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Resumo

A fertilizacdo quimica € amplamente utilizada paxamento da produtividade de
plantacdes, mas sua producéo e uso levaram a selaros ambientais. Para reduzir o
uso de fertilizantes, pode-se fazer uso de bast@ramotoras de crescimento vegetal
(Plant Growth Promoting RhizobacteriRGPR), que sdo bactérias associadas a plantas
e que melhoram a sua saude, tamanho e produtivedeades de varios mecanismos. A
eficiéncia das PGPR sabidamente flutua com as c¢desliambientais; porém, h&
poucos estudos abordando os efeitos da fertilizagmica nas caracteristicas de
promocao de crescimento dessas bactérias. Nebtdhimaforam analisados os efeitos
da fertilizacdo a longo prazo na diversidade de lif¥tagens bacterianas isoladas do
solo rizosférico e de raizes de arroz, além darécoia e niveis de expressao de
algumas caracteristicas de promocdo de crescimagetal. Os resultados obtidos
demonstraram que a fertilizacdo tem pequeno ef@itdiversidade bacteriana, mas um
grande efeito nas habilidades de solubilizacdoodéafo e producdo de compostos
indolicos. Propbe-se que, em condicdes de ausé@aaiatrientes, as plantas selecionam
bactérias que apresentem boa capacidade de stdghiti de fosfato para uma intima
associacdo com suas raizes, ao inveés de bactareassajam boas produtoras de
compostos indolicos. Quando em condi¢des de dibpioiside moderada de nutrientes
as plantas selecionam bactérias que sejam boastprasl de compostos indolicos, ao
invés de boas solubilizadoras de fosfato. Em c@edigle abundancia de nutrientes essa
preferéncia seletiva parece estar desativada. sgi@slinhagens bacterianas terem sido
testadas para promocao de crescimento vemetavo de arroz em casa de vegetacao,
as previsdes descritas acima foram avaliadas enexparimento a campo. De fato
observou-se que bactérias eficientes em solubilasfato promoveram o crescimento
das plantas apenas em condi¢fes limitadas de mesie que bactérias produtoras de
compostos indolicos promoveram o0 crescimento veggtanas em condi¢cdes de
disponibilidade moderada de nutrientes. Quandospodibilidade de nutrientes foi
abundante, a solubilizacdo de fosfato e a proddedcompostos inddlicos ndo foram
fatores chave para promover o crescimento vegedas observagbes podem ser
utilizadas para uma prospeccdo direcionada de PGPRelecdo antecipada de
candidatas a promocéao de crescimento vegetal,aldacom as necessidades da planta

e 0s interesses dos agricultores.



Abstract

Chemical fertilization is widely used for increasgdp productivity, but its production
and use lead to serious environmental damage. dixeethe use of fertilizers, one can
make use of plant growth promoting rhizobacteri@®R), which are plant-associated
bacteria that increase plant health, size and ylodugh various mechanisms. PGPR
effectiveness is known to fluctuate with environtatrconditions; however, studies
regarding the effect of chemical fertilization olamqt growth promoting (PGP) traits of
PGPR are scarce. In this work, the effects of Itarg: fertilization on the diazotrophic
diversity, occurrence and expression levels of RGBRs from 190 bacterial strains
isolated from rhizospheric soil and roots of ricerev analyzed. We found that
fertilization had a limited effect on diversity btiad a major effect on phosphate
solubilization and indolic compounds (IC) produatiabilities. We propose that plants
select bacteria that present good phosphate sahtimin ability for intimate root
association in lieu of good IC production underriamt-poor conditions and select good
IC producers in lieu of good phosphate solubiliaander nutrient-moderate conditions.
In nutrient-rich conditions, this selection prefece seems to be deactivated. After
testing seven selected isolates for effectime vivo plant growth promotion in
greenhouse conditions, our predictions were testetthe field. We found that good
phosphate solubilizers only promoted growth atientrpoor conditions and that good
IC producers only promoted growth at nutrient-matkerconditions. In nutrient-rich
conditions, phosphate solubilization and IC produrctvere not key factors to promote
plant growth. These findings may be used for de@cPGPR prospection and

anticipated PGPR candidate selection, accordimdgiat needs and farmer interests.
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1. Introducéo Geral

1.1.Questdes ambientais no uso e producéo de ferttkzan

O modelo de producédo de alimentos em lavouras aiaervai mudar em
médio a longo prazo. Essa mudanca se dard devifata de sustentabilidade
econdmica, energética e ambiental do atual mot®lando a uma grave crise mundial
na producao de alimentos, ou devido a tecnologigs permitam maior eficiéncia e
menor custo na producdo destes. Este trabalhoexjgarar uma das tecnologias que
podem facilitar a producéo de alimentos.

A insustentabilidade do sistema atual de produedalichentos ocorre devido ao
uso abusivo de fertilizantes quimicos para increares producao agricola. Nitrogénio
(N), fosforo (P) e potassio (K) séo nutrientes tamtes no solo para o desenvolvimento
vegetal: qunado h& escassez de um desses nutreeplaata ndo consegue desenvolver
ao maximo o seu potencial de producgdo. Utilizareftilizantes quimicos com esses
elementos (NPK) ocorre um salto na producéo agricaimo foi observado nos séculos
XIX e XX (Evenson & Gollin, 2003).

