addition of biological agents to standard chemical
fertilization methods to improve crop yields. In this
regard, PGPR may have a potential role in the
development of sustainable systems for crop pro-
duction (Shoebitz et al. 2009), environmental
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soundness and the enhanced production of rice in
conjunction with the economical application of
chemical fertilizers (Yanni and Dazzo 2010). Al-
though PGPR have been extensively studied for
inoculation efficacy and possible contributions to
the growth and yield of rice, few studies support
the hypothesis that the use of PGPR could allow
feasible reductions in the use of chemical fertilizers.

Increases in productivity and yield per cultivated
area are still needed in Brazil to meet essential food
demands. Because rice is one of the most important
nutritional crops for the Brazilian population and stud-
ies on the interactions between PGPR and non-
leguminous plant species are of great agricultural im-
portance, this study aimed to (i) isolate and identify
putative PGPR strains associated with rhizospheric
soil and the roots of rice plants cropped in different
areas of southern Brazil, (ii) evaluate several plant
growth promotion (PGP) activities of the bacterial
isolates, (iii) select microbial strains with the potential
to stimulate plant growth, and (iv) test their PGP
abilities in a growth chamber and under field condi-
tions using rice.

Materials and methods
Sampling and sample preparation

Samples were collected from six different rice-
producing regions in the state of Rio Grande do Sul
(RS), Brazil, South America: Acegua [AC; 31°45'11"
S, 54°3'22"W], Arroio Grande [AG; 32°14'19"S, 53°
527"W], Cachoeirinha [CA; 29°56'51.9"S, 51°06
46.3"W], Santa Vitoria do Palmar [SVP; 33°31'08"S,
53°22'04"W], Uruguaiana [U; 29°45'18"S, 57°05'16"
W], and Viamao [VI; 30°04'51"S, 51°01'22"W]. The
rice cultivar analyzed was Puitda INTA CL for all
regions except Santa Vitoria do Palmar, where the
IRGA 425 cultivar was analyzed instead. Soil and rice
samples were collected at the flowering stage between
December 2010 and March 2011. Ten samples (0.5 kg
each) of fresh weight soil were collected from each
site down to a depth of 15 cm and bulked to obtain a
representative composite sample. Three sub-samples
(0.5 kg fresh weight) of soil from each region were
analyzed for pH, clay, P, K, Fe, exchangeable Al, Ca,
Mg, and organic matter (OM) content using standard
methods (Tedesco et al. 1995; Table 1).

Isolation of plant growth promoting bacteria

Bacteria with PGP characteristics were isolated
from rhizospheric soil and the roots of rice accord-
ing to the method of Dobereiner et al. (1995).
Rhizospheric and root endophytic bacteria were iso-
lated from five independent plants with adhering
(rhizospheric) soil that were spaced at least 2 m
away from each other. Samples were randomly
taken and bulked to obtain a representative com-
posite sample.

To isolate root-associated bacteria, root samples
were first sterilized by surface disinfection performed
by washing the roots in running tap water, followed
by a 70 % ethanol wash for 1 min, a sodium hypo-
chlorite solution (4 %, v/v) wash for 2 min, and five
serial rinses in sterilized distilled water. After disin-
fection, 10 g of roots from each sampling region was
sliced with a sterile scalpel and placed into 250 ml
Erlenmeyer flasks containing 90 ml of sterile saline
solution (0.85 % NaCl). Rhizospheric bacteria isolat-
ed from 10 g of rhizospheric soil from each sampling
region were also placed in 250 ml Erlenmeyer flasks
containing 90 ml of sterile saline solution. Both
rhizospheric soil and sliced roots samples were incu-
bated at 4°C with agitation (125 rpm) for 4-6 h.
Aliquots of 0.1 ml of three-fold serial dilutions were
inoculated, in triplicate, into vials containing 4 ml of
semi-solid N-free medium (NFb, LGI or LGI-P)
according to the procedures recommended by Ddber-
einer et al. (1995). After 7 days of incubation at 28°
C, those vials showing a veil-like pellicle near the
surface of the medium were considered positive and
were used to inoculate fresh vials containing the
same semi-solid N-free medium previously utilized.
The cultures from the positive vials were subjected
to further purification steps by streaking them onto
specific agar plates containing 20 mgl™' of yeast
extract and incubating them at 28°C for 3 days.
Immediately after incubation, one colony from each
plate was randomly selected and grown in liquid LB
medium (Sambrook and Russel 2001) at 28°C with
agitation (125 rpm). From each sampled region, 30
colonies of root-associated bacteria and 30 colonies
of rhizospheric soil bacteria (totaling 60 colonies
from each region) were isolated. These bacterial iso-
lates were individually analyzed by Gram-staining
and immediately stored in sterile glycerol solution
(50 %) at —20°C.
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Table 1 Abiotic soil characteristics of the sampling sites

Sampling sites Clay OMC pH P K Fe Cagye Algye
(%) (%) (H,0)  (mgdm>)  (mgdm®) (%) (cmol, dm™)  (cmol, dm ™)
1. Acegua 20 32 6.1 12.6 113 0.14 10.5 0.0
2. Arroio Grande 22 1.8 5.0 0.1 46 0.23 2.7 2.1
3. Cachoeirinha 29 1.9 5.2 10.8 41 0.22 2.7 0.5
4. Santa Vitoria do Palmar 19 2.6 5.8 10.8 77 0.03 5.6 0.0
5. Uruguaiana 29 3.5 5.5 0.9 70 0.78 11.5 0.1
6. Viamao 8 1.1 5.2 32 15 0.09 0.4 0.6

OMC organic matter content

exc exchangeable

Extraction of bacterial DNA

To extract DNA, 2 ml of each bacterial culture was
grown in LB medium, after which the cultures were
centrifuged for 5 min at 12,000 x g. The bacterial pellet
was rinsed with 700 pl of TES buffer (10 mM Tris pH
8.0,25 mM EDTA, 150 mM NacCl), re-centrifuged and
suspended in 500 ul of TE buffer (10 mM Tris pH8.0,
25 mM EDTA). Cells were lysed at 37°C with 20 mg
ml ™! lysozyme, 4 % sodium dodecyl sulfate and 20 mg
ml ™! proteinase K. The samples were homogenized for
30 s and incubated at 56°C for 15 min. To precipitate
cellular waste, 600 pl of ammonium acetate (§ M pH
8.0) was added, and the samples were kept on ice for
30 min and subsequently centrifuged for 20 min at
12,000 x g. Phenol-chloroform extraction and ethanol
precipitation were performed as described by
Sambrook and Russel (2001). The quality and integrity
of the DNA were determined by electrophoresis in
0.8 % agarose gels containing ethidium bromide and
visualized by UV light.

PCR amplification, RFLP analysis and partial
sequencing of the bacterial 16S rRNA gene

Partial sequences of the 16S rRNA gene (roughly
450 bp) from each isolate were amplified using the
primers U968 (AACGCGAAGAACCTTAC) and
L1401 (CGGTGTGTACAAGACCC) (Felske et al.
1997), which cover the region between nucleotides
968 and 1401 of the Escherichia coli 16S rRNA gene.
This fragment includes the variable regions V6 to V8
(Brosius et al. 1978). Extracted DNA (50 ng) was used
as a template in 25 pl reactions containing 20 uM of
each deoxynucleoside triphosphate, 0.3 uM of each
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primer, 2 mM MgCl, and 2 U of Taq polymerase
(Invitrogen®) in 1X Taq buffer. The reactions were
performed using the PCR Express Temperature Cy-
cling System (Thermo Hybrid) under the following
conditions: an initial denaturation step at 94°C for
5 min followed by 30 cycles at 94°C for 45 s, 52°C
for 45 s, 72°C for 45 s and one cycle at 72°C for
10 min for final elongation. PCR products were ana-
lyzed by electrophoresis in 1 % agarose gels contain-
ing ethidium bromide and visualized under UV light.

Aliquots (5 pl) of each PCR product were directly
used for restriction enzyme cleavage (Haelll and
Mspl) and incubated at 37°C for 16 h to ensure the
complete digestion of the PCR product. RFLP analysis
was performed by electrophoresis in a 10 % polyacryl-
amide gel stained with silver nitrate (Sambrook and
Russel 2001). The gels were run for 3 h at 200 V in 1
X Tris-borate-EDTA buffer and stained for 30 min in
silver nitrate. This procedure was repeated at least
twice for each sample to verify the consistency of the
patterns. The complete restriction profiles obtained
were used to distinguish each isolate. The RFLP band-
ing profile was transformed into a two-dimensional
binary matrix, where 1 was assigned for the presence
and O for the absence of a band. Data were subjected to
diversity analysis using the PAST software (Hammer
et al. 2001; available at http://folk.uio.no/ohammer/
past/) and by the UPGMA algorithm and Jaccard
coefficient. One dendrogram showing the genetic rela-
tionships among the isolates was constructed for each
geographical region studied.

One representative bacterial isolate from each clus-
ter obtained from the 16S rDNA PCR-RFLP was
chosen for partial sequencing of the 16S rRNA gene.
Sequencing was performed using an ABI PRISM
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3100 Genetic Analyzer automatic sequencer (Applied
Biosystems) at the ACT Gene Laboratory (Centro de
Biotecnologia, UFRGS, RS, Brazil) using forward and
reverse primers as described by the manufacturer. Se-
quence analysis was performed using the BioEdit ver-
sion 7.0.9.0 software (Hall 1999) to verify sequence
quality and to check for possible chimeric origins.
DNA sequences (approximately 450 bp) were com-
pared with sequences from EzTaxon Server version
2.1 (Chun et al. 2007, available at http://www.eztaxon.
org/) and GenBank using the BLASTN software
(http://blast.ncbi.nlm.nih.gov/). The nucleotide
sequences of the 95 partial 16S rRNA gene segments
determined in this study have been deposited in
GenBank (accession numbers JQ965549 to JQ965644).

To generate a phylogenetic tree, the sequences
obtained in this study were combined into a database
with other 16S rRNA gene sequences retrieved from
GenBank. Multiple sequence alignments were per-
formed using the ClustalX 1.83 software (Thompson
et al. 1997). The evolutionary tree for the data set was
inferred using the neighbor-joining method (Saitou
and Nei 1987) and the Molecular Evolutionary Genet-
ic Analysis software version 4 (MEGA 4.0; Tamura et
al. 2007) based on 1,000 reassemblings.

Diversity

The diversity index (H’; Shannon and Weaver 1949)
was estimated based on dendrograms for each sampled
site by counting the number of clusters at the 70 %
similarity level and the number of taxa within each
cluster (Borges et al. 2003; Kaschuk et al. 2000).
Principal component analysis (PCA) was used to ver-
ify correlation between soil properties and rhizo-
spheric bacterial diversity (Rico et al. 2004). All
variables were normalized using division by their
standard deviations and the eigenvalues and eigenvec-
tors of the correlation matrix were calculated, as well
as the percentages of variance accounted for each
component. The A’ and PCA were computed using
the PAST software (Hammer et al. 2001).

Evaluation of the characteristics that promote plant
growth

The PGP capacity of the bacterial isolates was evalu-
ated by in vitro tests. The production of indolic com-
pounds (IC) and siderophores and the ability to

solubilize phosphate were determined for all bacterial
isolates. Assays for in vitro biological nitrogen fixa-
tion and the metabolism of 1-amino-cyclopropane-1-
carboxylic acid (ACC) were then performed for the
eight bacterial isolates selected for in vivo experi-
ments. Bacterial suspensions (10 pl of 10 CFUmI™")
of each isolate grown in LB medium at 28°C with
agitation (125 rpm) for 48 h were used as inocula for
the PGP experiments. The production of IC and side-
rophores and the phosphate solubilization capacity
were determined as described by Ambrosini et al.
(2012). The nitrogen-fixing ability of the isolates was
tested using the acetylene reduction assay (ARA) as
described by Boddey (1987) and Ambrosini et al.
(2012).

The ACC deaminase activity was evaluated by the
ability of the isolates to use ACC as a nitrogen source
and was determined according to Penrose and Glick
(2003). Bacterial suspensions were washed three times
in sterile saline solution. The bacteria were then inoc-
ulated onto plates containing 25 ml of DF salts medi-
um with ACC (0.5 M). Inoculated plates without ACC
were used as a negative control. All plates were incu-
bated at 28°C for 5 days and examined every day.

In vivo experiments on plant growth promotion
by native PGPR isolates

Bacterial isolates demonstrating different PGP character-
istics were tested in experiments with rice (Oryza sativa
L.) in a growth chamber and under field conditions.

Growth chamber assay

The growth chamber experiment was conducted with a
photoperiod cycle of 14 h light at 28°C and 10 h dark
at 20°C. The experimental units consisted of pots
(15%20 cm) sterilized with 0.7 % sodium hypochlorite
solution and filled with sterile vermiculite before seed-
ing. Rice seeds (cultivar Puitd INTA CL) were surface-
disinfected by washing them in 70 % ethanol for
1 min, followed by a 5 min wash with sodium hypo-
chlorite solution (4 %, v/v) containing three drops of
Tween 80 and five serial rinses in sterilized distilled
water. The sterilized seeds (two seeds per pot) were
planted 2 cm below the soil surface and immediately
inoculated with different isolates. Eight bacterial iso-
lates were grown in LB medium with agitation
(125 rpm) for 48 h at 28°C, and pure bacterial cultures
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were centrifuged and diluted to a final concentration of
105CFUmI ™" in sterile saline solution. Seeds were
inoculated with 2 ml aliquots of the cell suspensions
by direct irrigation of the substrate. The treatments
were as follows: (a) AC32, (b) AC60, (c) AGILS5 (d)
CAl, (e) CA6, (f) CA21, (g) CAS6, (h) URS1 and (j)
non-inoculated control. The experiment consisted of
sixteen replicates per treatment and a completely ran-
domized design; all treatments were treated once with
Hoagland’s nutrient solution according to Ambrosini
et al. (2012). Plants were irrigated every 2 days with
distilled water lacking micro or macronutrients. The
experiment was maintained for 30 days, after which
several parameters were evaluated. Plants were har-
vested and length data were recorded. Shoots and
roots were dried at 65°C to constant weight to evaluate
dry matter. All shoot dry matter from each treatment
was combined for elemental analysis. Shoot nutrient
content was determined by the Kjeldahl method
(detection limit 0.01 %) for N and nitric-perchloric
wet digestion/ICP-OES (Inductively Coupled
Plasma—Optical Emission Spectrometry; detection
limit 0.01 %) for P and K. The nutrient content of
the plants was estimated for each treatment through
uptake per gram of plant tissue multiplied by total
yield per treatment [(yield) X (percent nutrient per
gram of plant tissue)] (Adesemoye et al. 2009).

Field assay

The field experiment was conducted in Cachoeira do
Sul [CS; 30°0220"S, 52°53'38"W, RS, Brazil] con-
currently with the growth chamber experiment. Five
isolates (AC32, AG15, CA21, CA56, and URS1) were
tested under field conditions. Each isolate was grown in
LB medium with agitation (125 rpm) for 48 h at 28°C to
a final concentration of 105CFUmI'. Rice seeds were
then inoculated with each bacterial suspension for
30 min at room temperature. Control seeds were treated
in the same manner with uninoculated LB medium. The
experiment was conducted in a completely randomized
design with four plots per treatment. The experimental
units were 1.5%5 m. Soil preparation, fertilizer base,
sowing and other treatments were conducted as recom-
mended for the cultivar (Sociedade Sul-Brasileira de
Arroz Irrigado 2010). The experiment consisted of the
following treatments: (1) absence of nitrogen fertilizer
with and without inoculation; (2) mineral nitrogen sup-
plied at the recommended dose for the culture (120 kg
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urea ha™") with and without inoculation; and (3) half the
recommended dose of mineral nitrogen (60 kg urea
ha™') with and without inoculation. The soil used in
the experiment contained 9.5 mgdm > of phosphorous
(P), 101 mgdm " of potassium (K), 2.8 mgdm > of iron
(Fe), 0.6 cmol, dm > of aluminum (Al), 3.0 cmol, dm >
of calcium (Ca), 24 % clay, and 1.7 % organic matter
(OM), and presented a pH of 5.0. The parameters eval-
uated were plant height, shoot dry matter, shoot nutrient
content, number of panicles per square meter, and grain
yield.

Statistical analysis

Data were statistically analyzed using one-way
ANOVA and means were compared using Tukey’s test
(P=0.05 %).

Results
Isolation and identification of putative PGP bacteria

Bacteria possessing PGP characteristics were isolated
from the rhizospheric soil and roots of rice plants
collected from six different rice-producing regions of
the state of Rio Grande do Sul, Brazil. In total, 336
bacterial strains were selectively isolated based on
their growth in three selective semi-solid nitrogen-
free media, NFb, LGI, and LGI-P. These selective
media were used as a discriminating strategy to select
putative nitrogen-fixing and plant growth-promoting
rhizobacteria.

Bacteria were identified at the genus level by ana-
lyzing the PCR-RFLP patterns of the 16S rRNA gene
using two restriction enzymes, Haelll and Mspl,
which allowed the construction of a dendrogram for
each sampling site (data not shown). Overall, 31 dif-
ferent bacterial genera with a relationship to rice were
identified from partial sequencing of the 16S rRNA
genes of representative isolates (Table 2).

Among the 31 genera described in Table 2, the
most prominent bacterial isolates were species of
Agrobacterium, Burkholderia, Enterobacter, and
Pseudomonas genera. In the rhizospheric soil of rice,
the most abundant genera recovered were Burkholde-
ria (59 isolates), Enterobacter (42), Pseudomonas
(18), and Agrobacterium (10). These same genera
were also the most prevalent among root-associated
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Table 2 Distribution of bacterial genera and the Shannon diversity index (/) at each sampling site

Bacterial genus Percentage of bacterial genera from the sampling sites *

ACP® AGP® CA® sv?® UR?® A%

1 2 1 2 1 2 1 2 1 2 1 2

Achromobacter - 15.4 - - - - - - - 34 - -
Acinetobacter - 3.8 - - - - - - - - - -
Agrobacterium 15.4 3.8 3.4 13.3 3.7 - 7.7 3.7 6.6 6.9 - -
Azospirillum - - - - - - - - - 6.9 - -
Bordetella - - - - - - - - - - - 33
Brevundimonas - 3.8 - - 3.7 - - - - - - -
Burkholderia 19.2 26.9 44.9 - 44.4 62.9 19.2 3.7 20 10.3 62.1 53.3
Caulobacter - - - - - - - - 33 - - -
Cedecea - - - - - - - - - 6.9 - -
Chryseobacterium - 3.8 - - - - - - - - - -
Cronobacter - - - - - - - - - - - 10
Devosia 3.8 - - - - - - - - - - -
Duganella - - - - - - 7.7 - - - - -
Enterobacter 30.8 23 37.4 66.6 - - 30.7 81.5 46.7 37.9 - 20
Herbaspirillum - 3.8 34 - - - - - - - - -
Ideonella - - - - - - - - 33 - - -
Klebsiella 3.8 - - - - - - - 33 - 6.9 6.6
Massilia - — - — - - — - — 34 - -
Paenibacillus - - - - 3.7 - - - - - - -
Pandoraea - - - - 11.1 - 3.8 - - - 34 -
Pantoea - — - - 14.8 14.8 3.8 - - 34 17.2 -
Pigmentiphaga - - - - - - - - 33 - - -
Pseudacidovorax - - - - 3.7 3.7 - - - - - -
Pseudomonas 23.1 3.8 - 33 7.4 11.1 26.9 7.4 6.6 34 3.4 6.6
Rhizobium 3.8 7.7 - - - 3.7 - 3.7 - 16.6 - -
Rhodococcus - - - - 3.7 - - - - - - -
Roseateles - - - - - - - - 33 - - -
Salmonella - - - - - - - - - - 34 -
Sphingobacterium - 3.8 - - - - - - - - - -
Sphingomonas - - - 16.6 - - - - - - - -
Stenotrophomonas - - 10.3 - 3.7 3.7 - - 33 - 34 -
H 2.14 1.72 1.55 1.75 2.49 1.46

(=) = not identified
# Sampling sites: AC Acegud; AG Arroio Grande; CA Cachoeirinha; SV Santa Vitoria do Palmar; UR Uruguaiana, and V7 Viamio

® Bacterial genera isolated from: 1: rhizospheric soil, and 2: roots

bacteria, although in roots, Enterobacter strains were Cachoeirinha, respectively. In these same regions, the
more abundant (65) than Burkholderia strains (44). results indicated that Burkholderia strains represented
Agrobacterium and Enterobacter strains were not more than 50 % of all bacterial isolates that were
found in samples collected from Viamdo and found in both rhizospheric soil and the roots of rice.
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It was observed that Burkholderia and Pseudomonas
were present in all six sampling regions, whereas
Enterobacter was identified in only five sampling
regions. Thus, these three genera could be considered
dominant in their association with rice plants. Other
genera that were found in association with the roots
and rhizospheric soil of rice plants include Herbaspir-
illum, Klebsiella, Pantoea, Rhizobium, and Stenotro-
phomonas. It should be noted that some genera were
found in only one environmental site: isolates of
Achromobacter, Acinetobacter, Azospirillum, Cedecea,
Cronobacter, and Sphingomonas were found in the
roots of rice whereas isolates of Devosia, Duganella,
Ideonella, Paenibacillus, Pigmentiphaga, Rhodococ-
cus, Roseateles, and Salmonella were found only in
rhizospheric soil samples.