Em 1850 a humanidade ja enfrentava uma crise rdupéo de alimentos para
alimentar 1,5 bilhdo de pessoas. A fertilidade daspos cultivados foi caindo a
medida que os nutrientes eram recolhidos das lagomas ndo eram suficientemente
repostos com as praticas agricolas daquele teropm adicdo de matéria organica nas
plantacdes (Dawson & Hilton 2011). Era a escasseZ’dque estava limitando o
desenvolvimento vegetal. Sem a tecnologia daigi&o por fosfato rochoso (fonte de
P), descoberta em 1840, os paises industrializadosconseguiriam alimentar sua
populacdo. Com o P abundante via fertilizantesafagibs, o N passou a ser o proximo
nutriente limitante. A tecnologia para a producéésica de sulfato de aménio (fonte
de N) a partir do nitrogénio atmosférico surgiu €899 (Dawson & Hilton 2011). O
processo conhecido como Haber-Bosch para produgébrdativo, a ser implementado
na agricultura (e também na producéo de municéstical na 1° Guerra Mundial, que
estava prestes a eclodir), levou a um premio Neimel918 e aumentou enormemente a
producdo agricola no decorrer dos anos (Dawsonl&riHR2011). Nao existiam (e nédo
existem) outras fontes viaveis de nitrogénio reatdle ndo pode ser minerado, extraido
ou cultivado para, entdo, ser aplicado na agricaultd sua Unica fonte € a sintese

quimica. Politicas de incentivo ao aumento da pradwagricola foram implementadas
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apos a fome experimentada pela Europa na 2° Ghemdial, incentivando o uso e
producao de fertilizantes. Nos anos 60, novas dades de arroz e trigo, desenvolvidas
por institutos internacionais de pesquisa, aprasant maior produtividade e melhor
resposta aos fertilizantes quimicos. Essas vamsdddram rapidamente adotadas,
principalmente em paises em desenvolvimento, par Isoratividade (Evenson &
Gollin, 2003). Por ser comercialmente favoravepradutividade extra provida pelo
fertilizante se espalhou com forgca em todo o mucmm o0 passar dos anos. O custo
dessa produtividade extra, porém, foi muito mamgde o preco do fertilizante.

Grande parte dos nutrientes que sédo aplicadosamasrhs através do uso de
fertilizantes ndo sdo absorvidos pelas plantasedgndo de algumas caracteristicas
dos solos, 60 a 90% dos nutrientes adicionadogcaila acabam sendo desperdicados
(Adesemoye & Kloepper, 2009b). Estes nutrientedbatapor poluir o ambiente ao
serem lixiviados para corpos d’agua ou volatizana paatmosfera. Nos corpos d’agua,
assim como nos sistemas terrestres, N e P sdemtegilimitantes que impedem que o
desenvolvimento vegetal atinja o0 maximo de prodigide. Quando N e P provenientes
dos fertilizantes escoam para a agua, eles sawadbis por cianobactérias e algas que
crescem descontroladamente, configurando uma &iude eutrofizacdo de corpos
hidricos. A eutrofizagcdo tem diversos aspectos thega no contexto econdmico,
ambiental e de salde publica. Entre os danos gepmla eutrofizagédo estdo a hipdxia
(falta de oxigénio na agua) que leva a mortandadegeikes, alteracdes na rede trofica,
perda de diversidade, bloqueio da luz solar page ala superficie do corpo dagua,
proliferacdo de algas tdxicas, entupimento de reldesaptacdo de agua, alteracdes na
ciclagem de nutrientes, alteracdes na qualidadeagiea para consumo humano,
atrapalham o trafego nautico e outros (Carpental.,e1998; Lau & Lane, 2002). Estes
danos ocorrem em rios, lagos e areas costeiragldeotmundo, criando “zonas mortas”
de diversidade em importantes recursos hidricoed@oBeatty, 2011; Adesemoye &
Kloepper, 2009b)

Os derivados de N também podem volatilizar patanasfera na forma de gases
de efeito estufa, através da nitrificacdo e dditi@agdo promovida por micro-
organismos, gerando grandes danos em escala g@bajases volatilizados podem,
também, retornar ao solo, incorporando nutriemtadvertidamente em areas naturais, o
gue leva a taxas de crescimentos anormais, defgmpslna ciclagem de nutrientes e
alteracdes na biodiversidade (UNEP, 2007). Cercébée do NO de origem antropica

provém da agricultura (Inselsbacher et al., 201Q) tertilizacdo também reduz a
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capacidade de solos aerados em absorvey @Hro importante gas de efeito estufa. O
N.O é um dos gases de efeito estufa mais perigosasele € muito estavel (dura em
média 100 anos na atmosfera) e muito potente (B du® tem um potencial de
aquecimento global de 300 g dg0f (UNEP, 2007). Estes tipos de danos sao deldifici
controle, uma vez que ocorrem por todo o mundo expeessam longe das fontes
poluidoras. Ao mesmo tempo, 0 agente poluidor (dcaljor) recebe beneficios
financeiros diretamente por agir dessa forma, goia producdo agricola fica alta
devido ao uso de fertilizantes sem que ele se@orssbilizado pelos danos que causa
no ambiente e em populacées humanas. (Good & Beatiy)

Outro problema do uso de fertilizantes se refesaa producao. A principal
fonte de N dos fertilizantes quimicos é a amonialJN que, para ser sintetizada,
precisa de N e H. A fonte de N usada nos fertiteam® a nossa atmosfera, composta
por mais de 70% de dinitrogenio N O dinitrogénio atmosférico é biologicamente
inerte e ndo € absorvido ou utilizado por aninfaisgos ou plantas, pois a ligacéo tripla
dos dois atomos de nitrogénio € muito forte e éssdria uma grande quantidade de
energia para sua quebra. Para suprir o H da ansimiética, gas natural (GHé
consumido em grandes quantidades (FAO, 2011). Arude CH libera H livre que
ird reagir com o N livre, formando NHO consumo de gés natural é a Unica forma
comercialmente viavel de producdo de H livre (adlise da agua para formacao de H
livre consome trés vezes mais energia). O gasalaporém, é um combustivel fossil
nao-renovavel e limitado. O gasto energético pameducao de fertilizantes quimicos &
de cerca de 1,1% de toda a energia produzida netplae, apesar do processo atual de
producdo ser cerca de seis vezes mais eficiente qyuimicial, ele ainda é
energeticamente ineficiente. Cerca de 90% da emarghsumida na producédo de
fertilizantes é usada na sintese de nitrogéniaveeg@Dawson & Hilton 2011; FAO,
2011).

O P inserido nos fertilizantes precisa ser minerdeadochas e seus estoques
também sao limitados. Cerca de 90% do fosfato smhminerado hoje no mundo é
utilizado pela agricultura, principalmente pararadpicdo de fertilizantes. Entretanto,
apenas 20% do P do fosfato rochoso chega aos adismeansumidos pela populacgéo,
com os outros 80% sendo perdidos na mineracdougéiode aplicacéo do fertilizante.
De acordo algumas estimativas, o pico de produgitosfato rochoso de qualidade
deve ser alcancado perto de 2033. A partir dess® pa producdo mundial de fosfato

rochoso ira cair, enquanto o precos seguirdo a.sdlhineracao de fosfato rochoso no
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futuro pode complicar-se ainda mais devido a qessgiopoliticas: 90% das reservas
mundiais de fosfato estdo em cinco paises, sen@®%7dessas reservas no Marrocos.
Uma parte significativa da reserva do Marrocos petaeste do Saara, em uma regido
gue o Marrocos ocupa contrariando resolucfes da.@dlerise de alimentos de 2008,
0s precos do fosfato rochoso subiram 800% em 1&sn@éeset & Cordell, 2012). O
valor global dos fertilizantes nitrogenados pasdeuJ$32 bi, em 1987, para U$80 bi
atualmente e deve chegar a U$150 bi em 2030 (GoBdadty, 2011).

Assim como P, K também é minerado, mas causa nemoe®cupacdes. As
principais fontes de K para uso na agriculturacgidepdsitos de antigos mares e lagos
intracontinentais soterrados. Como fonte secundérf@ossivel remover o potassio de
lagos salgados, como do mar Morto (Rémheld & Kitk¥310). O potédssio ndo volatiza
para a atmosfera e ndo induz episodios de eutgdfizaAltas concentracdes dele no
solo e na agua nao sao prejudiciais a saude hunemaameacam a fauna e a flora
(Ramasamy et al., 2005), além de ocorrerem naterdbnem altas concentracdes nas
aguas oceanicas (400 mg/L de K contra 0.06 mg/B)d@®awson & Hilton 2011). Em
geral, o K ndo causa danos detectaveis no ambiente.

A disponibilidade do K € muito influenciada por @aigas propriedades do solo,
pois ele esta estocado em compartimentos de diéerdisponibilidade e volume.
Noventa a 98% do K do solo esta em formas inemieslentamente sao dissolvidas,
mas que eventualmente podem ser esgotadas (comre bofe na india) se a remogao
do K pela colheita for maior que a adicao por ligentes ou adubos (Romheld &
Kirkby, 2010). Quando essas reservas se tornareio lipaixas, 0os produtores podem
se tornar absolutamente dependentes da fertilizqgémica (processo similar ao que
ocorreu com o P na Europa no século XIX). A abspdgK esta altamente relacionada
ao crescimento das raizes, principalmente as iat@é@mheld& Kirkby, 2010; Spiess,
2011).

Ocorre que com a atual demanda de alimentos, rsmgsadade passou a ser
absolutamente dependente da produtividade extealggrelos fertilizantes quimicos, ja
que cerca de 40% da populacdo mundial € alimergguitir da produtividade extra
gerada por fertilizantes (UNEP, 2007). O precous® dos fertilizantes tém aumentado
com o tempo, a medida que as fontes que o produZense esgotando. Obviamente,
iSSsO mostra um cenario absolutamente insustentam@lo podemos contar
indefinidamente com um recurso limitado. Se comtimos seguindo o0 modelo atual,

essas fontes irdo acabar (ou ficar tdo escassagequeso para producéo de fertilizantes
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Figura 1. Gastos na importacdo (parte superior) e consymaxe( inferior) de
fertilizantes no mundo, de 1961 até 2009. A linhetgptracejada representa a média da
fixac&o biologica de nitrogénio, por ano, no mugiéaO, 1999; UNEP, 2007)

Existem muitos outros problemas relacionados atcpsaatuais da agricultura
industrial. As areas de alta produtividade agricolan os melhores solos e maior
potencial produtivo, tém diminuido devido a expansébana. E comercialmente muito
mais favoravel transformar uma area de producdcagrproxima a um centro urbano
em um complexo habitacional ou comercial, mesmo agienelhores técnicas sejam
aplicadas para produtividade maxima: a agriculinfia consegue competir com 0s
precos do mercado imobiliario alavancados pelarsgmurbana (Singh et al., 2011). O
uso de inseticidas e herbicidas, muitas vezesaafug de forma impensada, também
leva a graves problemas ambientais ao escapareanopambiente, além dos efeitos
nocivos a saude do consumidor. Tracos residuasedegrotéxicos se acumulam com
o0 tempo em organismos no topo da cadeia alimenkevagn a uma série de danos a

saude.