Of the identified bacteria, eight strains were further
selected for the growth chamber experiment, and five
strains were selected for the field experiment. The
selection was based on their PGP characteristics and
their taxonomic identification. According to the partial
sequences of the 16S rRNA gene, the phylogenetic
tree showed that the bacterial strains identified as
CAl, CAG6, and AGI15 belonged to Burkholderia,
AC32 to Herbaspirillum, CA21 to Pseudacidovorax,
AC60 to Acinetobacter, CA56 to Rhizobium, and
URS1 to Azospirillum genera (Fig. 1).

Principal coordinate analysis (PCA) was used to in-
vestigate the relationships between rhizospheric bacterial
diversity (H’) and abiotic soil parameters (Fig. 2). The
first two dimensions of the PCA explained 84.61 % of
the total variation. Component 1 accounting for 57.18 %
of total variation and separated Al, on the left side, from
all other variables. Component 2 represented 27.43 % of
total variation and separated P, pH and K on the lower
side of the plot. PC1 was positively loaded with Fe, clay,
H’, Ca, OMC, K, P, and pH and negatively loaded with
Al. PC2 was positively loaded with Al, Fe, clay, H’, Ca,
and OMC and negatively loaded with K, pH, and P. High
genetic diversity was found in Acegua (H’=2.14) and
Uruguaiana (H’=2.49). Arroio Grande (H’'=1.72),
Cachoeirinha (H’=1.55), Santa Vitéria do Palmar (H'=
1.75), and Viamao (H’=1.46) presented lower diversity
indices (Table 2). This analysis showed that the soil
factors Fe, clay, Ca, and OMC were more related to
rhizospheric bacterial diversity in general. Moreover,
no differences were found between the genera identified
when compared the IRGA 425 cultivar (Santa Vitoria do
Palmar) and Puita INTA CL cultivar (other regions).
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PGP attributes of the bacterial isolates

The production of IC and siderophores and the ability
to solubilize phosphate were analyzed for the 336
strains isolated from the roots and rhizospheric soil of
rice in each sampled region (Table 3). One of the most
evident characteristics among all of the isolates was the
production of plant hormones; 329 of the isolates were
able to synthesize IC, which can act as a phytohormone
for plant growth. The production of IC ranged from
0.38 to 307.73 ug IC ml™", and of the 329 IC pro-
ducers, 13 produced more than 100 pug IC ml ™" in vitro
after 72 h of incubation. The majority of the isolates
(284) were also able to produce siderophores, which
most likely aid the plant in acquiring iron. Notably,
isolates belonging to Enterobacter and Burkholderia
produced the highest levels of indolic compounds and
siderophores. Additionally, 101 isolates were able to
solubilize phosphate; these isolates belonged to
Burkholderia, Cedecea, Cronobacter, Enterobacter,
Pantoea, and Pseudomonas and were all identified as
good phosphate-solubilizing strains. Burkholderia had
the highest number of phosphate-solubilizing strains.
Moreover, the rhizospheric soil and rice roots obtained
from Cachoeirinha, Uruguaiana, and Viamao showed
the highest number of phosphate-solubilizing strains
when compared to the other regions.

Many of the 336 bacterial strains isolated in this
study possessed more than one PGP attribute: 284
isolates were able to produce IC and siderophores, 101
were able to produce IC and solubilize phosphates, 96
were able to produce siderophores and solubilize phos-
phates, and 96 were able to produce IC and siderophores
and solubilize phosphates at the same time. Again,
Burkholderia isolates were more likely to simultaneous-
ly present more than one PGP attribute.

The in vitro assays for biological nitrogen fixation
and the ability to metabolize ACC were performed for
eight of the bacterial isolates. These isolates were
selected based on their taxonomic identification and
PGP attributes for use in inoculating rice seeds for the
growth experiment (Table 4).

The growth-promoting effect of the bacterial treatment
of rice in the growth chamber assay

To test the interaction between PGPR and rice, an in
vivo experiment was conducted with eight selected
isolates and a growth chamber (Table 4). Under
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Fig. 1 Phylogenetic tree for
the partial sequences of the
16S rRNA gene showing the
relationships among PGPR
isolated from rice (AC32:
Herbaspirillum sp., AG15,
CA1 and CA6: Burkholde-
ria sp., CA21: Pseudacido-
vorax sp., CA56: Rhizobium
sp., and URS1: Azospirillum
sp.) and related genera. The
database accession numbers
are indicated after the bac-
terial names. The sequences
obtained in this study are
shown in bold

0.10 0.08

growth chamber conditions, most of the selected iso-
lates used for the inoculation of rice resulted in satis-
factory effects on plant growth (Table 5). The rice
inoculated with AC32, CA1, CA6, CA21, and CA56
presented significantly higher results than the

Fig. 2 Principal component
analysis (PCA) of the diver-
sity indexes (/") of the six
sampling sites (Acegua,
Arroio Grande, Cachoeirinha,
Uruguaiana, Santa Vitéria do
Palmar, and Viamao) in rela-
tion to different soil properties
(clay, organic matter content
(OMCQ), pH, P, K, Fe, Ca, and
Al). Principal component 1
and component 2 accounted
for 57.18 % and for 27.43 %
of the total variation,
respectively
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Herbaspirillum seropedicae (HQ219859)

Herbaspirillum seropedicae (AF164062)
Herbaspirillum seropedicae (AY191275)
AC32 (JQ965554)
CA21 (JQ965582)

P, S Al ;
P rax inter

dius (EF )9)
Comamonas terrigena (AJ430342)
Comamonas aquatica (AJ430344)
Acinetobacter baylyi (AF509820)

AC60 (JQ965549)

Acinetobacter soli (EU290155)
Acinetobacter parvus (AJ293691)

CA56 (JQ965590)

Rhizobium oryzae (EU056823)

Rhizobium rhizogenes (D14501)

Rhizobium miluonense (EF061096)
Azospirillum zeae (DQ682470)

Azospirillum oryzae (AB185396)
URS51 (JQ965619)
Azospirillum lipoferum (229619)

0

uninoculated control plants in terms of shoot length
and dry shoot biomass. These same bacterial isolates
also promoted a significant increase in the dry root
weight of rice when compared with the uninoculated

control plants.
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Table 3 Number of isolates, siderophore production, phosphate solubilization, and indolic compound (IC) production by bacterial

isolates at each sampling site

Source * Number of isolates Siderophore production b Phosphate solubilization IC production (ugmrl)
+ ++ + ++ 0.1-50 51-100 >100

AC-1 26 1 22 1 0 22 3 1
AC-2 26 5 13 5 2 23 3 0
AG-1 29 3 22 6 6 19 9 1
AG-2 30 20 2 0 0 28 2 0
CA-1 27 2 22 4 1 18 3 4
CA-2 27 5 21 13 1 26 1 0
SV-1 26 0 21 0 0 16 2 5
SV-2 27 2 25 4 0 24 1 2
UR-1 30 3 19 9 5 26 3 0
UR-2 29 9 12 10 0 25 4 0
VI-1 29 6 20 8 7 29 0 0
VI-2 30 4 25 17 2 29 0 0
Total 336 284 101 285 31 13

* Sampling sites: 4C Acegud; AG Arroio Grande; CA Cachoeirinha; SV Santa Vitéria do Palmar; UR Uruguaiana, and VI Viamio.

Bacterial strain isolated from: 1-rhizospheric soil, and 2—roots

° Development of a yellow, orange or violet halo around the bacterial colony was considered to be positive for siderophore production.
The size of halo was evaluated to obtain a estimative of degree of siderophore production: halos from 0.1 cm to 0.6 cm (+) and halos

higher than 0.6 cm (++)

¢ Development of a halo around the bacterial colony was considered to be positive for phosphate solubilization. The size of halo was
evaluated to obtain a estimative of degree of phosphate solubilization: halos from 0.1 cm to 0.6 cm (+) and halos higher than 0.6 cm (++)

With respect to plant nitrogen content, the inocula-
tion of rice with AC32, CA1, CA6, CA21, and CA56
resulted in enhanced N uptake by the rice plants
(values ranged from 70 % to 100 %) when compared
with the uninoculated control plants. Moreover, simi-
lar results were observed for the uptake of P and K
using the same isolates (Fig. 3).

Field plant assay

To corroborate the results obtained in the growth cham-
ber, a field experiment was conducted with five of the
isolates (AC32, AG15, CA21, CA56, and URS1) and
different nitrogen fertilization conditions (0, 50, and
100 % N). The results of inoculation of rhizobacteria on
shoot growth are shown in Table 6 and Supplementary
Material, Table SM-1. With respect to shoot length, rice
plants treated with CA21 plus 50 % N fertilizer were
statistically equivalent to plants that received 100 % N
without inoculation (Table 6). Furthermore, the results
showed no differences between the five isolates and the
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non-inoculated control in terms of shoot length for plants
that received 50 % N fertilizer (Table SM-1). Plants
inoculated with strains AC32, AG15, and CA21 plus
50 % N fertilizer presented the same results as those that
received 100 % N fertilizer without inoculation, in terms
of dry shoot biomass (Table 6). No differences in shoot
dry matter were seen for inoculated plants receiving 50 %
N fertilizer and non-inoculated plants receiving the same
N dose (Table SM-1). It should be highlighted that the
dry shoot matter of URS51-inoculated plants receiving
50 % N fertilizer was significantly higher than plants
receiving 100 % N fertilizer and this PGPR (Table
SM-1).

Bacterial inoculation and N fertilization rates signifi-
cantly influenced the number of panicles and the yield of
the rice plants in the field assay (Table 6; Table SM-2).
Treatments with all five strains plus 50 % N fertilizer
resulted in the same number of panicles when compared
with 50 % and 100 % non-inoculated controls (Table 6),
and strains AC32, AG15, and URS51 plus 50 % N fertil-
izer presented results statistically similar to those
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Table 4 Identification and PGP attributes of selected isolates

Isolates ©  16S rDNA Phosphate Siderophore  IC production =~ ARA (nmol C,H;  ACC deaminase
sequence ° solubilization ~ production (ugml™")© mg protein h™") © activity
AC32 Herbaspirillum sp. - + 64.22 9.6 -
(99 %)

AC60 Acinetobacter sp. (99 %) + - 59.62 19.2 -
AGI15 Burkholderia sp. (99 %) + + 4.11 207 -

CAl Burkholderia sp. (99 %) - + 8.27 21 +

CA6 Burkholderia sp. (99 %) - + 47.19 18.6 -
CA21 Pseudacidovorax sp. (99 %)  — + 5.84 9.0 -
CA3S6 Rhizobium sp. (97 %) - + 33.68 Nd -
URS1 Azospirillum sp. (99 %) + + 27.76 324 -
Control A. brasilense Sp7 nd nd nd 10081.8 nd

nd (not determined); /C (indolic compounds); ARA (acetylene reduction assay)

# Bacteria isolated from: AC32 (roots/Acegud); AC60 (roots/Acegud); AG15 (rhizospheric soil/Arroio Grande); CA1 (rhizospheric
soil/Cachoeirinha); CA6 (rhizospheric soil/Cachoeirinha); CA21 (rhizospheric soil/Cachoeirinha); CA56 (roots/Cachoeirinha); URS1

(roots/Uruguaiana)

® Identities (in parentheses) are based on comparison with the GenBank database using the BLASTN program

¢ Results represent the means of three experiments conducted separately under identical conditions

obtained with 100 % N with inoculation (Table SM-2).
Comparison of the results obtained for rice yield with
strains URST plus 50 % N fertilizer were statistically
similar to those obtained with 100 % N fertilizer without
PGPR (Table 6).

The potential role of PGPR in the promotion of rice
growth was also evaluated using the concentration of N,
P and K accumulated per gram of rice shoot tissue

(Table 7; Table SM-3). The uptake of all three elements
increased significantly when rice plants were inoculated
with PGPR under different amounts of nitrogen fertilizer.
The amount of N found in rice plants receiving 50 % N
fertilizer plus inoculation with the isolates AC32, AG15,
CA21, and CAS56 was statistically similar to the results
obtained with 100 % N without inoculation (Table 7).
Similar results were found for the uptake of P and K in

Table 5 The effect of the inoculation of native PGPR on the promotion of rice growth under growth chamber conditions

Root growth

Length (cm)

Dry matter (mg)

Isolates* Shoot growth

Length (cm) Dry matter (mg)
AC32 26.23 (£1.75) ab 54.5 (+6.44) bed
AC60 25.33 (+£1.35) be 50.9 (#5.15) cd
AG15 23.06 (£2.05) d 46.5 (£7.46) d
CALl 27.31 (£1.85) a 65.9 (£13.00) a
CA6 26.91 (£1.60) ab 64.2 (+8.55) a
CA21 25.73 (+1.97) ab 61.1 (£9.02) ab
CA36 25.77 (£1.37) ab 58.6 (£7.96) abc
URS51 23.53 (£2.40) cd 51.3 (¢8.46) cd

Non-inoculated

2038 (+0.99) e

33.7 (+4.84) ¢

23.22 (+3.67) abe
21.86 (+3.49) abe
24.25 (+3.08) ab
20.83 (+3.23) be
22.25 (+3.54) abe
23.59 (+3.29) abe
2020 (£2.62) ¢
24.83 (+2.19) a
20.76 (£3.60) be

35.3 (+5.54) be
35.7 (+5.03) be
32.9 (£7.06) ¢
43.0 (+5.80) a
40.5 (+£5.76) ab
38.6 (+7.39) abe
35.6 (+4.96) be
35.6 (+4.30) be
232 (#3.52) d

Data represent the means of 16 replicates of plants grown in vermiculite in a photoperiod chamber

Values in the same column followed by the same letter did not differ significantly at P>0.05 (Tukey’s test)

* AC32 (Herbaspirillum sp.); AC60 (Acinetobacter sp.); AG15 (Burkholderia sp.); CA1 (Burkholderia sp.); CA6 (Burkholderia sp.);
CA21 (Pseudacidovorax sp.); CAS56 (Rhizobium sp.); URS1 (Azospirillum sp.)
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250 -
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Nutrients (%)

100

AC32  AC60 AGIS CAl CA6 CA2l CAS6 URSL
Treatment

Fig. 3 Influence of the isolates AC32 (Herbaspirillum sp.), AC60
(Acinetobacter sp.), AG15 (Burkholderia sp.), CAl (Burkholderia
sp.), CA6 (Burkholderia sp.), CA21 (Pseudacidovorax sp.), CA56
(Rhizobium sp.), and URS1 (Azospirillum sp.) on the uptake of N,
P and K by rice in vermiculite (30 days after sowing in pots). The
nutrient content of the plants from the non-inoculated control was
(mgg " of shoots): 0.32 mg of N, 0.033 mg of P and 0.64 mg of K.
The values of the non-inoculated control treatment were consid-
ered equal to 100 % and used as reference for the estimative of the
effect obtained with inoculation. The * above the error bar indi-
cates a mean value significantly different from the non-inoculated
control at P>0.05 (Tukey’s test)

plants inoculated with the isolates AC32, AG15, CA21,
and CAS56. For K uptake, the results obtained for all
isolates plus 50 % N fertilizer were statistically signifi-
cant when compared with the control (0 % N) without or
with PGPR (Table 7; Table SM-3).

Discussion
Isolation and identification of putative PGP bacteria

PGPR constitute a heterogeneous and beneficial group
of microorganisms that may be found in the rhizosphere,
on the root surface or in association with the host plant
(Lynch 1990; Bhromsiri and Bhromsiri 2010). In the
present study, Agrobacterium, Burkholderia, Entero-
bacter, and Pseudomonas strains were the most abun-
dant isolates recovered from roots and rhizospheric soil
samples of rice. Ambrosini et al. (2012) also showed
that Enterobacter and Burkholderia strains were pre-
dominant in the roots and rhizospheric soil of sunflower
(Helianthus annuus L.), respectively. Enterobacteria
have been found in association with a large number of
plant species, such as citrus (Citrus aurantium, Araujo
etal. 2001), maize (Zea mays, Hinton and Bacon 1995),
wheat (Triticum aestivum, Joshi and Bhatt 2011), sug-
arcane (Saccharum officinarum, Magnani et al. 2010;
Santi Ferrara et al. 2011), and soybean (Glycine max,
Kuklinsky-Sobral et al. 2004). According to Coenye
and Vandamme (2003), Burkholderia is exploited for
biocontrol, bioremediation, plant growth promotion,
and has been detected in tomato (Solanum lycopersi-
cum, Caballero-Mellado et al. 2007), maize (Di Cello et
al. 1997; Estrada et al. 2002; Reis et al. 2004), sugarcane
(Bramer et al. 2001; Reis et al. 2004), freshwater sedi-
ments (Lim et al. 2008), and rice (Gillis et al. 1995).
Strains belonging to the genus Agrobacterium were also

Table 6 The effect of the inoculation of native PGPR on the promotion of rice growth in the field assay

Treatment* Shoot growth

Production

Length (cm)

Dry matter (mg)

Number of panicles (m?) Yield (Mgha ')

AC32 + 50 %N
AG15 + 50 %N
CA21 + 50 %N
CAS56 + 50 %N
URS51 + 50 %N
Control 0 %N
Control 50 %N
Control 100 %N

71.15 (£1.66) b
70.10 (+4.67) b
73.00 (£2.97) a
70.25 (+4.16) b
71.00 (+2.67) b
53.00 (+3.01) ¢
70.05 (+3.62) b
75.25 (+1.41) a

2144 (£333) a
2179 (+365) a
2177 (473) a
2028 (+235) ab
1985 (+431) ab
1699 (£307) b
1888 (+438) ab
2133 (+519) a

550.17 (£16.24) a
542.80 (+19.86) a
502.97 (£69.37) a
531.00 (+56.38) a
595.90 (+41.71) a
330.40 (+54.71) b

547.22 (£103.10) a

57230 (£55.97) a

9.41 (+0.78) ab
10.61 (+1.14) ab
9.66 (+1.00) ab
9.15 (0.74) b
11.04 (£0.42) a
6.28 (£0.64) ¢
9.75 (+0.11) ab
10.93 (£0.44) a

Data represent the means of four plots per treatment in the field assay

Values in the same column followed by the same letter did not differ significantly at P>0.05 (Tukey’s test)

* AC32 (Herbaspirillum sp.); AG15 (Burkholderia sp.); CA21 (Pseudacidovorax sp.); CA56 (Rhizobium sp.); URS1 (Azospirillum

sp.). 0, 50 %, 100 % N (percent of nitrogen fertilizer)

@ Springer



Plant Soil (2013) 366:585-603

Table 7 The effect of the inoculation of native PGPR on the uptake of N, P and K by rice in the field assay

Treatment*

Nutrient uptake

Nitrogen (N) (mgg ")

Phosphorus (P) (mgg ")

Potassium (K) (mgg ")

AC32 + 50 %N
AGI15 + 50 %N
CA21 + 50 %N
CA56 + 50 %N
URS51 + 50 %N
Control 0 %N
Control 50 %N
Control 100 %N

23.59 (+3.65) a
21.75 (+3.69) ab
21.55 (+4.67) ab
20.28 (+2.34) ab
19.45 (+4.22) be
12.74 (£2.30) d
16.42 (+3.81) cd
23.46 (£5.70) a

6.01 (£0.93) a
5.87 (£0.99) a
6.09 (£1.32) ab
5.27 (+0.61) ab
5.36 (£1.16) ab
4.92 (20.89) b
4.90 (£1.13) b
5.54 (+1.34) ab

38.60 (£5.98) ab
37.05 (+6.20) a

4137 (+8.98) ab
36.50 (£4.22) ab
33.75 (+7.33) be
27.18 (£4.91) ¢

32.09 (+7.44) be
36.27 (+8.81) ab

Data represent the means of four plots per treatment in the field assay

Values in the same column followed by the same letter did not differ significantly at 7>0.05 (Tukey’s test)
* AC32 (Herbaspirillum sp.); AG15 (Burkholderia sp.); CA21 (Pseudacidovorax sp.); CA56 (Rhizobium sp.); URS1 (Azospirillum sp.). 0,

50 %, 100 % N (percent of nitrogen fertilizer)

identified in association with rice plants in the present
study. The potential benefit of Agrobacterium species as
PGPR has been indicated (Hameed et al. 2004), and
isolated from rice roots by Bhromsiri and Bhromsiri
(2010).

As shown in Table 2, several other bacterial genera
found in association with the roots and rhizospheric soil
of rice should be noted, including Herbaspirillum,
Klebsiella, Rhizobium, and Azospirillum. Roesch et al.
(2008) analyzed the biodiversity of diazotrophic bacte-
ria within the soil, root and stem of field-grown maize,
noting that Herbaspirillum and Klebsiella appeared to
dominate the interior of the plant but were much rarer in
soil. Many reports have also indicated that Rhizobium
strains have the potential to be used as PGPR with non-
legume plants (Vessey 2003), as, for example, with rice
(Yanni and Dazzo 2010; James 2000). Rhizobium has
been described in radishes (Raphanus sativus, Antoun et
al. 1998), sweet potato (Ipomoea batatas, Reiter et al.
2003), lettuce (Lactuca sativa, Chabot et al. 1996), bean
(Phaseolus vulgaris, Amarger et al. 1997), maize
(Chabot et al. 1996), and the sawdust from Populus alba
(Garcia-Fraile et al. 2007).

Zhang et al. (2006) showed that different environ-
mental parameters such as the content of soil organic
carbon, total nitrogen and altitude could affect the
diversity of soil bacteria. Soil organic matter (SOM)
is the greatest storehouse and supplier of N for plant
roots and microorganisms. Almost 95 % of total soil N
is closely associated with SOM (Schulten and

Schnitzer 1998). The correlation between the diversity
of putatively diazotrophic rhizobacteria isolates from
plants and OMC can be influenced by the presence of
nitrogen scavengers or oligotrophs, which can benefit
of the nitrogen fixed and released by diazotrophs
during culture in the N-free semi solid medium. In
order to evaluate the relationships between rhizo-
spheric bacterial diversity (H”) and abiotic soil param-
eters was used Principal component analysis (PCA)
(Fig. 2). No correlation between abiotic soil parame-
ters and rhizospheric bacterial diversity was found at
any of the sampling sites. Nogueira et al. (20006)
reported that soil with higher microbial activity also
exhibited higher water content. In the current study, it
should be noted that other, unmeasured soil variables
could also be correlated with microbial diversity, such
as humidity levels and temperature.

Several studies have shown that plant genotype,
root zone, plant age and plant community composition
are major factors that influence the diversity of micro-
bial communities as compared to soil (Smalla et al.
2001; Kowalchuk et al. 2002; Mitchell et al. 2010). In
this work two cultivars were evaluated and no differ-
ence was found regarding rhizospheric bacterial diver-
sity. However, the analysis of microbial diversities and
communities has been well explored by diverse
culture-independent methods (CIMs) (Su et al. 2012).
CIMs can provide information about impact of plant
species on structure and function of rhizobacteria com-
munities (Berg and Smalla 2009). Different cultivars of
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the same plant species can affect the rhizosphere mi-
crobial communities as showed by Briones et al.
(2002), who found cultivar-specific differences for
ammonia-oxidizing bacteria (AOB) in the rhizosphere
of rice by a multiphasic approach.

The PGP attributes of the bacterial isolates

In this study, the ability to produce IC and sidero-
phores and solubilize phosphate was determined for
all bacterial isolates (Table 3). PGPR may indirectly
or directly influence plant growth by the production
of siderophores, which are produced by aerobic bac-
teria and fungi growing under low iron conditions
(Neilands 1995). Data indicate that the excretion of
siderophores by rhizospheric bacteria may stimulate
plant growth either by improving Fe nutrition to the
plants (Masalha et al. 2000) or by making Fe unavail-
able to phytopathogens, thus protecting plant health
(Ahmad et al. 2006). In the present study, 284 iso-
lates (84 %) were able to produce siderophores, and
similar numbers of siderophore-producing bacteria
have been documented by other studies. Tian et al.
(2009), for example, evaluated the diversity of culti-
vable siderophore-producing bacteria in the tobacco
(Nicotiana tabacum) rhizosphere and found that 85 %
of the 354 isolates examined produced siderophores
in Fe-limited liquid medium.

Phosphate solubilizing bacteria are common in the
rhizosphere, and the secretion of organic acids and
phosphatases are a common method of facilitating the
conversion of insoluble forms of P to plant-available
forms (Kim et al. 1998). The solubilization of P in the
rhizosphere is the most common mode of action impli-
cated in PGPR to increase nutrient availability to host
plants (Richardson 2001). Of our 336 isolates, only 101
(30 %) were identified as being capable of phosphate
solubilization. Similarly low numbers of phosphate-
solubilizing bacteria have been documented by Ambro-
sini et al. (2012) and Beneduzi et al. (2008).

Another important trait of PGPR that can influence
plant growth is the production of IC (phytohormones).
Most commonly, IC-producing PGPR are believed to
increase root growth and length, resulting in greater root
surface area that enables the plant to access more
nutrients from the soil. IC production was the most
common trait found among the isolates in the present
work, as roughly 97 % of isolates displayed this ability
in the presence of the precursor L-tryptophan. Our
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results with regard to IC production agreed with those
of Ahmad et al. (2006), who also reported that IC
production was the most prevalent plant growth-
promoting characteristic in the majority of their isolates.
In the present study, Burkholderia and Enterobacter
strains were the most prominent among all of the iso-
lates in displaying plant growth-promoting character-
istics. Moreover, of the 336 isolates, 96 isolates were
able to produce IC and siderophores and solubilize
phosphates at the same time. Ahmad et al. (2006)
reported that bacterial isolates could exhibit more than
two or three PGP traits, which may promote plant
growth directly, indirectly or even synergistically.

The growth-promoting effect of bacterial treatment
on rice in a growth chamber

Rice inoculated with the bacterial isolates AC32, CAl,
CA6, CA21, and CAS56 (identified as Herbaspirillum
sp., Burkholderia sp., Burkholderia sp., Pseudacido-
vorax sp., and Rhizobium sp., respectively) presented
significantly higher results for shoot length, dry shoot
biomass, and dry root weight when compared with the
uninoculated control plants (Table 5) under gnotobiot-
ic conditions. These isolates also significantly en-
hanced the nutrient uptake of the rice plants (Fig. 3).
Nitrogen fixing and phosphorus-solubilizing bacte-
ria may be important for plant nutrition by increasing
N and P uptake by the plants and may play a signifi-
cant role as PGPR in the biofertilization of crops
(Cakmakgi et al. 2006). Rice plants inoculated with
AC32, CAl, CA6, CA21, and CA56 showed high
levels of N, P and K in their shoots (Fig. 3); however,
these isolates were not able to solubilize phosphate in
our in vitro assay and showed low capacity to reduce
acetylene. These observations could indicate that
growth promotion mechanisms other than nitrogen
fixation, such as phytohormone production, improved
nutrient uptake balance. The hormone auxin is an
important regulator that directly influences plant de-
velopment and growth (Jaillais and Chory 2010). The
root system plays an important role in plant produc-
tivity because roots explore the soil to allow the up-
take of essential nutrients (Shaharoona et al. 2008).
Our results indicate that the ability to produce IC was
the most likely PGP trait to contribute to the increase
in plant dry mass and nutrient uptake in rice shoots, as
the production of IC by the selected isolates ranged
from 5.84 to 64.22 ug IC ml~' (Table 4). However, it
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is not possible to explain the intrinsic network of
bacterial-plant interactions based upon the above-
mentioned characteristics because the effects caused
by certain strains could result from either the single or
the joint action of bacterial metabolites and regulators
on the roots (Glick 2005; Ambrosini et al. 2012).
Although several species of PGPR have been exten-
sively studied, little is known about the role of Pseuda-
cidovorax species, a novel nitrogen-fixing beta-
proteobacterium isolated from soil that was described
by Kémpfer et al. (2008), in the promotion of plant
growth. One of the tested strains, CA21 was identified
as belonging to the genus Pseudacidovorax; it was
found to promote significant increases in shoot length,
dry shoot matter and the roots of rice under both growth
chamber and field conditions (Tables 5 and 6).

Field experiment

To determine whether the growth chamber results
could be achieved under field conditions, five of the
selected bacterial strains were simultaneously used to
promote the growth of rice plants in a field experi-
ment. The same variety of rice was used in both
experiments. The field results confirmed that PGPR
treatments did indeed promote the growth of rice,
increase plant height, dry shoot matter, N, P and K
uptake and grain production even when the recom-
mended amount of nitrogen fertilizer was reduced in
half (Tables 6 and 7). Similar results were obtained by
Biswas et al. (2000) and Yanni and Dazzo (2010)
using rice inoculated with rhizobial strains; by Sasaki
et al. (2010) who compared the effects of the inocula-
tion of an Azospirillum strain (B510) on the growth of
rice under standard and low nitrogen fertilization in
paddy field conditions; and, more recently, by Duarah
et al. (2011) with rice and bean inoculated with
phosphate-solubilizing bacteria and by Khorshidi et
al. (2011), who studied the effect of Pseudomonas
Sfluorescens and Azospirillum lipoferum isolates on
the yield and yield components of rice under different
nitrogen levels. Altogether, these results agree with
those obtained by Adesemoye et al. (2009) and sup-
port the hypothesis that single PGPR or combinations
of PGPR can improve the efficient use of fertilizers,
thus allowing increases in plant growth and yield.
Nitrogen, phosphorus, and potassium uptake in-
creased significantly in PGPR-inoculated rice plants
receiving half of nitrogen fertilizer (Table 7).

According to Shaharoona et al. (2008), nutrient acqui-
sition by plants is primarily dependent on root growth
and the bioavailability of nutrients in the rooting me-
dium. The results of pot and field trials revealed that
the efficacy of pseudomonad strains for improving the
growth and yield of wheat decreased when increasing
amounts of NPK were added to the soil; the coloniza-
tion of the root of the wheat plant by PGPR might
have been suppressed by the increasing levels of
nutrients (NPK) in the growth medium (Shaharoona
et al. 2008). In general, it is believed that PGPR are
more effective in promoting plant growth under limit-
ing nutrient conditions (De Freitas and Germida 1990;
Egamberdiyeva 2007). Other studies have reported the
beneficial effects of PGPR in increasing nutrient up-
take by rice, including NPK uptake (Biswas et al.
2000; Vessey 2003; Adesmoye and Kloepper 2009;
Adesemoye et al. 2009; Duarah et al. 2011).

Conclusions

Fertilizers are essential components of modern agri-
culture because they provide essential plant nutrients.
However, the overuse of fertilizers can cause unantic-
ipated environmental impacts (Adesemoye et al.
2009). Inoculation of rice with PGPR significantly
enhances rice production, thus allowing for the
reduced use of nitrogen fertilizers that can significant-
ly help sustainable rice production and reduce envi-
ronmental problems. The favorable effects of PGPR
inoculation on plant growth, NPK uptake, and yield
may be due to growth-promoting substances produced
by PGPR. It can be concluded that PGPR technology
should be utilized along with appropriate levels of
fertilization to achieve maximum benefits in terms of
fertilizer savings and better growth. The present work
clearly indicates that some PGPR may be candidates
for formulation as bioinoculants, including AC32
(Herbaspirillum sp.), AG15 (Burkholderia sp.),
CA21 (Pseudacidovorax sp.), and URS1 (Azospirillum
sp.). Furthermore, the results suggest that PGPR could
be used without compromising crop yields.
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Table SM-1. The effect of native PGPR on the growth of rice under different nitrogen fertilizer treatments with or
without inoculation in the field assay.

Isolates*

Length of shoot (cm)

Dry matter of shoot (mg)

Percent of nitrogen fertilizer

0%

50%

100%

0%

50%

100%

AC32

AG15

CA21

CA56

UR51

Non-inoculated

54.85 (+ 3.40) aC

54.25 (£ 4.93) abC

53.60 (+ 2.78) abB

53.50 (+ 3.18) abC

50.80 (+3.03) bC

53.00 (£ 3.01) abC

71.15 (£ 1.66) aB

70.10 (+ 4.67) aB

73.00 (£2.97) aA

70.25 (£ 4.16) aB

71.10 (£ 2.67) aA

70.05 (+ 3.62) aB

77.75 (£ 3.90) aA

74.60 (+ 6.08) aA

74.40 (£ 4.16) aA

75.85 (£ 5.00) aA

70.05 (+ 4.79) bA

75.25 (+ 1.41) aA

1520 (+ 265) aB

1468 (+ 229) aB

1503 (+ 314) aB

1493 (£ 281) aC

1487 (+ 320) aB

1699 (£ 307) aB

2144 (+ 333) aA

2179 (+ 365) aA

2177 (x 473) aA

2028 (+ 235) aB

1985 (+ 431) aA

1888 (+ 438) aAB

2133 (£ 420) aA

2243 (+ 435) aA

2049 (+ 470) aA

2370 (£ 497) aA

1668 (+ 523) bB

2133 (+519) aA

Data represent the means of four plots per treatment in the field assay.
Values in the same column followed by the same lower case letter did not differ significantly at P > 0.05 (Tukey’s test).
Values in the same line followed by the same upper case letter did not differ significantly at P > 0.05 (Tukey’s test).

* AC32 (Herbaspirillum sp.); AG15 (Burkholderia sp.); CA21 (Pseudacidovorax sp.); CA56 (Rhizobium sp.); UR51 (Azospirillum sp.).



Table SM-2. Number of panicles and rice yield under different nitrogen fertilizer treatments with or without
inoculation of native PGPR in the field assay.

Isolates*

Number of panicles (m’)

Yield (Mg ha™)

Percent of nitrogen fertilizer

0%

50%

100%

0%

50%

100%

AC32

AG15

CA21

CA56

UR51

371.70 (+ 28.50) aB

351.05 (+ 23.84) aB

337.77 (+ 63.06) aC

324.50 (+ 18.65) aC

328.92 (£ 36.17) aB

Non-inoculated 330.40 (t 54.71) aB

550.17 (+ 16.24) aA

542.80 (+ 19.86) aA

502.97 (+ 69.37) aB

531.00 (+ 56.38) aB

595.90 (+ 41.71) aA

547.22 (+ 103.10) aA

514.77 (£ 22.78) bA

606.22 (+ 18.88) abA

609.17 (+ 57.48) abA

660.80 (+ 39.43) aA

597.37 (£ 54.36) abA

572.30 (£ 55.97) abA

6.52 (£ 0.59) aB

5.95 (£ 0.68) aB

6.60 (+ 1.06) aC

6.51 (+1.13) aC

6.44 (£ 0.98) aB

6.28 (+ 0.64) aB

9.41(+ 0.78) bA

10.61 (+ 1.14) abA

9.66 (+ 1.00) abB

9.15 (+ 0.74) bB

11.04 (£ 0.42) aA

9.75 (+ 0.11) abA

10.60 (+ 0.96) cA

10.17 (¥ 0.33) cA

12.57 (£ 0.50) aA

12.54 (+ 0.34) abA

11.19 (+ 0.98) abcA

10.93 (+ 0.44) bcA

Data represent the means of four plots per treatment in the field assay.
Values in the same column followed by the same lower case letter did not differ significantly at P > 0.05 (Tukey’s test).
Values in the same line followed by the same upper case letter did not differ significantly at P > 0.05 (Tukey’s test).

* AC32 (Herbaspirillum sp.); AG15 (Burkholderia sp.); CA21 (Pseudacidovorax sp.); CA56 (Rhizobium sp.); UR51 (Azospirillum sp.).



Table SM-3. Effect on N, P and K uptake per gram of rice shoot under different nitrogen fertilizer treatments with or without inoculation of native PGPR in the

field assay.

Isolates*

Nitrogen (N) (mg g™)

Phosphorus (P) (mg g?)

Potassium (K) (mg g™)

Percent of nitrogen fertilizer

0%

50%

100%

0%

50%

100%

0%

50%

100%

AC32

AG15

CA21

CA56

UR51

Non-inoculated

16.72 (£2.91) aB

16.14 (+ 2.51) abB

13.52 (+ 2.82) abcC

12.24 (+ 2.30) cC

14.87 (£ 3.20) abcB

12.74 (+ 2.30) beC

23.59 (£ 3.65) aA

21.75 (+ 3.69) abA
21.55 (+ 4.67) abB
20.28 (+ 2.34) abB
19.45 (+ 4.22) bcA

16.42 (+3.81) cB

21.33 (£ 4.28) bcA

21.08 (+ 4.09) bcA

24.59 (£ 5.63) abA

26.14 (+ 5.46) aA

18.35 (+ 5.75) cA

23.46 (£ 5.70) abA

4.56 (£ 0.79) aB

4.25 (+0.66) aB

4.20 (£ 0.88) aB

4.03 (£ 0.75) aC

4.01 (£ 0.86) aB

4.92 (+0.89) aA

6.01 (+ 0.93) aA

5.87 (£ 0.99) abA

6.09 (+ 1.32) aA

5.27 (£ 0.61) abB

5.36 (£ 1.16) abA

4.90 (+ 1.13) bA

5.54 (£ 1.11) abA

5.83 (£ 1.13) aA

5.73 (£1.31)aA

6.41 (+ 1.34) aA

4.67 (£ 1.46) bAB

5.54 (+ 1.34) abA

25.84 (£ 4.50) aB

24.95 (+3.88) aB

24.04 (£5.02) aB

23.88 (+4.48) aB

25.27 (£5.44) aB

27.18 (+ 4.91) aB

38.60 (£ 5.98) abA

37.05 (£ 6.20) abcA

41.37 (£ 8.98) aA

36.50 (+ 4.22) abcA

33.75 (£ 7.33) bcA

32.09 (+ 7.44) cAB

34.12 (£ 6.85) abA

38.13 (£ 7.39) aA

36.89 (£ 8.45) abA

38.03 (£ 7.95) aA

31.70 (£ 9.93) bA

36.26 (+ 8.81) abA

Data represent the means of four plots per treatment in the field assay.
Values in the same column followed by the same lower case letter did not differ significantly at P > 0.05 (Tukey’s test).
Values in the same line followed by the same upper case letter did not differ significantly at P > 0.05 (Tukey’s test).