1.2. Bactérias promotoras de crescimento vegetal

Evidentemente, este modelo de producéo precisasriécnicas, tecnologias
e politicas para fazer um uso mais racional dosirses disponiveis. Uma das
tecnologias mais promissoras, principalmente paradacédo do uso de fertilizantes
quimicos, é o uso de bactérias promotoras de omestd vegetal (PGPR, d@lant
Growth Promoting Rizobactenamicro-organismos capazes de aumentar a producao
agricola ao interagirem com as plantas (Sokolewval, 2011). As PGPR ocorrem
naturalmente em todos os tipos de plantas, norrmémassociadas as raizes dos
vegetais. Essas bactérias podem estar associdiiagniente as raizes, estando dentro
das células vegetais, em espacos intracelularesjpeficie das raizes ou, entdo, mais
afastadas, no solo adjacente as raizes (denomileadimosfera). Elas utilizam uma série
de mecanismos diretos e indiretos para promoverescicnento vegetal, como a
producdo de horménios de crescimento vegetal, diahgfio de nutrientes do solo,
protecdo contra patdogenos e estresses abidticagab de nitrogénio atmosférico e
outros (Glick et al., 1998; Babalola, 2010; Hayaale 2010). Em troca, a planta libera
exudatos pelas suas raizes: fontes de carbono emueitgm, de forma seletiva, o
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desenvolvimento bacteriano (Ambrosini et al., 20&arina et al., 2012). O nivel de

especificidade dessas interagfes varia muito dedaccom a planta e a bactéria,

havendo bactérias de vida livre, que podem ou raassociar a plantas de gendtipos
distintos, até relacdes simbioticas restritas aasetinhagens de bactérias com
determinadas linhagens de plantas. O estudo paranientar a producdo agricola

através das PGPR comecou pelos anos 80, e a eifici@asses organismos ja foi

demonstrada em muitos estudos. De maneira gerafoode PGPRs permite uma

reducdo na aplicacdo de fertilizantes de até 5@%, lsaver reducdes na produtividade
(Baldani et al., 1986; Alves et al. 2003; Adesemeyeal, 2009a; Hayat et al., 2010;

Good & Beatty, 2011; Miransare, 2011). Duas carégtteas presentes nas PGPRs tem
interacdes diretas na aplicagao de fertilizantesapmcidade delas em fixar nitrogénio
atmosférico e de solubilizar nutrientes do solo.

Algumas PGPRs, entre muitas outras bactérias dersdis nichos e géneros,
conseguem fixar nitrogénio atmosférico atravésrdanga nitrogenase (Nase) (Affourtit
et al., 2001). Estas bactérias sédo capazes deayuelforte ligacdo covalente tripla do
dinitrogénio (N) atmosférico, e, entédo, incorporar esse nitroganmomoléculas, por
isso sdo denominadas ddiazotroficas Bactérias pertencentes aos géneros
Herbaspirilum, Azospirillum, Pseudomonas, Bradyosbimm e Rhizobiumpodem ser
fixadoras de nitrogénio (Baldani et al., 1986).eGatocesso € extremamente importante
para a vida na terra, ja que o nitrogénio é umeallementos chave na constituicdo dos
seres vivos, estando presente em aminoacidos esaaidcléicos. Se o0 nitrogénio
atmosférico ndo fosse fixado por micro-organisnaodnica fonte natural de nitrogénio
biologicamente reativo na Terra seria aquela liteerpor descargas elétricas na
atmosfera: a passagem de relampagos rompe a ligagdiaitrogénio e este reage com
outras moléculas, para ai, entdo, poder ser incadpgpelos organimos. A quantidade
de nitrogénio fixada dessa forma, porém, represgmeaas 2,5% do nitrogénio fixado
naturalmente (Borucki & Chameides, 1984).

A fixagao bioldgica de nitrogénio é um processotmuaustoso para a célula e é
fortemente regulada. Além de um grande aparatorenimio especializado para realizar
a fixacdo de nitrogénio, a célula precisa gastanakculas de ATP para cada molécula
de dinitrogénio quebrada. Esse aparato enzimatiotbém é altamente sensivel ao
oxigénio atmosférico, de forma que a fixacdo deogénio costuma ocorrer em
ambientes anaerdbicos ou com a enzima nitrogeeasi® protegida pelo metabolismo

bacteriano para reduzir a chance de reacdo comigérna. Sendo a Nase muito
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sensivel ao oxigénio, perdendo a sua funcdo cas@ mom ele, uma bactéria
diazotrofica ndo pode permitir que todo o gastogéteo da producdo das enzimas que
reduzem o N seja desperdicado pela interagdo cogérug. A célula também néo ira
fixar nitrogénio atmosférico se ela dispuser derasuffontes de nitrogénio em seu
ambiente, mais faceis de serem capturadas e mietdsd (Zehr et al, 2000). A
fertilizagdo quimica, por conter N reativo em seospostos, altera o0 metabolismo de
nitrogénio das bactérias diazotroficas, de tal orque a bactéria ira absorver o
nitrogénio reativo distribuido no solo, ao invésfo@r o nitrogénio atmosférico por
conta propria. Dessa forma, o fertilizante adictmpelo agricultor pode ser consumido
em grande parte por bactérias e ndo apenas pafdagplN&o apenas o agricultor estara
desperdicando os recursos que aplicou, facilitamdiesenvolvimento de bactérias ao
invés do de plantas, como estara negligenciandagegorso natural do seu solo que,
caso manejado, pode trazer beneficios econémiaothentais.

O exemplo de maior sucesso do uso de PGPRs pargaede fertilizantes e
fixacdo de nitrogénio é o da soja brasileira. Qalts de soja, desenvolvidas pela
EMBRAPA, permitem que 100% do nitrogénio necesspdm 0 desenvolvimento e
producdo maxima da cultura seja de origem bacteridanhum nitrogénio adicionado
via fertilizante € necesséario para produtividadexima nas lavouras com essas
linhagens. A economia gerada dessa forma foi ddithbes de dblares em 2002, e é
essa economia que permite que o Brasil entre deafarompetitiva no mercado
internacional da soja (Alves et al, 2003).