* AC32 (Herbaspirillum sp.); AG15 (Burkholderia sp.); CA21 (Pseudacidovorax sp.); CA56 (Rhizobium sp.); UR51 (Azospirillum sp.).
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RELATORIO DESCRITIVO DE PATENTE DE INVENCAO
COMPOSICAO DE BIOFERTILIZANTE PARA A PROMOCAO DE
CRESCIMENTO E AUMENTO DE PRODUTIVIDADE DE GRAMINEAS

Campo da Invencao

A presente invencado se situa no campo da agricultura com énfase no manejo das
interacbes microbianas solo-cultura. Mais especificamente, a presente invencao
proporciona composicao de biofertilizantes que favorecam a promocao de crescimento e
aumento de produtividade de gramineas. Os biofertilizantes da invencdo compreendem

as linhagens de Azospirillum sp. UR51 e Herbaspirillum frisingense AC32.

Antecedentes da Invencdo

Biofertilizacdo e promocéo de crescimento de plantas

A indisponibilidade de nutrientes, como nitrogénio (N) e fosforo (P), limita o
crescimento da planta e seu rendimento. Dentre as vérias formas de aumentar a
producdo vegetal, destaca-se a importancia de fontes capazes de fornecer grandes
quantidades de nitrogénio as plantas, entre elas a utilizacdo de fertilizantes nitrogenados
e a fixagcdo bioldgica de nitrogénio. A adicdo de fertilizantes nitrogenados tornou-se
uma pratica comum na agricultura moderna, entretanto, uma grande por¢cdo do
fertilizante é rapidamente perdida através da lixiviacdo, volatilizacdo e desnitrificacéo,
contribuindo para diversos desequilibrios ambientais. Além disso, a aplicacdo excessiva
de fertilizantes nitrogenados no cultivo de plantas leva & exaustdo acelerada de outros
nutrientes principais ou minoritérios, levando ao desbalango de nutrientes e a baixa
fertilidade do solo. A possibilidade de aumento da producéo agricola brasileira depende
da reducdo dos custos dessa producéo e do desenvolvimento de novas tecnologias, que
possibilitem um maior potencial produtivo. Biofertilizantes, incluindo micro-
organismos benéficos, podem contribuir para a fertilizacdo do solo e de plantas
cultivadas através de diferentes mecanismos.

Em geral, bactérias benéficas do solo sdo comumente conhecidas como bactérias
promotoras de crescimento de plantas, ou PGPB (Plant Growth Promoting Bacteria).
PGPBs podem afetar o crescimento de plantas direta ou indiretamente. A promocao
indireta do crescimento de plantas ocorre quando a bactéria impede os efeitos deletérios
de um ou mais organismos fitopatogénicos. A promocdo direta do crescimento de

plantas, em sua maioria, proporciona a planta o contato com um composto que é
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sintetizado pela bactéria ou facilita a absorcdo de determinados nutrientes, como N, P e
ferro (Fe).

A distribuicdo ecoldgica de Azospirillum spp. é extremamente ampla, podendo
ser considerada uma bactéria universal, encontrada colonizando plantas cultivadas em
diferentes habitats. Estirpes pertencentes a este género tém sido encontradas em
associagcdo com gramineas, pois combinam a capacidade de fixar nitrogénio com a
grande producdo de metabolitos, os quais tém a funcdo de promover o crescimento de
plantas e, consequentemente, aumentar a produtividade de culturas.

Herbaspirillum é uma bactéria diazotrofica isolada da rizosfera e raizes de varias
plantas, incluindo arroz, milho, sorgo, trigo e cana-de-agucar, podendo colonizar 0s
espacos intercelulares de raizes, caules e folhas sem causar sintomas de doenga. Varios
estudos tém mostrado que esta bactéria pode contribuir para o crescimento vegetal,
sugerindo um potencial para o0 uso como biofertilizante.

Enquanto multiplas espécies de Azospirillum e Herbaspirillum podem ser
detectadas no solo e rizosfera, o isolamento de uma linhagem especifica é fundamental.
A interacdo de tais bactérias com plantas cultivadas tem sido tema de pesquisas no
mundo todo, devido ao seu potencial biotecnoldgico, evidenciado no aumento da
produtividade das culturas, possibilitando a reducao dos custos de producdo ao diminuir
o volume de adubos nitrogenados que sdo aplicados e, consequentemente, melhorando a
conservacao dos recursos ambientais.

No ambito patentario, alguns documentos descrevem métodos de fixacdo de
nitrogénio e de crescimento de plantas.

O documento WO 2008/097501 descreve um método para aperfeicoar o
crescimento de plantas aplicando um fertilizante para plantas, especialmente livre de
horménios e sarcosina, a fim de aumentar a biomassa da planta durante o crescimento e
retardando o crescimento de fungos e bactérias. Além desse metodo, também é descrita
uma composigdo para o crescimento de plantas. A presente invengdo ndo difere desse
documento por utilizar somente organismos vivos, comumente encontrados no solo.

O documento WO 2006/098225 descreve um método de construcdo de plantas
com nodulos de elevada atividade de fixacdo de nitrogénio. Esse método compreende a
superexpressdo do gene da globina ndo-simbidtica. A presente invencéo difere da desse
documento por ndo utilizar superexpressdo de genes, mas, sim, organismos capazes de
melhorarem as condi¢Oes do solo e da planta para que a mesma tenha seu crescimento

aumentado.
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O documento WO 2005/062899 descreve métodos e composi¢des que fornecem
efeitos agronomicamente benéficos em leguminosas e ndo leguminosas. Em especial,
esse método compreende o uso de um fungicida e/ou um inseticida. A presente
invencdo difere desse documento por ndo necessitar de fungicida e/ou um inseticida
sendo, portanto, ecologicamente correta.

O documento WO 05/110068 descreve composicdes e métodos para controlar a
infestacdo de pestes compreendendo a aplicacdo de determinadas sequéncias de RNA e,
adicionalmente, proteinas de Bacillus como agentes pesticidas. A presente invengédo
difere desse documento por ndo compreender as referidas sequéncias.

Do que se depreende da literatura pesquisada, ndo foram encontrados
documentos antecipando ou sugerindo os ensinamentos da presente invengédo, de forma
que a solucdo aqui proposta possui novidade e atividade inventiva frente ao estado da

técnica.

Sumario da Invencéo

Em um aspecto, a presente invengdo proporciona um processo de promogao de
crescimento e aumento de produtividade de gramineas compreendendo a inoculacdo das
mesmas com linhagens de Azospirillum sp. UR51 e Herbaspirillum frisingense AC32.

S&o dadas, portanto, com énfase na promog¢do de crescimento e aumento de
produtividade de gramineas, as referidas etapas:

a) lIsolar linhagens bacterianas associadas a lavouras de arroz de distintas
localidades do Estado do Rio Grande do Sul.

b) Caracterizar diferentes habilidades promotoras de crescimento vegetal entre
as bactérias isoladas a fim de que possam ser selecionadas com potencial para a
producdo de biofertilizante.

c) Selecionar isolados com potencial de promocao de crescimento de plantas de
forma quantitativa (n° de caracteristicas) e qualitativa (diferentes graus de atividade).

d) Contatar o referido isolado bacteriano selecionado com a planta de interesse,
através da inoculagdo das sementes.

e) Determinar a capacidade de promocdo de crescimento e o0 aumento da
produtividade de plantas, através de experimentos em camara de crescimento e em

experimento a campo.
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Em uma realizacdo preferencial, o melhoramento da presente invencédo
compreende a modulacdo da fixacdo de nitrogénio e/ou de fatores promotores de

crescimento.

E outro objeto da presente invencdo, composicdes para biofertilizante agricola
compreendendo:
a) O material bioldgico de linhagens selecionadas.

b) Veiculo aceitavel e adequado para a pratica agricola.
Estes e outros objetos da invencdo serdo imediatamente valorizados pelos

versados na arte e pelas empresas com interesses no segmento, e serdo descritos em

detalhes suficientes para sua reproducdo na descricédo a seguir.

Descricdo Detalhada da Invencdo

Os exemplos aqui mostrados tém o intuito somente de exemplificar uma das

inimeras maneiras de se realizar a invencdo, contudo sem limitar o escopo da mesma.

Composicdo de biofertilizante para a promocdo de crescimento de plantas e
aumento de produtividade

O método envolvendo biofertilizante que favorece a promoc¢ao de crescimento e
0 aumento de produtividade de gramineas em acordo com a reducdo de fertilizantes
nitrogenados compreende as seguintes etapas:

Linhagens de Azospirillum e Herbaspirillum

As linhagens de Azospirillum sp. UR51 e Herbaspirillum frisingense AC32 da
presente invencdo foram isoladas durante analise do solo rizosférico de cultivares de
arroz de diferentes regides, através do emprego de metodologias que favorecem o

isolamento de bactérias diazotréficas.

Material Bioldgico

O material biologico util na presente invencdo inclui, mas ndo se limita aos
elementos como DNA, RNAs e/ou proteinas, inteiros ou parciais, isolados de
Azospirillum sp. UR51 e Herbaspirillum frisingense AC32.
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Em especial, o material bioldgico da presente invencdo compreende células
portadoras das sequéncias da regido do gene 16S ribossomal, depositadas no Genbank
como as sequéncias de numero de acesso JQ965619 para Azospirillum sp. UR51 e
JQ965554 para Herbaspirillum frisingense AC32.

Material Bioldgico Vegetal

O material bioldgico util na presente invencdo inclui, mas ndo se limita aos
elementos como DNA, RNAs e/ou proteinas, inteiros ou parciais, células, érgdos,
tecidos vegetais, incluindo plantas e/ou sementes em formacdo ou completamente

formadas.

Células trabalhadas

As células trabalhadas da presente invencdo compreendem pelo menos um
material biolégico de linhagens escolhidas que compreende Azospirillum sp. UR51 e
Herbaspirillum frisingense AC32.

Composicdes
As composicdes da presente invengdo compreendem:
a) O material biolégico de linhagens selecionadas.

b) Veiculo aceitavel e adequado para a pratica agricola.

Veiculo aceitavel e adequado para a pratica agricola

O veiculo aceitavel da presente invencdo pode ser escolhido do grupo que
compreende excipientes e carreadores aceitdveis para a pratica agricola, doses e
tratamentos convenientes para uso em composigdes particulares que podem ser descritas

em uma serie de regimes.

Exemplo 1. Obtencdo e caracterizacdo das bactérias promotoras de crescimento

vegetal

Amostragem, preparacao de amostra e isolamento

Amostras do solo de rizosfera e de raizes de arroz foram coletadas a partir do
mesmo cultivar de arroz (cultivar Puitd INTA CL) em cinco regides de producio de
arroz distintas do Estado do Rio grande do Sul, Brasil: Acegua [AC; 31°45'11"S,
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54°3'22"W], Arroio Grande [AG; 32°14'19"S, 53°5'27"W], Cachoeirinha [CA;
29°56'51.9"”S, 51°06'46.3"W], Uruguaiana [U; 29°45'18"S, 57°05'16"W] e Viamao [VI;
30°04'51"S, 51°01'22"W]. Dez subamostras do solo (0-15 cm de camada) de cada area
foram obtidas e misturadas para obter uma amostra representativa do solo.

O isolamento das bactérias foi feito a partir de amostras de solo rizosférico, bem
como de raizes de arroz. As amostras de raiz, previamente esterilizadas, foram trituradas
e foram suspensas em solugéo salina 0,85% a 4°C overnight, do mesmo modo, com as
amostras de solo. Essas suspensGes foram inoculadas em meios de cultura
semisseletivos sem adicdo de fonte de nitrogénio, de acordo com o procedimento
recomendado por DoObereiner e colaboradores (1995) para obtencéo e preservagédo de
bactérias diazotroficas e/ou promotoras de crescimento vegetal. As coldnias das
bactérias obtidas foram reinoculadas em meio LB e incubadas a 28°C por trés dias sob
agitacdo. A coloracdo de Gram foi realizada para verificar a morfologia celular e a

pureza da cultura. Culturas bacterianas puras foram estocadas a 18°C em glicerol 50%.

Extracdo de DNA

Cada isolado bacteriano foi inoculado em tubos de ensaio contendo 3 ml de meio
LB, sendo posteriormente incubados por 48 h sob agitacdo. Um precipitado de células
provenientes das culturas liquidas foi utilizado para extracdo de DNA total conforme
protocolo de Sambrook e Russel (2001). A guantidade e a integridade do DNA foram

checadas em eletroforese em gel de agarose 0,8% corado com brometo de etideo.

Amplificacdo de PCR e caracterizacdo do gene do 16S RNAr pela técnica de RFLP

Cerca de 50 nanogramas de DNA foram usadas como molde em procedimentos
de PCR. Primers selecionados U968 e L1401 foram usados para amplificar uma regido
de 450 pares de bases do gene 16S rRNA. Amplificacbes por PCR foram feitas
conforme descrito por Souza et al. (2013).

Os produtos PCR obtidos foram diretamente usados para clivagem com enzimas
de restricdo (Haelll e Mspl, Promega). Digestdes foram realizadas durante a noite para
permitir a fragmentacdo completa. DNAs digeridos foram analisados em gel de
poliacrilamida 10% corados com prata. As condicdes de eletroforese foram 8 h a 90 V
em tampdo 1x Tris-borato-EDTA, seguido por 30 min de coloracdo com nitrato de prata

(Sambrook e Russel 2001). A informacéo total do perfil de restricdo obtido foi usada
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para distinguir cada isolado. A analise estatistica e a construcdo de dendogramas foram
executados usando o pacote NTSYS-PC, com 1 marcando a presenca e 0 marcando a
auséncia da banda, usando o coeficiente de Jaccard. O algoritmo UPGMA (média
matematica de grupos de pares sem peso) foi usado para realizar a analise de cluster
hierarquico.

Os fragmentos obtidos foram sequenciados no laboratorio ACTGene do Centro
de Biotecnologia, UFRGS, RS, no sequenciador automatico ABI-PRISM 3100 Genetic
Analyzer (Applied Biosystems). As sequéncias obtidas foram comparadas com as
disponiveis no banco de dados de sequencia EzTaxon-e (eztaxon-e.ezbiocloud.net). A
sequéncia foi depositada no GenBank sob o numero de acesso JQ965619 para
Azospirillum sp. UR51 e JQ965554 para Herbaspirillum frisingense AC32.

Producao de compostos indolicos in vitro

Cada isolado foi crescido em meio LB a 28°C sob agitacéo por 48 h. Densidade
6ptica foi usada para controlar o tamanho do inéculo (10°-10° UFC mL™). Inéculos
foram transferidos (100 ul) para meio KB o qual, de acordo com Glickmann e Dessaux
(1995), é o meio usado para quantificar a producdo de compostos inddlicos. Esse
método faz uso do reagente Salkowski (12 g L™ FeCL; + 7,9 M H,SO,), e foi usado
para quantificar a produgdo de acido indol-acético (AlA), acido indol-pirtvico (IPyA) e
indol-acetamida (IAM), os quais serdo aqui referidos neste texto coletivamente como

compostos indolicos.

Producéo de Sideroforo in vitro

Amostras bacterianas simples foram analisadas pela sua capacidade de producéo
de sider6foro em placas de Petri contendo meio KB suplementado com um complexo
cromo-azurol S (CAS/ferro(lll)/brometo de aménio hexadeciltrimetil), como descrito
por Schwyn e Neilands (1987). Bactérias que foram capazes de produzir sideroforos

cresceram e formaram um halo amarelo ao redor da bactéria.

Solubilizagéo do fosfato tricalcio in vitro
O metodo descrito por Sylvester-Bradley et al. (1982) foi usado para identificar
os isolados com habilidade para solubilizar fosfato tricalcio. O meio contem fosfato de

calcio insolavel que faz o meio opaco. Os isolados que formaram halos claramente
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visiveis ao redor de suas coldnias foram considerados como solubilizadores de fosfato

tricélcio.

Atividade de ACC deaminase in vitro

A atividade de ACC deaminase foi avaliada através da capacidade dos isolados
em utilizar o é&cido 1-aminociclopropano-1-carboxilico (ACC) como fonte de
nitrogénio. Para tanto foi utilizado o procedimento descrito por Penrose e Glick (2003).
As suspensdes bacterianas foram lavadas trés vezes em solucdo salina estéril. As
bactérias foram inoculadas em placas contendo 25 mL de meio DF salt com ACC (0,5
M). As placas inoculadas sem ACC foram utilizados como controle negativo. Todas as
placas foram incubadas a 28°C durante 5 dias e examinadas diariamente. Bactérias que
foram capazes de crescer em meio com ACC sdo consideradas positivas para a atividade

ACC deaminase.

Ensaio bioldgico de fixacdo de nitrogénio in vitro

Os isolados foram crescidos em meio LB. Densidade Optica foi utilizada para
controlar o tamanho do inéculo (10°-10° UFC mL™). Inéculos foram transferidos (100
ul) para meio livre de N e a quantidade de fixagdo bioldgica in vitro foi medida pela
técnica de reducéo de acetileno, como descrito por Boddey (1987).

Experimentos de promocao de crescimento de arroz em camara de crescimento

O experimento foi conduzido em cadmara de crescimento com um foto-periodo
de 14 horas de luz a 28°C e 10 h de escuro a 20°C. Sementes de arroz (cultivar Puita
INTA CL) foram desinfetadas lavando-as em 70% de etanol por 1 min, seguido de uma
lavagem de 5 min com hipoclorito de sddio (4% v/v) contendo trés gotas de Tween 80
e, finalmente, cinco lavagens em agua destilada esterilizada. Sementes foram plantadas
2 cm abaixo da superficie de vermiculita esterilizada em copos (15 x 20 cm) e
imediatamente inoculada com diferentes isolados. Os isolados bacterianos foram
cultivados em meio LB, com agitagdo (125 rpm) durante 48 h a 28°C, e as culturas
bacterianas puras foram centrifugadas e diluidas até uma concentracéo final de 10 UFC
mL™ em solucéo salina estéril.

As sementes foram inoculadas com 2 mL de aliquotas de suspensdo de células
diretamente no substrato. Os tratamentos foram como se segue: (a) AC32, (b) UR51 e

(c) controle ndo inoculado. Todos os tratamentos foram tratados uma vez com solucdo
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nutritiva de Hoagland de acordo com Ambrosini et al. (2012). O experimento consistiu
de dezesseis repeticdes por tratamento e inteiramente casualizado. As plantas foram
irrigadas a cada 2 dias com &gua destilada. O experimento foi mantido por 30 dias ap6s
a emergéncia, 0s quais varios parametros foram avaliados: comprimento, matéria seca
de parte aérea e raiz e conteudo de N, P, K a partir de matéria seca das folhas (Tedesco
et al., 1995). Os dados foram analisados usando andlise de variancia e as médias
comparadas pelo teste de Tukey (P = 0,05%).