A solubilizagdo de nutrientes como fosfato, ferrpatassio também interfere
diretamente com a fertilizacdo. A maior parte defdto assimilavel pelas plantas que é
adicionada via fertilizante rapidamente se torrdisjponivel ao reagir com complexos
metalicos presentes no solo. Assim, pode ser geraapl0% do fosfato adicionado
sejam realmente utilizados pelas plantas, enquastoutros 90% escorrem para o
ambiente ou ficam retidos no solo em formas naordgéseis (Adesemoye &
Kloepper, 2009b). Bactérias solubilizadoras dedimsfcomo as dos génerBacillus,
Pseudomonas, Enterobacter, Erwinia Ochrobactrum (Babalola, 2010), podem
solubilizar esses complexos de fosfato pela sesrdedacidos organicos. Uma vez na
forma sollvel, esses fosfatos poderdo ser absaryidi@a bactéria ou pela planta. Nao é
possivel que uma bactéria solubilizadora de fosfabstitua completamente a aplicacédo
do fertilizante, uma vez que cultivos sucessivom sadicdo de P externo irdo

eventualmente esgotar o solo, como aconteceu map&unmo século XIX (Dawson &
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Hilton 2011). Porém, uma bactéria solubilizadora ftesfato pode aumentar
drasticamente a eficiéncia do fertilizante que dodicionado a lavoura: é possivel
adicionar quantidades menores de fosfato enquanptarda aumenta a biomassa,
comparado a um controle ndo-inoculado e complettamkentilizado (Panhwar et al,
2011).

PGPRs também podem ajudar a reduzir o uso de agrasouma vez que elas
conseguem reduzir o ataque de patdgenos nas lavauma das formas com que fazem
isso € pela ocupacéao do nicho em que se encont@nu a rizosfera ja esta povoada
por micro-organismos, é mais dificil que patdégermssigam atingir as raizes. Algumas
PGPRs também séo capazes de produzir antibiotioasduzir a planta a reforgar seus
sistemas de resisténcia a patdgenos (Mansoor, 808alZ; Wei et al., 1991; Guo, 2003).
Outra caracteristica de PGPR muito interessantpréducao de compostos inddlicos,
tais como o acido indol acético. Estas substaneisgetadas pela bactéria, agem como
hormdnios de crescimento vegetal e induzem ao aionuas raizes e folhas da planta
(Hayat et al., 2010; Babalola 2010). Bactérias gémerosPseudomonas, Bacillus,
Arthrobacter, Enterobactee Agrobacterium entre outras, podem produzir compostos
inddlicos (Yuan et al., 2010).

A eficiéncia das PGPRs pode ser afetada de vamaeinas, de tal forma que
nem sempre 0s mesmos resultados séo obtidos eranti#e condicdes com a mesma
bactéria. Um dos principais fatores € a compatikie do micro-organismo com a
planta, pois a especificidade pode ser dependeastdéirthagens de uma mesma cultura.
A eficiéncia de uma PGPR pode ser alterada pelatigiage de micro-organimos
inoculados, o veiculo usado na inoculagéo, o estdgidesenvolvimento da planta no
momento da inoculacédo, propriedades fisico-quimidassolo, interagcbes com a
microbiota nativa, interacdes com outras PGPRstamle de saude das plantas, o clima
da regido e muitos outros fatores. Evidentemeraejgio massiva de nutrientes no solo
atraves da fertilizagdo também tem o potencialtéean a eficiéncia dessas interagdes.

A existéncia de tantos fatores que possam altezfici@ncia de uma PGPR para
determinada cultivar pode tornar sua aplicacao nesisita a certas condi¢des. Por isso
a pesquisa nessa area sempre busca novos organigreopossuam uma maior
eficiéncia ou inclusdo de determinados nichos, coeststéncia a salinidade ou a um
metal téxico. Muitos estudos mostraram que umarahi@da PGPR responde de forma

diferente de acordo com o nivel de fertilizacdo pisitas. Poucos estudos, porém,
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investigaram como determinados niveis de fertiivagfetam a populacdo de PGPRs

em termos de diversidade e capacidade de exeorescmento vegetal.
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2. Objetivos

a) Isolamento de bactérias diazotréficas que secess ao arroz cultivado sob
diferentes niveis de fertilizacdo e analise dass steracteristicas promotoras de

crescimento vegetal, para futura utilizacdo em yi@glinoculantes para essa lavoura;

b) Comparar as populagdes bacterianas isoladasavarirbs de arroz sob
diferentes condicdes de fertilizacdo, a fim de edfigcar o quanto a presenca de
fertilizantes quimicos interfere na composicdo aestpopulacbes (diversidade

bacteriana) e em suas capacidades de promoves@moento vegetal.

Objetivos Especificos

a) Isolar bactérias diazotréficas aerobicas e abams facultativas (bacilos)

através de isolamento seletivo;

b) Avaliar a capacidade dos isolados quanto a diedgologica de nitrogénio,
solubilizacédo de fosfatos, producao de fito-horraérne sideréforos e comparar essas
caracteristicas para cada nivel de fertilizacareead bactérias intimamente associadas

araiz e a rizosfera;

c) Diferenciar as linhagens isoladas por meio d®IRELP do genaifH e

identifica-las por meio do sequenciamento paraajiehe do 16S rRNA,;

d) Testarin vivo as linhagens bacterianas mais eficientes como R&G&RRliar o
potencial destas no aumento do crescimento do,avisando a posterior utilizacdo

destas em inoculantes para as lavouras.
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(Fator de impacto = 5,537)

The effects of different fertilization conditions @ bacterial plant growth

promoting traits: guidelines for directed bacterial prospection and testing

Costa, P., Beneduzi, A., Souza, R., Schoenfeldy&gas, L.K. and Passaglia, L.M.P.