Ensaio de promocéo de crescimento de arroz em experimento a campo

O experimento de campo foi realizado em Cachoeira do Sul [CS, 30°02'20 "S,
52°53'38" W, RS, Brasil]. Cada isolado (AC32, UR51) foi crescido em meio LB com
agitacdo (125 rpm) durante 48 h a 28°C a uma concentracdo final de 10 UFC mL™.
Sementes de arroz (cultivar Puitd INTA CL) foram inoculadas com cada suspensao
bacteriana por 30 min a temperatura ambiente. Sementes do tratamento controle foram
tratadas da mesma maneira, com meio LB n&o inoculado. O experimento foi conduzido
em delineamento inteiramente casualizado com quatro parcelas por tratamento. As
unidades experimentais foram de 1,5 x 5 m, com 1 m de distanciamento entre as
parcelas. O experimento consistiu nos seguintes tratamentos: (1) auséncia de fertilizante
nitrogenado com e sem inoculacdo, (2) de nitrogénio mineral fornecido na dose
recomendada para a cultura (120 kg de ureia ha™), com e sem inoculacéo, e (3) a metade
da dose recomendada de nitrogénio mineral (60 kg de ureia ha™), com e sem inoculagao.
As aplicagdes de ureia foram feitas em duas aplicagdes, sendo 50% no plantio e 50% na
floragdo. Os pardmetros avaliados foram altura da planta, matéria seca da parte aérea na
fase de enchimento de gréos, conteido de nutrientes (N, P, K), nimero de paniculas m™,
e rendimento de grdos. Os dados foram analisados usando analise de variancia e as

médias comparadas pelo teste de Tukey (P = 0,05%).

Producéo de biofertilizante

A producéo dos biofertilizantes contendo a linhagem de Azospirillum sp. UR51 e
Herbaspirillum frisingense AC32 foi realizada na sede da empresa Bioagro Industria e
Comercio Agropecuario Ltda, localizada em Santa Maria, através da tecnologia de
fermentacéo.

Os meios de cultura utilizados para reativar as ampolas foram os indicados para

cada bactéria pelo protocolo conforme Relare (2007). As ampolas foram reativadas em
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camara de fluxo laminar e repicadas com auxilio de alca de platina, por estriamento,
para placas de Petri contendo os meios de cultura agarizados, e também para tubos de
ensaio contendo os meios de cultura liquidos. O material foi levado a estufa de
crescimento a 28°C durante trés dias.

O caldo formulado utilizado para o crescimento das bactérias foi composto por
K,HPO, 0,80 g L™, MgS04.7H,0 0,50 g L™, NaCl 0,10 g L™, extrato de levedura 2,0 g
L, PVP-K30 20,0 g L™, CaCl 0,14 g L, FeCl.;H,0 8,4 mL L™, NH,CI 0,60 mL L™,
NaOH 0,16 mL L* e glicerol 12,0 mL L™, em pH 6,8. O caldo foi armazenado em
garrafdo de vidro com bocal fechado com bucha de algodao e esterilizado em autoclave
a 121°C e 45 minutos. Apo6s 24 horas, o caldo foi inoculado e colocado no ar estéril
através de bico injetor conectado, por uma mangueira de silicone, ao garrafdo, durante
trés dias.

Apds trés dias de crescimento, o caldo foi injetado, assepticamente em camara
de fluxo laminar, através de seringa hipodérmica de vidro estéril em embalagem de
polipropileno contendo 110 g de turfa estéril. O orificio feito pela inje¢do foi fechado
com fita adesiva. O volume de caldo injetado foi de 140 mL, totalizando 250 g de
produto final, & concentracdo celular na casa de 10° células/g, com validade de seis

meses.

Ensaio de promocéo de crescimento de arroz em experimento a campo

O experimento a campo foi realizado nas dependéncias do Instituto Rio
Grandense de Arroz (IRGA), nos municipios de Cachoeira do Sul e Camaqua, RS. A
analise do solo foi realizada para caracterizacdo quimica e fisica do solo e parametros
como pH, quantidade de argila, matéria organica e disponibilidade de nutrientes
minerais foram analisados. O experimento foi conduzido em blocos ao acaso com
quatro repeticdes, com 1 m de distanciamento entre as parcelas. As unidades
experimentais foram de 6,5 x 5 m, com espacamento entre linhas de 17 cm. O
experimento consistiu nos seguintes tratamentos: (1) auséncia de fertilizante
nitrogenado com e sem inocula¢do, (2) de nitrogénio mineral fornecido na dose
recomendada para a cultura (120 kg de ureia ha™*), com e sem inoculagéo, e (3) a metade
da dose recomendada de nitrogénio mineral (60 kg de ureia ha™), com e sem inoculacéo.
As aplicacgdes de ureia foram feitas em duas aplicagdes, sendo 50% no plantio e 50% na

floragéo. O biofertilizante obtido foi utilizado para biofertilizagéo de sementes de arroz
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e da adicdo de 400 g de biofertilizante (10° células g™) para 50 kg de sementes, cultivar
Puitd INTA CL.

Amostras de parte aérea foram colhidas de cinco plantas de cada parcela para a
determinacdo de nutrientes (N, P, K) (Tedesco et al., 1995). Outros parametros
avaliados como altura da planta, matéria seca da parte aérea na fase de enchimento de
grdos, nimero de paniculas m?, e rendimento de gréos foram determinados. Os dados
foram analisados usando andlise de variancia e as médias comparadas pelo teste de
Tukey (P = 0,05%).

Promocg&o de crescimento de arroz por Azospirillum sp. UR51 e Herbaspirillum sp.
AC32

Na presente invencdo, as linhagens UR51 e AC32 foram identificadas como
pertencentes a espécie e/ou género de Azospirillum e Herbaspirillum frisingense,
respectivamente. Os isolados mostraram habilidades promotoras de crescimento vegetal.
Dentro das caracteristicas promotoras de crescimento vegetal, avaliadas em Souza et al.
(2013), o isolado AC32 apresentou producdo de compostos indolicos e sideroforos, bem
como habilidade de fixacdo de nitrogénio. O isolado UR51 apresentou producdo de
compostos indolicos e sideréforos, bem como habilidade de fixacdo de nitrogénio e
solubilizacéo de fosfato.

No experimento em cadmara de crescimento estes isolados utilizados para a
inoculacdo de arroz resultaram em satisfatorios efeitos sobre o crescimento (Tabela 1).
Estas bactérias também estimularam a captacdo de nutrientes (N, P, K), variando entre
110% e 170% de aumento em relagé@o ao controle ndo inoculado.

Para confirmar os resultados obtidos na cadmara de crescimento, um experimento
de campo foi realizado com as linhagens de Azospirillum sp. UR51 e Herbaspirillum
frisingense AC32 sob diferentes quantidades de fertilizante nitrogenado (0%, 50%, e
100% da dose de ureia) (Tabelas 2 e 3). Sementes inoculadas com a linhagem AC32 +
50% N apresentaram 0s mesmos resultados que o controle 100% N, em termos de
biomassa seca da parte aérea e conteidos de N, P, K.

Em relagdo a producéo de graos e contetido de P nas folhas, a linhagem UR51 +
50% N foi estatisticamente semelhante ao resultado obtido com o controle 100% N. Em
sintese, os dados mostraram que as plantas de arroz atingiram bom crescimento e maior
produtividade quando inoculadas com 50% da dose de ureia e as linhagens de
Herbaspirillum frisingense AC32 e Azospirillum sp. UR51, respectivamente, indicando
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o potencial destas linhagens em promover o crescimento de plantas de arroz, juntamente
com a reducgéo no uso de fertilizantes nitrogenados.
Logo, estas linhagens foram encaminhadas para a tecnologia de producgédo de

biofertilizante.

Tabela 1: Efeito da inoculagdo das linhagens de bactérias AC32 e UR51 na promogao

do crescimento do arroz em camara de crescimento.

Tratamento* Crescimento de parte aérea Crescimento de raiz

Comprimento (cm) Matéria Seca (mg) Comprimento (cm)  Matéria Seca (mg)
AC32 26,23 (+1,75) a 54,50 (+ 6,44) a 23,22 (+3,67) ab 353 (+5,54)a
UR51 23,53 (x2,40) b 51,33 (£ 8,46) ab 24,83 (x2,19) a 35,6 (£4,30) a
Controle 20,38 (+0,99) c 33,70 (x4.84)c 20,76 (¥ 3,60) b 23,2(£352)b

Os dados representam as médias (+ DP) de dezesseis repeti¢des de plantas cultivadas em vermiculita estéril em uma
cémara de crescimento.

Valores na mesma coluna seguidos pela mesma letra ndo diferiram significativamente em P> 0,05 (teste de Tukey).

* AC32 (Herbaspirillum frisingense); UR51 (Azospirillum sp.).

Tabela 2: Efeito da inoculacdo das linhagens de bactérias AC32 e UR51 na promogéo

do crescimento do arroz em experimento a campo (Cachoeira do Sul, RS).

Crescimento de parte aérea Producao

Tratamento* Comprimento (cm) Matéria Seca (mg) Namero de paniculas (m?)  Rendimento (Mg ha™)
AC32+50%N 71,15 (= 1,66) b 2144 (+ 333) a 550,17 (+ 16,24) a 9,41 (+0,78) ab
UR51+50%N 71,00 (+2,67)b 1985 (+ 431) ab 595,90 (+ 41,71) a 11,04 (£042) a
Controle 0% N 53,00 (£ 3,01) ¢ 1699 (£ 307) b 330,40 (£54,71) b 6,28 (+0,64) ¢
Controle 50% N 70,05 (+ 3,62) b 1888 (+ 438) ab 547,22 (£ 103,1) a 9,75 (+0,11) ab
Controle 100% N 75,25 (x1,41)a 2133 (x519) a 572,30 (£ 55,97) a 10,93 (+0,44) a

Os dados representam as médias (+ DP) de quatro parcelas por tratamento em experimento a campo.

Valores na mesma coluna seguidos pela mesma letra ndo diferiram significativamente em P> 0,05 (teste de Tukey).

* AC32 (Herbaspirillum frisingense); UR51 (Azospirillum sp.). 0%, 50%, 100% N (% de fertilizante nitrogenado).
Tabela 3: Efeito da inoculacédo das linhagens AC32 e UR51 no contetido de N, P, K nas

folhas de arroz em experimento a campo (Cachoeira do Sul, RS).

Teor de nutrientes

Tratamento Nitrogénio (mg g™ Fosforo (mg g™) Potéssio (mg g™)
AC32 +50% N 23,59 (% 3,65) a 6,01 (£0,03) a 38,60 (£5,98) a
URS1 +50% N 19,45 (+ 4,22) be 5,36 (+ 1,16) ab 33,75 ( 7,33) bc
Controle 0% N 12,74 (+ 2,30) d 4,92 (£0,89) b 27,18 (+ 4,91) ¢
Controle 50% N 16,42 (+3,81) cd 4,90 (£ 1,13) b 32,00 (¢ 7,44) be
Controle 100% N 23,46 (£5,70) a 5,54 (£ 1,34) ab 36,27 (£ 8,81) ab

Os dados representam as médias (+ DP) de quatro parcelas por tratamento em experimento a campo.
Valores na mesma coluna seguidos pela mesma letra ndo diferiram significativamente em P> 0,05 (teste de Tukey).
* AC32 (Herbaspirillum frisingense); UR51 (Azospirillum sp.). 0%, 50%, 100% N (% de fertilizante nitrogenado).
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Biofertilizacdo de Azospirillum sp. UR51 e Herbaspirillum frisingense AC32 na
promocéao de crescimento de arroz

Na presente invencdo, a biofertilizacdo a campo com as linhagens de
Azospirillum sp. UR51 e Herbaspirillum frisingense AC32 e 50% da dose de N
apresentaram resultados tdo positivos quanto o controle que recebeu o total da dose
recomendada de N para o cultivo de arroz.

Em Cachoeira do Sul (Tabela 4), a massa seca das plantas biofertilizadas com
UR51 + 50% N significativamente superou aos tratamentos que receberam apenas
adubacdo nitrogenada. O numero de paniculas foi significativamente maior nos
tratamentos que receberam maior dose de adubacdo nitrogenada. Quanto ao rendimento
de gréos, foram observados valores significativamente mais altos nos tratamentos que
receberam adubacdo nitrogenada, mas ndo houve diferenca estatistica entre as doses,
embora a producdo tenha sido mais alta para AC32 + 50% N.

Quando comparado com o tratamento que recebeu a metade da dose de ureia
(controle 50% N), o teor de N nas folhas foi significativamente mais alto na presenca
das bactérias. Além disso, a presenca Azospirillum sp. UR51 com a metade da dose de
fertilizante nitrogenado (50% N) também estimulou a captacdo de K (Tabela 5).

Para o tratamento sem N (controle 0% N) todos os parametros analisados
apresentam resultados inferiores quanto ao crescimento de plantas de arroz (Tabela 5).

Tabela 4: Efeito dos biofertilizantes a base de AC32 e UR51 na promocdo do

crescimento do arroz em experimento a campo (Cachoeira do Sul, RS).

Crescimento de parte aérea Producdo
Tratamento Estatura (cm) Matéria Seca (mg) NUmero de paniculas (m?) Rendimento (Mg ha™)
AC32 +50% N 99,95 (+5,28)b 2380 (+ 330) ab 544,27 (+ 73,43) ab 9,54 (+0,74) a
UR51 +50% N 97,65 (x4,17)b 2530 (+400) a 544,25 (+ 85,69) ab 9,02 (+0,65) a
Controle 0% N 81,90 (+2,69)c 2060 (+490) b 402,65 (+ 65,06) b 6,41 (+1,27) b
Controle 50% N 99,60 (£4,11) b 2240 (+ 310) ab 525,10 (£ 70,14) ab 9,10 (£ 1,20) a
Controle 100% N 105,0 (+ 3,48) a 2400 (£ 470) ab 578,20 (+ 46,21) a 9,22 (£0,51) a

Os dados representam as médias (+ DP) de quatro parcelas por tratamento em experimento a campo.
Valores na mesma coluna seguidos pela mesma letra ndo diferiram significativamente em P> 0,05 (teste de Tukey).
* AC32 (Herbaspirillum frisingense); UR51 (Azospirillum sp.). 0%, 50%, 100% N (% de fertilizante nitrogenado).
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Tabela 5: Efeito dos biofertilizantes a base de AC32 e UR51 no contetdo de N, P, K
nas folhas de arroz em experimento a campo (Cachoeira do Sul, RS).

Tratamento Nitrogénio (mg g™) Fosforo (mg g%) Potéssio (mg g %)
AC32 +50% N 10,67 (x3,29) a 3,93 (+0,60) a 49,23 (£ 6,99) ab
UR51 +50% N 11,41 (x2,45)a 3,53 (x1,22) ab 56,88 (+ 14,50) a
Controle 0% N 7,77 (£ 2,07) b 3,01 (+ 1,05) b 47,41 (+13,01) b
Controle 50% N 8,06 (£ 1,00) b 3,82 (+0,58) a 49,99 (+ 8,16) ab
Controle 100% N 9,64 (+2,22) ab 3,80 (x0,84) a 58,62,41 (+ 16,04) a

Os dados representam as médias (+ DP) de quatro parcelas por tratamento em experimento a campo.
Valores ha mesma coluna seguidos pela mesma letra ndo diferiram significativamente em P> 0,05 (teste de Tukey).
* AC32 (Herbaspirillum frisingense); UR51 (Azospirillum sp.). 0%, 50%, 100% N (% de fertilizante nitrogenado).

No experimento a campo realizado em Camaqua foi observado que a maioria
dos parametros analisados foi significativamente melhor no tratamento que recebeu a
totalidade da dose de adubacéo nitrogenada (100% N) (Tabela 6).

Sementes inoculadas com a linhagem UR51 + 50% N apresentaram 0s mesmos
resultados que o controle 100% N, em termos de nimero de paniculas. Em relacdo ao
rendimento de grdos, os resultados sdo de dificil interpretagdo, embora os valores com a
presenca das bactérias tenham sido estatisticamente maiores do que o controle 50% N,
com valores préximos ao controle 100%N.

Adicionalmente, o teor de N nas folhas foi significativamente mais alto na
presenca da bactéria AC32 com a metade da dose de fertilizante, em relagdo ao controle
50% N. Quando comparado com o controle 100% N, os valores foram estatisticamente

iguais (Tabela 7).

Tabela 6: Efeito dos biofertilizantes a base de AC32 e UR51 na promocdo do

crescimento do arroz em experimento a campo (Camaqué, RS).

Crescimento de parte aérea Produgéo
Tratamento Estatura (cm) Matéria Seca (mg) NGmero de paniculas (m?) Rendimento (Mg ha™)
AC32 +50% N 76,15 (+3,87)b 9580 (£3720)ab 554,60 (+ 52,1) bc 7,06 (+ 1,10) ab
UR51 +50% N 77,10 (£2,65)b 8250 (+2225)b 597,75 (+40,0) ab 7,54 (+0,50) ab
Controle 0% N 7155 (+3,92)c 6800 (£3640)b 436,72 (+33,1) ¢ 5,91 (+ 0,50) b
Controle 50% N 78,45 (£348)b 7860 (+1260)b 550, 17 (+ 74,8) bc 6,88 ( 0,90) b
Controle 10090 N 83,30(+2,39)a 11020 (+3070)a 682,92 (+73,8) a 8,64 (+0,60) a

Os dados representam as médias (+ DP) de quatro parcelas por tratamento em experimento a campo.
Valores na mesma coluna seguidos pela mesma letra ndo diferiram significativamente em P> 0,05 (teste de Tukey).
* AC32 (Herbaspirillum frisingense); UR51 (Azospirillum sp.). 0%, 50%, 100% N (% de fertilizante nitrogenado).
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Tabela 7: Efeito dos biofertilizantes a base de AC32 e UR51 no contetdo de N, P, K
nas folhas de arroz em experimento a campo (Camaqud, RS).

Tratamento Nitrogénio (mg g™) Fosforo (mg g%) Potéssio (mg g%)
AC32 +50% N 43,84 (£ 15,27) a 11,94 (£ 3,96) a 158,85 (£ 64,05) ab
UR51 +50% N 33,07 (£ 8,10) b 10,86 (+ 3,90) a 134,97 (£41,11) b
Controle 0% N 31,44 (£ 17,66) b 10,49 (£ 5,28) a 137,01 (£ 72,01) b
Controle 50% N 35,05 (£ 7,90) b 11,92 (£ 3,09) a 143,65 (£ 24,28) ab
Controle 100% N 4510(x7.91)a 14,80 (+3,95) a 209,64 (+ 88,26) a

Os dados representam as médias (+ DP) de quatro parcelas por tratamento em experimento a campo.
Valores ha mesma coluna seguidos pela mesma letra ndo diferiram significativamente em P> 0,05 (teste de Tukey).
* AC32 (Herbaspirillum frisingense); UR51 (Azospirillum sp.). 0%, 50%, 100% N (% de fertilizante nitrogenado).

Os experimentos de biofertilizacdo foram executados de acordo com as normas
recomendadas pelo MAPA (Ministério da Agricultura, Pecuéria e Abastecimento)
através do anexo a IN SDA 13, de 25/03/2011 (Requisitos minimos para avaliacdo da
viabilidade e eficiéncia agronémica de cepas, produtos e tecnologias relacionados a
micro-organismos promotores de crescimento vegetal). De acordo com as normas, as
avaliagOes de campo deverdo ser conduzidas em, pelo menos, dois locais em condigdes
edafoclimaticas distintas, tecnicamente adequadas a cultura, por no minimo duas safras
agricolas.

Na presente invencdo, 0s experimentos a campo foram realizados em duas
regides com condic¢des edafoclimaticas distintas: Cachoeira do Sul e Camaqud, RS. No
entanto, é importante ressaltar que experimentos adicionais a campo devem ser
realizados para confirmar a potencialidade dos isolados na promocéo de crescimento e
aumento da produtividade no cultivo de arroz.
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Reivindicacoes
COMPOSIC}AO DE BIOFERTILIZANTE PARA A PROMOQAO DE
CRESCIMENTO E AUMENTO DE PRODUTIVIDADE DE GRAMINEAS

1. Composicdo de biofertilizante & base de Azospirillum sp. UR51 e/ou
Herbaspirillum frisingense AC32, que favorecam a promogdo de crescimento e

aumento de produtividade de gramineas.

2. Método, de acordo com a reivindicacdo 1, caracterizado pelo fato de que a
referida composicdo biofertilizante modula a fixagcdo de nitrogénio e/ou de fatores

promotores de crescimento.

3. Composigéo biofertilizante caracterizada por compreender:
a) pelo menos um material biolégico de espécies e/ou linhagens escolhidas que
compreende Azospirillum sp. UR51 e Herbaspirillum frisingense AC32.

b) veiculo agriculturalmente aceitavel.
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Resumo
COMPOSIQAO DE BIOFERTILIZANTE PARA A PROMOC;AO DE
CRESCIMENTO E AUMENTO DE PRODUTIVIDADE DE GRAMINEAS

A presente invencdo descreve a composicdo de biofertilizante a base de bactérias
promotoras de crescimento vegetal. Na maioria dos resultados, os biofertilizantes da
presente invencdo mostraram eficiéncia no processo de promocdo de crescimento e
aumento de produtividade de arroz quando a dose de fertilizante nitrogenado foi
reduzida. Os biofertilizantes da presente invencdo compreendem as linhagens de
Azospirillum sp. UR51 e Herbaspirillum frisingense AC32. Os dados apresentados aqui
se encontram parcialmente publicados em Souza et al. (2013), no entanto, experimentos

adicionais a campo serdo necessarios.
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Abstract

Plant growth-promoting rhizobacteria (PGPR) can promote plant growth using a wide
variety of mechanisms as well as provide bioprotection against biotic and abiotic
stresses. The objectives of this study were to isolate and characterize putative PGPR
associated with rice cultivars with a distinct tolerance to iron toxicity grown in two
areas: one with a well-established history of iron toxicity and another without iron
toxicity. Bacterial strains were selectively isolated based on their growth in selective
media and were identified by partial sequencing of their 16S rRNA genes. Bacterial
isolates were evaluated for their ability to produce indolic compounds, siderophores,
ACC deaminase, and solubilize tricalcium phosphates. In vitro biological nitrogen
fixation was evaluated for bacterial isolates used in the inoculation experiments. A total
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of 329 bacterial strains were isolated. The composition of the bacterial genera and the
occurrence of different plant growth-promoting (PGP) traits were significantly affected
by the iron conditions and by the cultivar. Strains belonging to the Burkholderia and
Enterobacter genera were the most abundant of all the Gram negative isolates. The
Paenibacillus and Bacillus genera were the most abundant of the Gram positive isolates.
A large number of putative PGPR belonging to different bacterial genera presented
several PGP traits. Strains belonging to Burkholderia sp., Chryseobacterium sp.,
Ochrobactrum sp., and Paenibacillus sp. genera presented the potential to interact
positively with rice plants concerning plant growth and nutrient uptake in different iron
conditions. Plants inoculated with FeS53 (Paenibacillus zanthoxyli) in the presence of
iron excess presented growth similar to control conditions, indicating that this bacterium

as the most promising PGP isolate.

Keywords: PGPR; PGP traits, rice; iron toxicity; plant growth.

1. Introduction

The plant rhizosphere, which is the narrow zone of soil influenced by the roots,
is a multidimensional and dynamic ecological environment of diverse microbe-plant
interactions. Root-colonizing plant beneficial bacteria, commonly referred to as plant
growth-promoting rhizobacteria (PGPR), are rhizospheric bacteria that can enhance
plant growth using a wide variety of direct and indirect mechanisms (Glick, 2012). The
favorable effects of PGPR inoculation on plant growth have been extensively reported
(Ambrosini et al., 2012; Arruda et al., 2013; Glick, 2012; Sasaki et al., 2010).

Currently, the role of benefic microorganisms in the management of abiotic
stresses is gaining great significance because plant-associated microorganisms,
including rhizoplane and endophytic rhizobacteria and symbiotic fungi, can play an
important role in conferring tolerance to these stresses (Grover et al., 2011). Several
studies addressing the positive effects of bacterial strains in plants grown under abiotic
stress have been conducted, demonstrating, for example, the enhancement of salt
tolerance in rice (Bal et al., 2013), the enhancement of tolerance to high temperatures in
sorghum seedlings (Ali et al., 2009), and mitigation of the negative effects of drought in
the common bean (Figueiredo et al., 2008). Moreover, the subject of PGPR eliciting
tolerance to abiotic stresses has also been reviewed recently in other works (Dimkpa et
al., 2009a; Grover et al., 2011).
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Iron (Fe) is an essential micronutrient for plants. It is required in large
abundance, as it is involved in various important biological processes, such as
photosynthesis, respiration, chlorophyll biosynthesis (Kobayashi and Nishizawa, 2012),
and biological nitrogen fixation (Dixon and Kahn, 2004). In aerobic conditions, the
solubility of iron is very low due to the predominance of ferric (Fe**) ions usually found
as oxihydroxide polymers, limiting the Fe supply for plant uptake, especially in
calcareous soils (Andrews et al., 2003; Lemanceau et al., 2009). In anaerobic and acid
soils, high concentrations of ferrous (Fe**) ions generated by the reduction of iron
oxides (Fe**) in flooded soils may lead to iron toxicity due to excessive Fe uptake (Stein
et al., 2009). However, when absorbed in high concentrations by plants, it can generate
oxidative stress (Stein et al., 2009). Iron toxicity is well-recognized as the most widely
distributed nutritional disorder in lowland-rice production (Dobermann and Fairhurst,
2000). Rice genotypes differ widely in their tolerance to iron toxicity. Susceptible
cultivars of rice plants grown in fields with high iron concentrations showed lower
levels of chlorophylls and soluble proteins and possessed higher levels of carbonyls,
indicating oxidative damage (Stein et al., 2009). The excess of iron was also shown to
inhibit plant growth and caused a decrease in productivity.

As previously mentioned, some research has shown that inoculation with PGPR
can alleviate abiotic stress effects in different plant species. However, there are no
studies concerning the rhizospheric microbial diversity associated with rice cropped in
iron toxicity conditions and none focusing on the contribution of PGPR in alleviating
iron toxicity effects while promoting plant growth. It would be interesting to know if the
excess of iron interferes with the interaction between these microorganisms and the host
plant (rice in this work), as well with the PGP traits. Because the selection of microbial
strains that exhibit the capability to stimulate plant growth under abiotic stress depends
on traditional culture-based methods (Ambrosini et al., 2012), the aims of this work
were to (i) assess the diversity of putative PGPR strains associated with rhizospheric
soil and roots of rice plants cropped in a field with a history of iron toxicity; (ii)
evaluate several plant growth promotion (PGP) activities of bacterial isolates, and (iii)
test some of these bacteria for their ability to promote plant growth in different iron

conditions.

2. Materials and Methods
2.1. Sampling and processing
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Plants from two rice (Oryza sativa L.) cultivars displaying different levels of
tolerance to iron toxicity [BR-IRGA 409 (susceptible) and IRGA 420 (tolerant) (Bacha
and Ishiy, 1986)] and the rhizospheric soil associated with them were collected from
two regions in the state of Rio Grande do Sul, Brazil: Camaqua (30°54'07.96"S,
51°51'26.25"W), which has a well-documented history of iron toxicity, and
Cachoeirinha (29°56'51.91"S, 51°06'46.36"W), which was used as a control (it does not
have an excess of iron); all samples were collected in December, 2010. Plants from the
susceptible cultivar showed typical symptoms of iron toxicity (such as discoloration of
leaves and necrosis in older leaves) only when grown at the iron-toxic site (Camaqua).
Ten samples (0.5 kg each) of fresh weight soils were collected from each site down to a
depth of 15 cm and were combined to obtain a representative composite sample. Three
sub-samples (0.5 kg fresh weight) of soil from each site were analyzed for pH, clay, P,
K, Fe, exchangeable Al, Ca, Mg, and organic matter (OM) contents using standard
methods (Tedesco et al., 1995; Table 1).

2.2. Isolation of putative diazotrophic root and rhizospheric bacteria

Rhizospheric and root-associated bacteria were isolated from five independent
plants with adhering (rhizospheric) soil that were spaced at least 2 m away from each
other. Samples were randomly taken and bulked to obtain a representative composite
sample. Bacteria from each sampling site were isolated according to Dobereiner (1988),
using the nitrogen-free semi-solid NFb, LGI, and LGI-P media, with the modifications
described by Ambrosini et al. (2012) and Souza et al. (2013). Bacilli and other Gram
positive bacteria were isolated according to Seldin et al. (1983) with the modifications
described by Beneduzi et al. (2008), except that only rhizospheric soil was used for the
bacterial isolation. These bacterial isolates were individually analyzed by Gram-staining

and immediately stored in sterile glycerol solution (50%) at -20°C.

2.3. Extraction of bacterial DNA

Bacterial DNA extraction was performed according to Ambrosini et al. (2012)
and Souza et al. (2013). Phenol-chloroform extraction and ethanol precipitation were
performed as described by Sambrook and Russel (2001). The quality and integrity of
the DNA were determined by electrophoresis in 0.8% agarose gels containing ethidium
bromide and visualized under UV light. Fifty nanograms of bacterial DNA were used as
a template for PCR procedures.
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2.4. PCR amplification and sequencing of the bacterial 16S rRNA gene

Partial sequences of the 16S rRNA gene (roughly 450 bp) from each Gram
negative isolate were amplified using the conditions described by Souza et al. (2013).
The identification of bacilli and other Gram positive bacteria at the species level was
also done by analysis of the 16S rRNA gene (approximately 1,500 bp) using the
BacPaeF (AGAGTTTGATCCTGGCTCAG, Stackebrandt and Liesac, 1993) and
Bac1542R (AGAAAGGAGGTGATCCAGCC, Edwards et al., 1989) primers. Thermal
cycling was performed according Garbeva et al. (2003). PCR products were analyzed by
electrophoresis in 1% agarose gels containing ethidium bromide and visualized under
UV light. Sequencing was determined in a Megabace 1000 automatic sequencer using a
DYEnamic™ ET Dye Terminator Cycle Sequencing Kit (GE HealthCare). Partial
sequences of the 16S rRNA gene (approx. 650 bp) were used for identification or
grouping of Bacillus species. According to Goto et al. (2000), the 5 end region (approx.
275 bp) was identified as the hypervariant region in the 16S rRNA gene and is highly
specific for each strain type. Furthermore, this region is highly conserved within the
Bacillus species.

Sequences were trimmed to exclude low quality sequenced nucleotides. DNA
sequences were compared with sequences from the EzTaxon Server version 2.1
(http://eztaxon-e.ezbiocloud.net/) and the GenBank using BLASTN software
(http://blast.ncbi.nim.nih.gov/). The nucleotide sequences of the 329 partial 16S rRNA
gene segments determined in this study have been deposited in the GenBank database
(accession numbers KC550309 to KC550638).

2.5. Diversity indices

Diversity indices (H” and H”, Shannon and Weaver, 1949) were estimated
based on the total number of individuals and the number of genera/species identified for
each sampled cultivar. Principal component analysis (PCA) was used to verify the
correlation between soil properties and rhizospheric bacterial diversity (Rico et al.,
2004).

2.6. Evaluation of the characteristics that promote plant growth

The putative PGP capacity of the bacterial isolates was evaluated by in vitro
tests. Bacterial suspensions (10 pl of 10> CFU ml™) of each isolate grown in LB
medium at 28°C with agitation (125 rpm) for 48 h were used as inocula for the PGP
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experiments. The production of indolic compounds (IC) and siderophores were assayed
according to Glickmann and Dessaux (1995) and Schwyn and Neilands (1987),
respectively. The phosphate solubilization capacity was determined as described by
Ambrosini et al. (2012). The ACC deaminase activity was evaluated by the ability of
the isolates to use 1-amino-cyclopropane-1-carboxylic acid (ACC) as nitrogen source
and was determined as described by Souza et al. (2013). The nitrogen-fixing ability of
the isolates was tested using the acetylene reduction assay (ARA) as described by
Boddey (1987). For catalase production, bacteria were grown in LB medium at 28°C for
24-48 h. A loopful of each culture was mixed with 50 ul of 3% (v/v) H,O, on a glass
slide and incubated at room temperature to observe the release of oxygen, which was
recorded as a positive reaction for catalase.

Each isolate was classified according to the level of IC production: level 1
isolates that produced between 0.1 and 10 pg of IC ml™ and level 2 isolates that
produced more than 11 pg of IC ml™. For phosphate solubilization and siderophore
production, the development of a halo around the bacterial colony was considered to be
positive. The halo size was used as an estimate of the degree of phosphate
solubilization/siderophore production: (+) = halos ranging from 0.1 to 0.6 cm; and (++)

= halos larger than 0.6 cm.

2.7. In vivo experiments on plant growth promotion by native PGPR isolates

The growth chamber experiment was conducted with a photoperiod cycle of 14
h light at 28°C and 10 h dark at 20°C. The experimental units consisted of pots (15 X 20
cm) sterilized with 0.7% sodium hypochlorite solution before seeding. Rice seeds from
the BR-IRGA 409 cultivar (susceptible to iron excess) provided by IRGA (Instituto Rio
Grandense do Arroz, Brazil) were surface-disinfected as described by Souza et al.
(2013). The sterilized seeds were immediately inoculated with different isolates
(described below) for 30 min; treated seeds were planted in sterile vermiculite, 2 cm
below the surface and irrigated with nutrient solution. The plant nutrient solution used
was that reported by Yoshida (1981) with some modifications as follows: 0.1 mM KClI,
0.1 mM KH;PO4 0.7 mM K,;SO4, 1 mM Ca(NOs)..4H,0, 0.5 mM MgSO,, and
micronutrients. After germination and growth in vermiculite and nutrient solution for 12
days, the plant roots were re-inoculated by submerging them in 10 ml bacterial culture
for 5 min. and immediately transferred to pots containing 500 ml of nutrient solution

and covered with aluminum foil. Five repetitions per treatment were performed. Each
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pot harbored two plants, which were kept for 10 days in control solution. Plants were
then transferred to different treatments: (1) excess of iron (500 mg I* of Fe), or (2)
control (6.5 mg I"* of Fe), both using Fe,(SO.)3.5H-0 as the iron source, solution pH 5.0
+ 0.1. All solutions were replaced every 3 days.

Bacterial isolates (nine) were grown in LB medium with agitation (125 rpm) for
48 h at 28°C, and pure bacterial cultures were centrifuged and diluted to a final
concentration of 10 CFU mI™ in sterile saline solution. Seeds were inoculated with 10
ml aliquots of the cell suspensions. Two independent experiments were conducted. The
first experiment was carried out with the following isolates: (a) FeS14, (b) FeS42, (c)
FeS56 (d) FeS57, and (e) a non-inoculated control. The second experiment was carried
out with bacilli isolates: (a) CaR114, (b) CaS40, (c) FeR64, (d) FeS24, (e) FeS53, and
(f) a non-inoculated control. Both experiments were maintained for 30 days, after which
several parameters were evaluated. Plants were harvested, and the length data were
recorded. Shoots and roots were dried at 65°C to a constant weight to evaluate the dry
matter. All shoot dry matter contents from each treatment were combined for elemental
analysis. The shoot nutrient content was determined by the Kjeldahl method (detection
limit 0.01%) for N and nitric-perchloric wet digestion/ICP-OES (Inductively Coupled
Plasma - Optical Emission Spectrometry; detection limit 0.01%) for P and K. The
nutrient content of the plants was estimated for each treatment through uptake per gram
of plant tissue multiplied by the total yield per treatment [(yield) X (percent nutrient per
gram of plant tissue)] (Adesemoye et al., 2009).

2.8. Statistical analysis

The microbial community structure of each sample studied (cultivar x iron
status) was compared via Pearson’s Chi-squared test. A residue analysis was used to
detect differences between individual bacterial genera, which were considered
significant for standardized adjusted residues > |1.96|. Data from the pot trials were
statistically analyzed using ANOVA, and the means were compared using Tukey’s test
(p=0.05%). Homoscedasticity was verified using Levene’s test and normality by

histogram analysis.

3. Results
3.1. Isolation and identification of putative PGP bacteria
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In this work, 329 cultivable and putative nitrogen-fixing and plant growth-
promoting rhizobacteria were isolated. From those 329 bacterial strains, 229 were
isolated based on their growth in nitrogen-free media under aerobic conditions (Table
2), and 100 were isolated based on their growth on nitrogen-free medium under
anaerobic conditions (Table 3). Table 2 shows the 26 distinct bacterial genera related to
Gram negative isolates and the one related to Gram positive isolate that were identified,
whereas Table 3 shows the 27 bacterial species related to putative nitrogen-fixing bacilli
and the other Gram positive isolates that were identified. Both tables show the bacterial
genus/species identified and their frequency in the rhizospheric soil and root samples
for the two rice cultivars investigated.

As can be observed in Table 2, bacterial isolates belonging to the Burkholderia
and Enterobacter genera were the most abundant among all aerobic isolates. The
bacterial genera composition was significantly affected by the cultivar (p=0.001) and by
the environment (p=0.01), meaning that both cultivars presented different associated
bacterial communities and that soil composition interfered with the bacterial community
as well.

The associated bacterial communities of the tolerant cultivars changed according
to environmental conditions (p=0.002): when samples from the tolerant cultivar cropped
in the iron-stressed location (Camaqud) were analyzed, the most abundant strains
identified belonged to the Burkholderia genus (20 isolates), whereas the same cultivar
cropped in the Cachoeirinha locality (without excess of iron) presented only 10 isolates
belonging to this genus, which was a significant decrease. Moreover, strains belonging
to the Cronobacter and Pantoea genera were found preferentially in samples collected
in the control location and strains belonging to Lecrercia genus only found in samples
collected in the iron-stressed location. On the other hand, the associated bacterial
community of the susceptible cultivar did not change according to iron stress (p=0.114).

The proportion of bacterial genera was significantly different between the
susceptible and tolerant cultivars (Table 2). In the iron-stressed location, the associated
bacterial community was different for the two rice cultivars (p=0.025), with the
occurrence of strains belonging to the Leclercia genus being more associated with the
tolerant cultivar than with the susceptible cultivar. In the control location, the bacterial
genera composition was also affected by the cultivar (p=0.001), with strains belonging

to the Burkholderia genus being more associated with the susceptible cultivar than with
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the tolerant cultivar, whereas strains belonging to the Enterobacter and Cronobacter
genera were more associated with the tolerant cultivar than with the susceptible cultivar.

Table 3 shows that the strains belonging to the Paenibacillus and Bacillus
genera were the most abundant groups among the putative nitrogen-fixing bacilli and
the other Gram positive bacterial isolates. The associated bacterial community was
significantly different in the susceptible cultivar at both environmental conditions
(p<0.001), with the occurrence of strains belonging to the Paenibacillus zanthoxyli and
P. durus species being more associated with the iron-stressed location than with the
control location. Similarly, strains belonging to the Leifsonia genus were only found in
samples collected in the iron-stressed location. Our results also revealed that a larger
number of strains of Gram positive bacteria were isolated from susceptible cultivar
cropped in the control location compared with iron-stressed location. On the other hand,
the associated bacterial community was similar concerning the tolerant cultivar at the
same environmental conditions (p=0.152).

The bacterial genera composition was significantly different between the
cultivars in the control location (p<0.001) but not in the iron-stressed location (p=0.247)
(Table 3). In the control location, strains belonging to the Bacillus aryabhattai species
were more associated with the susceptible cultivar, whereas strains belonging to the P.
zanthoxyli, P. wynnii and P. durus species were more associated with the tolerant
cultivar.