Abstract

Chemical fertilization is widely used for increasgdp productivity, but its production
and use lead to serious environmental damage. duweethe use of fertilizers, one can
make use of plant growth promoting rhizobacteri@®R), which are plant-associated
bacteria that increase plant health, size and yelough various mechanisms. PGPR
effectiveness is known to fluctuate with environtarconditions; however, studies
regarding the effect of chemical fertilization olamt growth promoting (PGP) traits of
PGPR are scarce. In this work, the effects of Itarg: fertilization on the diazotrophic
diversity, occurrence and expression levels of RfaiRs from 190 bacterial strains
isolated from rhizospheric soil and roots of ricersv analyzed. We found that
fertilization had a limited effect on diversity bttad a major effect on phosphate
solubilization and indolic compounds (IC) produatiabilities. We propose that plants
select bacteria that present good phosphate sakiinin ability for intimate root
association in lieu of good IC production underiamt-poor conditions and select good
IC producers in lieu of good phosphate solubiliaerder nutrient-moderate conditions.
In nutrient-rich conditions, this selection prefete seems to be deactivated. After
testing seven selected isolates for effectime vivo plant growth promotion in
greenhouse conditions, our predictions were testetthe field. We found that good
phosphate solubilizers only promoted growth atiaatrpoor conditions and that good
IC producers only promoted growth at nutrient-matkerconditions. In nutrient-rich
conditions, phosphate solubilization and IC proguctvere not key factors to promote
plant growth. These findings may be used for de@cPGPR prospection and

anticipated PGPR candidate selection, accordimdgiat needs and farmer interests.
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Introduction

The reduction of fertilizer inputs into crop fieldsthout decreasing productivity
is a feasible but difficult challenge that requiagtention from the scientific community.
It is well known that a large fraction of the multis of tons of nutrients added to soils
every year are not taken up by plants, as up to 6D&ealded nitrogen (N) and 90% of
added phosphorus (P) can run off from crop fie®snpson et al, 2011). Instead of
running their intended course, these nutrientspesta the atmosphere or lixiviate to
water sources, causing all manners of environmemtadnomic and public health
problems through eutrophication and greenhous@easration at a global scale (Good
& Beatty, 2011; Inselsbacher et al., 2010; Miransa011). Fertilizer requires the
consumption of non-renewable fossil fuels, andrenity, we are completely dependent
on the extra productivity that fertilizers provide feed the world population. This
dependence generates a long term issue for foadlityelsecause we simply cannot rely
on a limited resource for an infinite time (FAO,1A(), especially because both the
usage and the price of fertilizers are currenttyeasing (Good & Beatty, 2011). This
delicate situation can be alleviated by employitanpgrowth promoting rhizobacteria
(PGPR), which are beneficial soil and root-assedatnicroorganisms capable of
increasing plant health and size while reducingjliser inputs by up to 50% without
any yield loss compared to fully fertilized congdBaldani et al., 1986; Alves et al.,
2003; Good & Beatty, 2011; Hayat et al., 2010; Mgare, 2011).

PGPR provide several possible strategies to enhalacg growth, such as the
production of antibiotics, the solubilization aretycling of nutrients, the production of
plant growth hormones, nitrogen fixation, the intitut of enhanced plant defenses, soil
detoxification and others (Glick et al., 1998; Blate 2010; Hayat et al., 2010). It is
well know that plants affect the indigenous micedlopulations in soil, and each plant
species is thought to select for specific microlgiapulations that contribute most to
their fitness, creating a selective environment amited diversity (Berg and Smalla
2009). Plants continually communicate and inteveétth these bacteria mainly through
carbon-rich root exudates that shape the activdied the bacterial community that
inhabit the rhizosphere (Ambrosini et al., 2012ifk@et al., 2012). A plant might, for
example, exude I-tryptophan (Ahmad et al., 200%)ictv can be used by some bacteria
to produce indolic acetic acid, a phytohormone kmaavincrease shoot and root length
(Sokolova et al., 2011; Yuan et al., 2011).
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Because PGPR are possible tools to reduce fertilizage, they should be
thoroughly investigated. Indeed, the use of PGPRors of the most promising
sustainable choices for modern agriculture (Sokmlev al., 2011). Research papers
focused on the enhanced use of fertilizer inputsuilih bacterial inoculants have been
increasing in recent years, and there are seveprts related to the responses of
various selected PGPR to different fertilizatioginees in different crops (Carlier et al.,
2008; Adesemoye et al, 2009a, b; Zabihi et al.020There are, however, few reports
on the effects of fertilization levels on the ingiigpus diazotrophic population diversity
and plant growth promoting (PGP) traits. Becausatptoot exudates change bacterial
populations and the exudates can change accordiptant health and nutrient status,
fertilization levels should directly shape the plassociated bacterial community. It
would be interesting to know how fertilization irferes with PGP traits because most
PGPR screening studies take samples from crops tutiefertilized conditions. This
unilateral approach on PGPR prospection may indesearchers to bias samples and
results, leaving portions of the PGPR communityxpi@ed.

The aims of this work were to evaluate how différéavels of N, P, and
potassium (K) fertilization act on different PGPRacicteristics of rhizospheric and root-
associated diazotrophs and how this can be usedsitoation-specific PGPR
prospection and use. In addition to in-depth dpsion and the comparison of PGP
traits according to fertilization levels, we attelegh to anticipate the most successful
PGPR according to their PGP traits and plant featilon condition in field trials.

Methodology
Sampling site description

Soil and rhizosphere samples were taken in Feb@t9 from an experimental
rice field from Instituto Riograndense do Arroz GR) in Cachoeirinha (29°3%1.9'S,
51°0646.3'W), Rio Grande do Sul State, Brazil. This field H@sen under the same
three fertilization conditions for seven years:tie unfertilized condition (Z), NPK
fertilization levels were zero; in the light ferzétion condition (L), 60 kg N, 20 kg©s
and 60 kg KO were added; and in the heavy fertilization caoditH), 120 kg N, 40
kg P,Os and 100 kg KO were added. The plant screened for PGPR@rgga sativa
variety IRGA 424, which is a cold-resistant, regithy developed cultivar widely used
by farmers in the state. The rice plants werenadl flowering stage. Soil from the fields

had a pH of 5.0, a clay content of 21% and an ocgaratter content of 2.6%. The
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climate in Rio Grande do Sul is considered to benidusubtropical, with average

temperatures between 15 and 18°C and large varsaetween -10 and 40°C.

Bacterial isolation and storage procedures

Rhizospheric (R) and root-associated (A) putatiiezatrophic bacteria were
isolated according to Dobereiner (1995), using thi#ogen-free semi-solid NFb, LGl,
and LGI-P media, with the modifications describgdHarina et al. (2012). Bacilli were
isolated according to Seldin et al. (1983) with thedifications described by Beneduzi
et al. (2008), except that only rhizospheric sabkwsed for the bacterial isolation. Pure

colonies were stored at -20°C in 50% glycerol.

Bacterial identification

Bacterial DNA extraction, PCR amplification, RFldhalysis, and the partial
sequencing of bacterial 16S rRNA genes were peddratcording to Ambrosini et al.
(2012) with the use of Mspl instead of Taql in RIELP procedure. Individual diversity
analysis was completed for each fertilization ctodi Sequencing was performed on a
Megabace 1000 automatic 117 sequencer using th&manic" ET Dye Terminator
Cycle Sequencing Kit (GE HealthCare). The Chromase lsoftware (v. 2.01,
http://www.technelysium.com.au/chromas_lite.htmBsased to verify the quality of
the sequences and to check for possible chimeriginer DNA sequences
(approximately 450 bp) were compared with thoselavia in the GenBank database
using the BLASTN algorithm (Altschul, 1997; availeb on
http://blast.ncbi.nim.nih.gov/). The nucleotide seqces of the 190 partial 16S rRNA
gene segments determined in this study have bgersitied in the GenBank database
under accession numbers JQ795087-JQ795181

Evaluation of plant growth promotion abilities

Indolic compound (IC) production assay was perfarmecording to Glickmann
& Dessaux (1995), except that spectrophotometriasmeements were performed only
after 72 h of incubation, and isolates with IC cemtcations below 15 pg IC thiwere
considered non-producers. Siderophore productiah grosphate solubilizing assays
were performed as described by Glickmann & Des$a8%5) and Schwyn & Neilands

(1987). A colony solubilization index (SI) was usa&sl an indirect measure to estimate
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how much phosphate was solubilized (Ahemad & Ki2é&4,1). The Sl was measured as
[(zone size including colony diameter — colony deen)/colony diameter], and it was
measured 72 h after inoculation. The same procedaseused for siderophore analysis
to estimate how much iron was chelated by the batteolonies (Ahemad & Khan,

2011). Nitrogenase (Nase) activity was evaluatedessribed by Boddey (1987) and
Burris (1972), and only isolates able to reduce anibvan 1 pmol of acetylene mg

protein® were considered nitrogen fixers.

Pot and field trials

Seven PGPR candidates were selected based orPtRitraits and were tested
on rice plants at greenhouse conditions. Thesateolwere identified by partial 16S
rDNA sequences as belonging to the following grou$s @Burkholderia sp.), 49
(Enterobactersp.), 68 Enterobactersp.), 69 Enterobactersp.), 73 Pantoeasp.), 86
(Azorhizobiumsp.), and 148Rhizobiumsp.). Rice seeds (variety IRGA 424) were
surface sterilized in 70% ethanol for 2 min and®d..2odium hypochlorite for 10 min
and rinsed 10 times in sterile tap water. Pots {@00were sterilized with 70% ethanol
and filled with sterile vermiculite substrate. Fiseeds were planted 2.0 cm below the
surface in each pot, with 10 pots per bacteriatinent in addition to a non-inoculated
control. Bacterial isolates were grown in King Bdnen at 28°C until they reached a
final concentration of 10cfu m. Subsequently, 5 ml of this suspension was apjied
each pot for bacterial inoculation. All treatmewnitsre arranged in a randomized design
and grown at 26°C with a 12 h daylight period fdr @ays. After emergence, the
seedlings were thinned for three plantlets per potday 11 from planting, all of the
treatments and the control received Hoagland'siemitrsolution diluted to 25%
concentration. After the 31-day growth period, ghenad root lengths were measured in
fresh material. The dry weight of the shoots amrtiots was measured after drying for
7 days at 60°C. The three plantlets per pot contpassingle average per pot, which
was subsequently used for statistical analysis.

For the field trial, isolates 45, 68, and 86 andaa-inoculated control were
tested on rice at three different fertilization ddions, which corresponded to the same
Z, L and H conditions originally applied. These teaia were selected according to the
bacterial genera to which they belong, the diffefeGP traits they displayed, and the
effect observed on plant growth promotion during greenhouse trial. The field trial

was conducted at an experimental station of IRGAated in Cachoeira do Sul (52° 53’
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42" S 52° 53’ 42” W), RS, Brazil. The experimehtdesign consisted of an entirely
randomized block with four repeats, each plot wgitte of 5 m X 1.5 m. Bacteria were
grown in the same manner as the greenhouse tadsthe rice seeds were inoculated
with a bacterial suspension of®1€fu mr for 30 min before planting. Seeds were sown
in late October of 2010, and fertilizer was addesdt jbefore flooding (V4 stage).
Harvest occurred in early March of 2011. Shoot femgeasurements were taken at pre-
flowering and pre-harvesting stages. The field kaill a pH of 4.8, a clay content of

24% and an organic matter content of 1.7%.