Diversity indices for each sampling site are also presented in Tables 2 and 3.
According to Table 2, the bacterial community isolated from samples obtained from the
susceptible cultivar cropped in the iron-stressed location presented the highest genetic
diversity (H'=2.23), whereas that isolated from samples from the tolerant cultivar
cropped in the same region presented the lowest diversity index (H'=1.65). On the other
hand, regarding to the diversity of the Gram positive bacteria (H”; Table 3), the
bacterial community isolated from samples collected from the susceptible cultivar
cropped in the control location presented the highest diversity index (H=2.53),
whereas much lower indices were obtained from those isolated from the other samples
(Table 3).

The chemical analysis of soils (Table 1) indicated low pH values in both
sampling areas. However, soil from the iron-stressed site showed higher values of pH
and Fe, as well as lower levels of OMC and P, than samples from the control site.
Principal coordinate analysis (PCA) was used to investigate the relationships between
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bacterial diversity (H’ and H”) and abiotic soil parameters (Figure 1). The first two
dimensions of PCA (PCA1 and PCA2) explained 86.12% of the total variation, with
component 1 accounting for 61.35% and separate clearly the control site (Cachoeirinha)
from the iron-stressed site (Camaqud). Component 2 represent 24.77% of the variance
and separate the susceptible from the tolerant cultivars. This analysis showed that the
Al, clay, Ca, and OM contents were the soil factors that were more related to /’, while
the K and P contents seemed to be the major soil parameters to affect the diversity of

the Gram positive isolates (H”).

3.2. Screening of PGP traits of bacterial isolates

All 229 strains selectively isolated based on their growth on nitrogen-free media
and aerobic conditions were analyzed for the presence of four plant growth promotion
abilities (Table 4). According to Table 4, one of the most evident characteristic among
these isolates was their ability to produce IC, which ranged from 0.11 to 50 pg of IC mI®
! with 22 isolates producing more than 10 pg of IC ml™ after 72 h of incubation. Of
these 22 isolates, 16 were isolated from the susceptible cultivar cropped in the iron-
stressed site (Camaqud). Additionally, the level of IC production was different
according to the environment for the susceptible cultivar (p=0.001). There were more
level 1 IC producers in the control site than in the iron-stressed site (p<0.05), while
there were more level 2 IC producers in the iron-stressed site (p<0.05). For the tolerant
cultivar, the IC production ability of the isolates presented very similar levels (p>0.05)
for both sites. Strains identified as good IC producers belonging to the Burkholderia,
Enterobacter, and Pantoea genera.

Another ability displayed by most of the aerobic isolates was siderophore
production (216 out of 229; Table 4), with 41 strains isolated from samples from the
tolerant cultivar cropped in the iron-stressed site presenting larger halos (++) than those
isolated from the same cultivar cropped in the control site (p=0.002). Isolates from the
susceptible cultivar from both regions did not differ in the ability to solubilize iron
(p=0.076). Isolates identified as belonging to the Burkholderia, Enterobacter, and
Pantoea genera were identified as good siderophore producers.

In addition to the above characteristics, 102 of 229 isolates were able to
solubilize phosphates (Table 4). There was a difference in the phosphate solubilization
ability by the isolates between both environments for the tolerant cultivar (p=0.009) as
the best phosphate solubilizers were found in the control site (16 isolates with halo ++)
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compared to iron-stressed site (3 isolates with halo ++) (p<0.05). For the susceptible
cultivar, however, there was no difference in the phosphate solubilization ability
displayed by the isolates for both environments (p=0.387). Isolates identified as
belonging to the Burkholderia genus were identified as good phosphate-solubilizing
strains.

According to Table 4, ACC deaminase activity was the rarest ability among the
isolates (51 out of 229). The occurrence of ACC deaminase activity was dependent on
both the environment and cultivar (p=0.012). In the control site, the susceptible cultivar
possessed a greater number of ACC deaminase producers (p<0.05). On the other hand,
in the iron-stressed site, the highest number of ACC deaminase producers was found in
the tolerant cultivar (p<0.05). Isolates belonging to the Burkholderia genus were
identified as good ACC deaminase producers.

The PGP traits of putative diazotrophic bacilli and other Gram positive bacteria
are shown in Table 5. The most evident characteristic among those Gram positive
strains was the production of IC, as 94 isolates were able to produce IC in vitro, and
seven of them produced more than 10 pg of IC ml™ after 72 h of incubation. Only two
strains were able to produce siderophores, 11 were able to solubilize phosphates, and
four isolates presented ACC deaminase activity in our in vitro conditions. Bacterial
communities isolated from the tolerant cultivar from control region did not present any
strains displaying other ability than IC production. The rhizospheric soils from the
samples collected from both cultivars cropped in the iron-stressed site presented the
highest numbers of phosphate-solubilizing strains compared to those from the other site.

The biological nitrogen fixation and catalase activity in vitro assays were
performed for nine bacterial isolates that were selected based on their taxonomic
identification and PGP attributes for the in vivo experiment in a growth chamber. Table
6 shows the results of the PGP activities evaluated for these isolates. Four bacterial
isolates were used to inoculate the seeds of rice plant in the first experiment and were
identified as FeS14 (Burkholderia sp.) FeS42 (Chryseobacterium sp.), FeS56
(Ochrobactrum sp.), and FeS57 (Lysinibacillus sp.). The Gram positive isolates CaR114
(Paenibacillus sonchi), CaS40 (Paenibacillus jamilae), FeR64 (Bacillus aryabhattai),
FeS24 (Paenibacillus durus), and FeS53 (Paenibacillus zanthoxyli) were used in the

second experiment.

3.3. First plant assay: growth-promoting effect of rice plants with bacterial treatments
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To test the interaction between Gram negative PGPR and rice plants, an in vivo
experiment was conducted in a growth chamber with the four previously identified
selected isolates (Table 6). Plants were transferred to different treatments, including an
excess of iron (500 mg I of iron) and the control treatment (6.5 mg I* of iron),
however, plants submitted to iron toxicity were not analyzed due to the small amount of
samples obtained.

Under the growth chamber conditions, most of the PGPR used for the
inoculation of rice plants resulted in satisfactory effects on plant growth in the iron
control treatment (Table 7). For the dry shoot biomass, the inoculation of rice with the
FeS14 and FeS42 strains presented significantly higher results than the non-inoculated
control plants. Moreover, the inoculation of rice with the FeS42 and FeS56 strains
presented significantly similar results for the length and dry biomass of roots compared
to the non-inoculated control plants.

Plants inoculated with the FeS14 and FeS42 isolates enhanced the N uptake by
rice compared with that of the non-inoculated plants. Moreover, plants inoculated with
FeS14 and FeS42 strains showed a significant increase in the amount of K accumulated

in the shoots compared to that in the non-inoculated control plants (data not shown).

3.4. Second plant assay: contribution to plant growth by Gram positive isolates

According to Figure 2, in the iron control condition, rice seeds inoculated with
the CaR114 strain presented results significantly similar to the non-inoculated control
plants in terms of dry shoot biomass. In the treatment with excess of iron, plants
inoculated with the FeS53 isolate were statistically equivalent to plants without
inoculation relative to dry matter of shoot (Figure 2). Moreover, the condition of iron
excess reduced length and dry shoot biomass of plants comparing with those in the iron
control treatment except for plants inoculated with the FeS53 isolate that presented
statistically the same values for both conditions.

The potential role of bacilli isolates in the promotion of rice growth in different
iron conditions was also evaluated through the concentration of nutrients accumulated
in shoot tissue (Table 8). For most of the treatments, rice plants submitted to iron excess
reduced the uptake of nutrients such as Ca, Mg, Cu, and Zn (data not shown) and N, P
and K (Table 8) compared to those in the iron control treatment.

With respect to the plant nitrogen content (Table 8), the inoculation of rice with
the CaR114 strain resulted in enhanced N uptake by the rice plants compared with that
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of the non-inoculated control plants in the iron control condition. For the uptake of P
and K for this same isolate, the results were significantly similar to the non-inoculated
iron-control condition plants (Table 8). In the treatment with excess of iron, plants
inoculated with the FeS53 isolate were statistically equivalent to plants without
inoculation relative to NPK uptake, although the N and K content in the shoots was
higher to FeS53. On the other hand, plants inoculated with the FeS53 strain showed
satisfactory results in terms of N and K uptake compared with plants from the iron
control and iron toxicity treatments (Table 8).

The concentration of Fe accumulated in rice shoot tissue was also evaluated
(data not shown). In the condition of iron excess, rice plants presented high
concentration of Fe in the shoot tissue when compared to that of the plants in the iron
control condition. Moreover, it was observed that the inoculation of rice seeds with the
bacilli isolates, including the isolate FeS53, resulted in a reduction in the concentration

of Fe in the shoot tissue compared with the non-inoculated control plants.

4. Discussion
4.1. Isolation and identification of putative PGP bacteria

To investigate how an excess of iron interferes with the diversity of putative
PGP rhizobacteria associated with rice, specific bacterial communities were isolated
from two areas used for rice cultivation having different iron concentrations. The toxic
character of these experimental sites had been already determined by Stein et al. (2009),
who observed a high concentration of ferrous (Fe?*) ions (more than 280 mg I™) in soil
samples from Camaqua compared to the control site, Cachoeirinha (29 mg I%). Our
results suggested that the abiotic factors in the soil and the genotype of rice cultivar
have significant effects on the Gram negative bacterial communities isolated from the
roots and rhizospheric soils (Table 2), thus corroborating the hypothesis that plants can
actively select their bacterial community under different nutrients conditions (Costa et
al., 2013). Briones et al. (2002) also showed that different cultivars of the same plant
species can affect populations of ammonia-oxidizing bacteria. Inceoglu et al. (2012)
studied bacterial community in the potato rhizosphere using PCR followed by
denaturing gradient gel electrophoresis and observed the effects of soil type and cultivar
on the microbial community structures. These authors concluded that soil type was the
most determinative parameter shaping the functional communities, whereas the cultivar

type also exerted some influence.
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Strains belonging to the Burkholderia and Enterobacter genera were more
abundant in this study. Beneficial plant-microbial interactions can be established by
strains belonging to Burkholderia genus when associated with plants and can promote
plant growth through different mechanisms. For this reason, Gyaneshwar et al. (2011)
suggested that the nitrogen-fixing species of the Burkholderia group should be placed
into a new genus to separate them from the pathogenic species. Strains belonging to the
Enterobacteria genus have been found in association with a large number of plant
species of agronomic interest, and are also known to improve plant growth (Deepa et
al., 2010).

Regarding to bacilli and other Gram positive bacteria (Table 3), our results
suggested, as well as Gram negative bacterial communities, that the environment and
the genotype of rice cultivar have an impact on Gram positive bacterial communities.
Yadav et al. (2011) had previously performed diversity studies under stress conditions.
These authors analyzed the biodiversity of plant growth-promoting bacilli isolated from
moderately acidic soil and have revealed several Bacillus strains positive for multiple
PGP attributes. Upadhyay et al. (2009) analyzed the genetic diversity of plant growth-
promoting rhizobacteria isolated from the rhizosphere of wheat under saline conditions,
and they concluded that Bacillus and Bacillus-derived genera were the most abundant
type of bacteria in their samples.

The present study showed a correlation between abiotic soil parameters and
bacterial diversity (Figure 1). Although several soil parameters have been measured and
analyzed in our study, it is still possible that other unevaluated variables such as root
exudates, plant age, and plant community composition, can influence the diversity of
microbial communities. Moreover, the differences in diversity among the bacterial
communities can be the result of the combined effects of the weather and edaphic
factors (Arruda et al., 2013). Palmer and Young (2000) observed that pH and the
contents of clay and OM may affect bacterial diversity and Arruda et al. (2013) showed
that the bacterial diversity of bacterial communities isolated from maize was associated
with the soil clay content.

In this work, a culture-dependent approach was used to selectively isolate a
fraction of the bacterial community present in the roots and rhizospheric soils of rice.
However, it is well known that the analysis of bacterial communities associated with

plants can be better explored by diverse culture-independent methods that provide
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information about the impact of plant species on structure and function of rhizobacterial

communities (Berg and Smalla, 2009).

4.2. Screening of PGP traits of bacterial isolates

Rhizospheric bacteria can enhance plant growth by a wide variety of
mechanisms. Production of IC by PGPR is an important attribute for improvement of
plant growth (Upadhyay et al., 2009) that can directly influence the root development
thus allowing the uptake of essential nutrients. The data obtained in this work indicated
that the level of IC production was different according to the environment. The
susceptible cultivar was able to select the best IC producers under iron stress conditions,
whereas the microbiota of the tolerant cultivar was unresponsive regarding this ability
(Table 4). Moreover, more than 90% of all isolates were able to produce IC (Tables 4
and 5). These results are in agreement with other works (Ambrosini et al., 2012; Costa
et al., 2013; Souza et al., 2013) as the IC production was the most prevalent plant
growth-promoting characteristic in the majority of the isolates. Dimkpa et al. (2009b)
observed that the presence of metals such as Al, Cd, and Ni, including Fe, inhibits auxin
production in Streptomyces sp., however, auxin production is enhanced under
siderophore-producing conditions. Siderophores promote auxin synthesis by chelating
these metals, thereby protecting microbial auxins from degradation and enabling them
to enhance plant growth.

Despite the fact that iron (Fe®") is typically available in flooded soil conditions
and that paddy rice soils are subjected to periodic changes between oxic and anoxic
conditions (Becker and Asch, 2005), another ability displayed by most of rhizospheric
isolates was siderophore production (Table 4). Many microorganisms can produce
siderophores involved in the sequestration of Fe*". In flooded soil conditions of rice
cultivation, Fe** can act as electron acceptors for microbial respiration and sequentially
become available to plants (Becker and Asch, 2005). Moreover, the rhizosphere of rice
cultivars is a potential site of Fe** oxidation, leading to a considerable Fe*
accumulation and the formation of an iron plaque around rice roots (Ando et al., 1983).
In our work, the results obtained suggest that in the iron stress condition the tolerant
cultivar was able to select the best siderophore producers from the associated bacterial
community. The power of the rice root to oxidize iron has also been described as a
possible mechanism used by tolerant rice cultivars to exclude high amounts of iron in

the soil solution from the plant body (Ando et al., 1983). In experiments with
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Azotobacter vinelandii, Kraepiel et al. (2009) showed that all of the nitrogenase metal
cofactors (Fe, Mo, and V) were bound to siderophores. Moreover, even in Fe-replete
cultures, the same authors showed that siderophore production, although reduced, was
not suppressed at high Fe concentrations.

The ability of rhizospheric bacteria to convert insoluble forms of phosphorus to
an accessible form is an important trait in PGPR. In this work, the best phosphate
solubilizers to Gram negative bacteria were selected from the tolerant cultivar cropped
in the control site compared to that from the iron-stressed site (Table 4). Regarding to
bacilli and other Gram positive bacteria few strains were identified as phosphate-
solubilizing bacteria (Table 5). The results are in agreement with the findings of
Ambrosini et al. (2012) to Gram negative bacteria where low numbers of phosphate-
solubilizing bacteria have been found. Beneduzi et al. (2008), in their study to evaluate
the diversity of plant growth-promoting bacilli isolated from rice, found few phosphate-
solubilizing strains of the bacterial isolates analyzed.

In the present investigation, few bacterial strains (Table 4 and Table 5) exhibit
ACC deaminase activity, showing the competency of the isolates to use ACC as a
nitrogen source. Recent study demonstrates the effectiveness of rhizobacteria containing
ACC deaminase for enhancing salt tolerance and consequently improving the growth of
rice plants under salt-stress conditions (Bal et al., 2013).

4.3. Contribution to plant growth of rice plants with bacterial treatments

Rhizospheric strains selected by their PGP traits were tested in an in vivo
experiment in growth chamber (Table 6). Our results suggested that the strains analyzed
in this work contribute to plant growth as well as enhanced nutrients uptake of the rice
plants in growth chamber conditions (Tables 7; Table 8). The FeS14 (Burkholderia sp.)
and FeS42 (Chryseobacterium sp.) isolates were not able to solubilize phosphate in our
in vitro assay and showed low capacity to reduce acetylene (Table 6); these
observations could indicate that other growth promotion mechanisms, such as IC
production or others not evaluated improved nutrient uptake. Large numbers of PGPR
of different bacterial genera with multifunctional traits have, therefore, been described
for their potent application in boosting plant growth in modern agriculture
(Bhattacharyya and Jha, 2012). Strains of Chryseobacterium and Burkholderia are well
known for their abilities to promote plant growth (Ambrosini et al., 2012), being able to
synthesize an array of metabolites.
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Based on the in vivo experimental data (Table 8), the inoculation with the
CaR114 (Paenibacillus sonchi) strain presented the potential to improvement in the
nutrient uptake, mainly nitrogen. Beneduzi et al. (2008) demonstrated the effectiveness
of plant-growth-promoting bacilli in promoting the plant growth of rice. Moreover,
bacilli also are known by their abilities of biocontrol against phytopathogens, which can
occur through antibiosis, production of siderophores, as well as by processes of induced
systemic resistance (ISR) (Lugtenberg and Kamilova, 2009).

PGPRs can minimize the effect of abiotic stress through various mechanisms,
among these, the presence of ACC deaminase activity. Our results suggested that the
FeS53 (Paenibacillus sp.) strain containing ACC deaminase promoted the increase of
the dry shoot biomass and maintains the nutrient uptake under iron-stress condition. It
was found through the analysis of nutrients under iron-stress condition that all plants
had lower rates of nutrients uptake when compared to iron control condition (Table 6).
High concentrations of iron in the soil decreased the uptake of Ca®**, Mg* and
especially N, P and K by rice (Mehraban et al., 2008). However, plants inoculated with
FeS5h3 in the presence of iron excess presented growth similar and nutrient uptake to
iron control conditions, indicating that this bacterium as the most promising PGP
isolate. Bal et al. (2013) demonstrated the effectiveness of rhizobacteria that contain
ACC deaminase, such as Alcaligenes sp., Bacillus sp., and Ochrobactrum sp., in
inducing salt tolerance and consequently improving the growth of rice plants under salt-
stress conditions; positive results on different growth parameters, such as germination
percentage, shoot and root growth and chlorophyll content, were found compared to
those of the uninoculated control. Other studies also indicated that bacteria presenting
ACC deaminase activity reduced the level of stress caused by ethylene, thus resulting in
better growth of plants under various stresses (Glick, 2012). Similar results were
obtained by Arshad et al. (2008) when a strain of Pseudomonas spp. displaying ACC
deaminase activity partially eliminated the effect of drought stress on growth of peas
(Pisum sativum L..).

In summary, the results presented in this work shows the presence of a diverse
population of plant growth-promoting bacteria interacting with rice cropped in sites
with different iron concentrations. The iron conditions and cultivars have significant
effects on the associated rhizobacterial communities. Moreover, the current study allows
us to conclude that the bacterial isolates interacted positively with rice plants concerning
plant growth and nutrient uptake in the tested conditions. The present work clearly
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indicates that further research is necessary to evaluate the effectiveness of these strains
under actual field conditions; however, it is equally important to study in detail the
potentiality of these isolates, along with the mechanism of action involved in the growth

of rice plants in different iron concentrations.
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Table 1. Abiotic soil characteristics of the sampling sites.

Sampling Clay OMC pH P K Fe Caye Algye MQexc
sites ® (%) (%) (H,0) (mgdm?® (mgdm?® (%) (cmol.dm® (cmol,dm?) (cmol,dm?)
CaR 28 30 4.8 9.0 43.0 018 2.7 0.5 1.0
CaS 28 30 4.7 22.2 73.0 015 2.7 0.4 1.0
FeR 24 11 5.4 0.9 54.0 025 2.1 0.4 1.3
FeS 25 11 5.5 0.9 57.0 035 2.4 0.4 1.6

OMC organic matter content
exc exchangeable
# CaR: tolerant cultivar, Cachoeirinha; CaS: susceptible cultivar, Cachoeirinha; FeR: tolerant cultivar,

Camaqud; FeS: susceptible cultivar, Camaqua
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Table 2. Bacterial genera found in association with the roots and rhizospheric soil of rice cultivars

cropped in areas with different levels of iron and the Shannon diversity indices (H’) for each sampling

site.
Cachoeirinha ? Camaqua ®
Bacterial genus CaR® CaS” FeR® FeS®
1 2 1 2 1 2 1 2 Total

Bosea - - 1 - - - - - 1

Cedecea - - - 1 - - 2 - 3

Cronobacter 4 3 - - 1 - - - 8

Dyella - - 1 1 - - 1 - 3

Escherichia - 1 - - - - - 1 2

Herbaspirillum - 3 - 3 1 - 1 - 8

Leclercia - - - - 4 - - - 4

Luteibacter - - - 1 - - - - 1

Ochrobactrum - - - - - - - 1 1

Pantoea 1 6 1 8 - 1 1 3 21

Rhizobium - - - - - - 1 - 1

Salmonella 1 1 - - - - - 2 4

Spirillum - - - - - - 1 - 1

H’ 2.12 2.04 1.65 2.23 229
# CaR: tolerant cultivar, Cachoeirinha; CaS: susceptible cultivar, Cachoeirinha; FeR: tolerant cultivar,

Camaqué; FeS: susceptible cultivar, Camaqud
® Bacterial genera isolated from: 1: rhizospheric soil, and 2: roots
(-) = not identified
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Table 3. Gram positive bacterial species found associated with rhizospheric soil of rice cultivars cropped

in areas with different levels of iron and the Shannon diversity indices (H ) for each sampling site.

Cachoeirinha ? Camaqua ?
Bacterial species CaR CaS FeR FeS Total

Bacillus acidiceler - 1 - - 1

Bacillus bataviensis - 1 - - 1

Bacillus drentensis - 1 - - 1

Clostridium sp. - 1 - - 1

Micrococcus sp. - - 1 - 1

Paenibacillus borealis - 2 - - 2

Paenibacillus durus

Paenibacillus oceanisediminis - 1 - - 1

Paenibacillus massiliensis - 1 - - 1

Paenibacillus panacisoli - 1 - - 1

Paenibacillus sonchi 1 5 - - 6

Paenibacillus wynnii 3 - 2 - 5

Sinomonas sp. - - - 1 1

H” 1.56 2.53 1.65 1.89 100

# CaR: tolerant cultivar, Cachoeirinha; CaS: susceptible cultivar, Cachoeirinha; FeR: tolerant cultivar,
Camaqua; FeS: susceptible cultivar, Camaqud
(-) = not identified
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Table 4. Number of isolates, siderophores, ACC deaminase, and indolic compound (IC) producers, and

phosphate solubilizers in the bacterial isolates at each sampling site.

Siderophore Phosphate ACC IC producers

Site Source Number producers ° solubilizers ° deaminase  (ug ml™) ¢
of isolates + ++ + ++ producers 1 2
1. CaR Rhizosphere 30 15 14 9 7 5 29 1
Root 30 16 14 8 9 3 29 1
2.CaS Rhizosphere 28 5 21 5 8 7 26 2
Root 29 13 15 7 5 8 28 1
3. FeR Rhizosphere 28 3 23 15 2 13 24 1
Root 29 10 18 5 1 7 28 0
4. FeS Rhizosphere 27 6 15 8 4 6 21 6

Root 28 19 9 5 4 2 18 10

TOTAL 229 216 102 51 203 22

# CaR: tolerant cultivar, Cachoeirinha; CaS: susceptible cultivar, Cachoeirinha; FeR: tolerant cultivar,
Camaqud; FeS: susceptible cultivar, Camaqua

® Development of a yellow, orange or violet halo around a bacterial colony was considered as positive for
siderophore production. The halo size was used as an estimate of the degree of siderophore production:
halos from 0.1 cm to 0.6 cm (+) and halos larger than 0.6 cm (++)

¢ Development of a halo around a bacterial colony was considered as positive for phosphate
solubilization. The halo’s size was used as an estimate of the degree of phosphate solubilization: halos
from 0.1 cm to 0.6 cm (+) and halos larger than 0.6 cm (++)

¢ Each isolate was classified according to the level of IC production: level 1 isolates that produced

between 0.1 and 10 pg of IC mI™ and level 2 isolates that produced more than 11 pg of IC mlI™
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Table 5. Number of isolates, siderophore, ACC deaminase, and indolic compound (IC) production, and

phosphate solubilization abilities of Gram positive bacterial isolates from rhizospheric soil of rice

cultivars.
ACC IC producers

Site ? Source Number Siderophore ~ Phosphate deaminase (Mg mIty®
of isolates  producers solubilizers ~ producers 1 2
CaR Rhizosphere 17 0 0 0 13 4
CaS Rhizosphere 34 1 1 1 33 1
FeR Rhizosphere 26 0 4 0 25 1
FeS Rhizosphere 23 1 6 3 16 1
TOTAL 100 2 11 4 87 7

# CaR: tolerant cultivar, Cachoeirinha; CaS: susceptible cultivar, Cachoeirinha; FeR: tolerant cultivar,

Camaqud; FeS: susceptible cultivar, Camaqua

® Each isolate was classified according to the level of IC production: level 1 isolates that produced

between 0.1 and 10 pg of IC mlI™ and level 2 isolates that produced more than 11 pg of IC ml™
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Table 6. Plant growth-promoting abilities of selected bacterial isolates.

ARA

Phosphate Siderophore IC production (nmol C,H, mg ACC deaminase  Catalase
Isolate ® solubilization production  (ug ml™") protein h™") activity Activity
FeS14 - + 3.33 29.60 + +
FeS42 - + 6.81 0.38 - +
FeS56 - + 3.91 0.39 - +
FeS57 + + 14.04 0.56 - +
CaR114 - - 5.85 259.53 - +
CaS40 - + 2.95 0.16 - +
FeR64 - - 3.91 1.89 - +
FeS24 + - 0.51 4.14 + +
FeS53 - - Nd 1.45 + +
Control Sp7 Nd nd Nd 112.59 Nd Nd
Control SBR5 Nd nd Nd 501.95 Nd Nd

nd (not determined); IC (indolic compounds); ARA (acetylene reduction assay)

(+), positive for siderophore production, phosphate solubilization, ACC deaminase and catalase activity

(), negative for siderophore production, phosphate solubilization, ACC deaminase and catalase activity
® FeS14 (Burkholderia sp.); FeS42 (Chryseobacterium sp.); FeS56 (Ochrobactrum sp.); FeS57
(Lysinibacillus sp.); CaR114 (Paenibacillus sonchi); CaS40 (Paenibacillus jamilae); FeR64 (Bacillus

aryabhattai); FeS24 (Paenibacillus durus); and FeS53 (Paenibacillus zanthoxyli). Controls: Sp7

(Azospirillum brasilense) and SBR5 (Paenibacillus riograndensis)
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Table 7. Results of in vivo experiments with selected bacterial isolates in the growth promotion of rice

plants under growth chamber conditions.

Isolates ? Shoot growth Root growth

Length (cm) Dry matter (mg)  Length (cm) Dry matter (mg)
FeS14 57.71 (x0.91)a 240 (+20.2) a 15.87 (+0.46) b 75 (+6.20) ab
FeS42 57.37 (+0.97)a 248 (+12.1)a 17.30 (+1.18)a 85 (+5.50) a
FeS56 5751 (+1.91)a 230 (+10.1) ab 17.75 (+1.32) a 84 (+x12.5)a
FeS57 56.85 (+0.70)a 205 (x14.3)c 16.24 (+0.78) ab 68 (+3.91) b
Non-inoculated 57.75 (¥1.92)a 221 (¥19.8) b 16.29 (x1.16) ab 76 (£5.82) ab

Data represent the means (+ SD) of 5 replicates of plants grown in vermiculite in a photoperiod chamber
Values in the same column followed by the same letter did not differ significantly at P>0.05 (Tukey’s

test)
® FeS14 (Burkholderia sp.); FeS42 (Chryseobacterium sp.); FeS56 (Ochrobactrum sp.); FeS57

(Lysinibacillus sp.)
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Table 8. Influence of inoculation with native bacilli on nutrient uptake in rice plants under different iron

treatments in growth chamber conditions.

Treatment?®  Nitrogen (N) (mg g™) Phosphorus (P) (mg g™) Potassium (K) (mg g ™)
Control of iron Excess of iron Control of iron Excess of iron Control of iron Excess of iron

CaR114 859 (+0.32) aA  6.03 (+0.58) bB  1.18 (+0.04)aA 058 (+0.06) aB 11.04 (+0.41) abA 8.57 (+0.82) abB
CaS40 6.27 (+0.52) cCA  5.09 (+0.42) cB  0.97 (+0.08) bA  0.44 (+0.04) bB 8.77 (+0.73)dA  7.22 (+0.60) cB
FeR64 6.99 (+0.30) bcA 5.87 (+0.40) bcB  1.13 (0.05) aA  0.48 (x0.03) bB  10.21 (£0.44) bhcA 6.92 (+0.47) cB
FeS24 6.95 (£0.39) cA  5.67 (+0.36) bcB  0.97 (+0.05) bA  0.48 (0.03) bB  8.86 (+0.46) dA 7.51 (+0.52) bcB
FeS53 6.71(£0.39) cA  6.94 (+0.63)aA  0.95(x0.06) bA  0.58 (0.05) aB  9.35(+0.55) cdA  9.25(+0.84) aA
NI 7.84 (£0.53) bA  6.47 (+0.51) abB 1.21 (+0.08) aA  0.63 (0.05) aB  11.87 (+0.80) aA  8.63 (+0.69) abB

Data represent the means (x SD) of 5 replicates of plants grown in vermiculite in a photoperiod chamber
Values in the same column followed by the same lower case letter did not differ significantly at P > 0.05
(Tukey’s test)

Values in the same line followed by the same upper case letter did not differ significantly at P > 0.05
(Tukey’s test)

% CaR114 (Paenibacillus sonchi); CaS40 (Paenibacillus jamilae); FeR64 (Bacillus aryabhattai); FeS24

(Paenibacillus durus); and FeS53 (Paenibacillus zanthoxyli), NI (hon-inoculated)
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Figure 1

Principal component analysis (PCA) of the diversity indices (A’ and H”) of the sampling sites (CaR:
tolerant cultivar, Cachoeirinha; CaS: susceptible cultivar, Cachoeirinha; FeR: tolerant cultivar, Camaqua;
FeS: susceptible cultivar, Camaqud) in relation to different soil properties (clay, organic matter content
(OMCQC), pH, P, K, Fe, Ca, and Al). Principal component 1 and component 2 accounted for 61.35% and for
24.77% of the total variation, respectively.
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Figure 2

Growth response of rice plants inoculated with selected native bacilli (CaR114: Paenibacillus sonchi;
CaS40: Paenibacillus jamilae; FeR64: Bacillus aryabhattai; FeS24: Paenibacillus durus; and FeS53:
Paenibacillus zanthoxyli; NI: non-inoculated) under growth chamber conditions. Values represent means
(= SD) of 5 replicates of plants. All bacterial treatments are compared only to respective non-inoculated
treatment. Dark bars (control) are compared only to each other, as are grey bars (excess of iron). Bars

followed with same letter did not differ significantly at P > 0.05 (Tukey’s test).
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CONSIDERACOES FINAIS

As plantas podem ser consideradas um microecossistema complexo onde
diferentes nichos sdo explorados por uma variedade de micro-organismos. Neste
conjunto, as bactérias promotoras de crescimento de plantas podem ser classificadas
como endofiticas ou associativas (Shenoy et al., 2001), ndo patogénicas, que atuam
diretamente ou indiretamente promovendo o crescimento vegetal (Vessey, 2003).
Atualmente, a capacidade de bactérias associadas as plantas em estimular o crescimento
vegetal tem recebido especial atencdo, pois estas bactérias podem influenciar o
crescimento, o desenvolvimento e a saude da planta. As associacGes benéficas
comumente evoluem a partir de relacdes especificas entre determinados tipos de plantas
e bactérias. Bactérias benéficas podem dispor de distintos sistemas bioldgicos
envolvidos na interacdo com espécies vegetais, tais como: fixacdo de N, e
disponibilizacdo total ou parcial de N a planta; solubilizacdo de minerais, tais como
fésforo, ao redor das raizes; producdo de sideréforos (quelantes de ferro); producédo de
reguladores de crescimento vegetal (auxinas); e metabolizacéo do precursor de etileno,
horménio vegetal produzido sob condicGes de estresse. Além disso, muitas espécies de
micro-organismos sdo capazes de competir e inibir a proliferacdo de fitopatdgenos com
a producdo de substancias antagonistas, ou, ainda, suprimir doencas através da inducéo
de mecanismos de resisténcia.

Adicionalmente, o papel de bactérias benéficas no gerenciamento de estresses
abioticos esta ganhando grande importancia, pois tais organismos, quando associados as
plantas, podem desempenhar um papel importante em conferir toleréncia a diferentes
estresses ambientais (Grover et al., 2011). O desenvolvimento de variedades tolerantes a
estresse por meio de engenharia genética e melhoramento de plantas é essencial. Porém,
€ um processo longo, ao passo que a inoculagdo com PGPBs pode minimizar os
sintomas de estresses nas plantas além de ter menor custo, ser um método mais rapido e
pratico (Grover et al., 2011). A inoculacdo de plantas com bactérias ndo patogénicas
pode fornecer “bioprotecdo” podendo aumentar a tolerancia das plantas aos diferentes
estresses abidticos (Dimkpa et al., 2009). Diversos estudos abordam os efeitos positivos
de estirpes bacterianas na promocédo de crescimento vegetal em plantas cultivadas sob
estresse abidtico (Figueiredo et al., 2008; Ali et al., 2009; Bal et al., 2013). Por isso, 0
termo tolerancia sistémica induzida tem sido proposto para alteragdes fisicas e quimicas
induzidas por PGPBs que resultam no aumento da toleréncia para estresses abioticos
(Grover et al., 2011).
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Sendo o arroz uma das culturas mais cultivadas no mundo, é extremamente
importante saber sobre as interagdes microbianas solo-planta, a fim de que uma menor
quantidade de fertilizantes nitrogenados seja aplicada no cultivo de arroz. Na sintese
quimica dos fertilizantes nitrogenados sdo empregadas altas temperaturas e pressoes,
obtidas a partir de derivados de petrdleo, para quebrar a tripla ligagdo do N, 0 que 0s
torna os adubos mais caros do mercado. Para a sintese de amonia sdo necessarias
grandes quantidades de petroleo e os adubos nitrogenados aplicados ao solo ndo séo
completamente absorvidos pela cultura. A volatizacdo, a desnitrificacdo e a lixiviagcdo
s80 processos que provocam ndo sO a perda do N, mas também podem causar danos
ecoldgicos sérios, como a eutrofizacdo e a contaminacdo de mananciais (Siqueira et al.,
1994).

Para alcancar os objetivos propostos neste trabalho foram integradas diferentes
metodologias dependentes de cultivo que incluiram desde a identificacdo e
caracterizagdo da comunidade bacteriana, ensaios de inoculagdo em céamara de
crescimento e a campo, até a producdo de um produto inoculante. Combinagdes de
técnicas podem representar um passo fundamental para uma correta descricdo das
analises das comunidades microbianas. Em vista do potencial das PGPBs para 0 uso na
agricultura, todas as etapas desenvolvidas nesse estudo permitiram auxiliar no
conhecimento e no desenvolvimento de um produto inoculante (biofertilizante).

Neste trabalho, foram isoladas 665 estirpes bacterianas associadas ao solo
rizosférico e raizes de arroz, cultivadas em diferentes regides produtoras do Sul do
Brasil. Estirpes pertencentes aos géneros Enterobacter e Burkholderia foram as mais
abundantes entre todos os isolados Gram negativos, em todas as condi¢cdes. Apds a
identificacdo e caracterizacdo dos isolados, cinco foram selecionados e submetidos a
experimentos de inoculacdo de sementes, em ensaio a campo. Plantas de arroz
inoculadas com os isolados Herbaspirillum sp. (AC32), Burkholderia sp. (AG15),
Pseudacidovorax sp. (CA21) e Azospirillum sp. (UR51) em conjunto com a metade da
dose de fertilizante nitrogenado atingiram resultados semelhantes aquelas tratadas com a
dose total de fertilizante, sem inoculacdo (Capitulo 1), demonstrando, assim, o potencial
dessas estirpes na formulagéo de produtos inoculantes para a cultura do arroz.

O capitulo 3 mostra o potencial de isolados bacterianos em promover o
crescimento de plantas de arroz cultivadas em diferentes condic¢des de ferro, bem como
0 estudo da diversidade de PGPBs em cultivares de arroz com diferentes niveis de

tolerancia ao excesso de ferro no solo. Até o momento, ndo se conhece nenhum trabalho
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publicado com esta mesma abordagem. Como principal resultado foi demonstrado que
plantas inoculadas com estirpes pertencentes aos géneros Burkholderia sp.,
Chryseobacterium sp., e Paenibacillus sp. apresentaram efeitos satisfatdrios em relacdo
ao crescimento e captacdo de nutrientes, nas condi¢cdes testadas. Esses resultados
comprovaram que estirpes bacterianas apresentam um grande potencial para interagir
positivamente com arroz. No entanto, para melhor investigar a capacidade das estirpes
testadas € necessario um experimento de campo, assim como 0 mecanismo de acdo
envolvido no crescimento das plantas.

Quanto aos experimentos de biofertilizacdo, esses devem ser executados de
acordo com as normas recomendadas pelo MAPA (Ministério da Agricultura, Pecuéria
e abastecimento) através do anexo & IN SDA 13, de 25/03/2011 (Requisitos minimos
para avaliacdo da viabilidade e eficiéncia agronémica de cepas, produtos e tecnologias
relacionados a micro-organismos promotores de crescimento vegetal). Tais requesitos
correspondem a praticas agricolas empregadas para uma correta avaliacdo da
produtividade vegetal. A etapa de producdo de inoculante € fundamental para que o
biofertilizante apresente adequadas condices de sobrevivéncia, respeitando um prazo
de validade. Nesta etapa, os experimentos de biofertilizacdo a campo foram realizados
em duas regides com condicOes edafoclimaticas distintas: Cachoeira do Sul e Camaqud,
RS (Capitulo 2). No entanto, é importante ressaltar que experimentos adicionais a
campo devem ser realizados para confirmar a potencialidade dos isolados na promocéo
de crescimento e aumento da produtividade no cultivo de arroz para a posterior
indicagdo como um produto inoculante.

O uso de inoculantes microbianos pode contribuir tanto para uma maior
eficiéncia agrondmica quanto para a reducdo de custos e poluicdo ambiental, pois a
utilizacdo de fertilizantes quimicos pode ser reduzida total ou parcialmente no caso de
aumento da produtividade vegetal por inoculantes eficientes. Devido a viabilizagdo da
agricultura sustentavel e a grande demanda por tecnologias ‘limpas’, pode-se esperar
que, futuramente, uma percentagem maior dessas bactérias venha a ser usada na
producdo agricola. Inoculantes atuam como “adubos naturais” por serem desenvolvidos
a partir de micro-organismos simbiontes ou associativos com atuacdo favordvel ao
crescimento vegetal, os quais sdo previamente isolados das raizes ou solo adjacente de
plantas com as quais mantém uma interagéo especifica.

Por fim, esses resultados reforcam, mais uma vez, os beneficios econdmicos e

ambientais que resultam da substituicdo dos fertilizantes nitrogenados pela inoculagéo
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de bactérias benéficas. As bactérias promotoras de crescimento vegetal sdo micro-
organismos bastante estudados e de grande potencial para utilizagdo na agricultura,
representando um grupo bastante diverso de bactérias de fécil acesso e caracterizacéo.
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