Statistical analysis

A goodness-of-fit test was used to determine if nenber of isolates able to
present PGP traits was affected by fertilizatiomdithons. The chi-square test for
heterogeneity in 3 x 2 cells was used to deterrfiiee three fertilization conditions
affected in different ways the occurrence of PGHtdrin A or R bacteria. For the
number of nitrogen fixers the exact p-value wasaimatd due to low expected values.
Quantitative PGP traits, pot trial results anddfigials results were checked for normal
distribution by histogram analysis and the Shapifitk test, and checked for equality
of variance by Levene’s test. For all PGP traitlsogphate SI n=111, IC production
n=127, siderophore Sl n=149 and Nase activity n=2)ltiple comparisons were
performed by the Kruskal-Wallis test with the SNKEsphoc test because most of the
data were non-Gaussian or had significantly diffeneariances, despite mathematical
transformations. First, a single test was perforro@asidering each isolate positive for
each assay in each fertilization condition. Subsatly, another test was performed
separating R and A bacteria, according to fertiliraand bacterial source, for a total of
six categories: unfertilized rhizospheric bacte(ER), unfertilized root-associated
bacteria (ZA), light fertilization rhizospheric lada (LR), light fertilization root-
associated bacteria (LA), heavy fertilization risgberic bacteria (HR) and heavy
fertilization root-associated bacteria (HA). Theretation between phosphate Sl and IC
production was tested with Spearman’s correlatest (n=76) because the data lacked
the requerements for Pearson’s correlation.

Pot trial results for shoot and root length andostury weight (all with n=70, 10
triplicates per treatment) were tested with one-waMOVA and Fisher's least
significant difference (LSD) post-hoc test. Rooy #reight was tested by the Kruskal-

Walllis test with the SNK post-hoc test because avenés of the treatments were
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significantly different. Field trial results for sbt length from pre-flowering and pre-
harvest stages were tested by a 3 x 2 factorial ¥WAQesting for fertilizer condition,
bacterial treatment and their interaction (five swwaments per plot, four plots per
bacterial treatment and fertilization condition,2d48). Simple main effect analysis was
used to test if there was any difference betweestebal treatments within a single
fertilization treatment.

All ANOVA and exact p-value tests were conductedhwsPSS 19.0, and all
non-parametric tests were conducted with Bioestat Bifferences were considered

significant if p<0.05.

Results
Bacterial isolation

Sixty putative diazotrophic bacteria were takemfreach fertilization condition
using three different nitrogen-free media in aezatonditions. Thirty rhizospheric and
30 root-associated bacterial isolates were obtailoedeach fertilization condition.
Although we were able to isolate several putatiiszatrophic bacteria in anaerobic
conditions (bacillus-specific isolation), only 1Golates survived at laboratory
conditions (four in the Z condition and six in tRecondition). In total, 190 putative
diazotrophic bacteria were successfully storethtiled and tested for PGPR abilities.

Effect of fertilization on bacterial community coosfion and diversity

The most common bacterial genera found in all effétilization conditions (Z,
L, and H) wereBurkholderig representing 22, 20, and 15% of the isolates per
condition, respectively, aninterobactey representing 16, 22, and 18% of the isolates
per condition, respectively. Five other bacterialengra Pseudomonas,
Stenotrophomonas, Agrobacterium, Achromobactand Citrobacte) were also
ubiquitous in all conditions, representing togetB8r 22, and 21% of the isolates per
condition, respectively. The 13 genera outside tiiguitous core represented 29, 36
and 46% of the isolates in Z, L and H conditiorspextively. The Shannon diversity
indices were 2.660, 2.150, and 3.070 per conditrespectively, and failed to be
associated with fertilization conditions. The doamne of the ubiquitous bacterial
genera decreased as the fertilization levels isedabut even for the H condition, the

ubiquitous genera represented over 50% of the balctiversity (Figure 1).
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Figure 1. Genus composition for each fertilization conditi@ver 50% of the bacteria
found in each condition belonged to the same seNmquitous genera (represented
under the dashed line). Overall microbial diversiig not change with fertilization
conditions, but there was a steady decrease iddimenance of the ubiquitous genera. Z
= unfertilized, L = light fertilization, H = heavertilization.

Effects of fertilization on the occurrence of PG&lts

The number of bacterial isolates able to producad®roduce siderophores, to
solubilize phosphate, and to fix nitrogen (measwaedhe ability to reduce acetylene)
are shown in Table 1. The different fertilizatioonditions changed the number of
nitrogen fixers (p=0.002) but not the total numb&IrC producers (p=0.551), phosphate
solubilizers (p=0.784), or siderophore producers0(B45); these results revealed more
nitrogen-fixing bacteria in the higher fertilizaticondition.

There was no significant association between typbasteria (R and A) and
fertilization condition in relation to IC productigp = 0.909), phosphate solubilization
(p = 0.123), siderophore production (p = 0.979) aritbgen fixing (p = 0.084). This
result shows that the proportion of A and R baatable to present a PGP trait was not

significantly different among fertilization cond.
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Table 1.Number of bacterial isolates able to express P@&riRacteristics according to
each fertilization condition and PGP trait.

Fertilization Phosphate Siderophore
condition IC producers solubilizers producers Nitrogen fixers
A R Total A R Total A R Total A R Total*
z 24 20 44 12 22 34 24 24 48 0 3 3
L 19 19 38 20 20 40 27 26 53 6 2 8
H 23 22 45 22 15 37 25 23 48 1 7 18

Asterisk (*) shows statistical significance for tlgwodness of fit chi-square test
(p<0.05). Z = unfertilized, L = light fertilizatignH = heavy fertilization, A = root-

associated bacteria, R = rhizospheric bacteria.

Effects of fertilization on the phosphate solubiiian index and indolic compounds
production

Mean scores for the phosphate SI and IC producticeording to bacterial
source and fertilization condition are presentedrigure 2. Fertilization conditions
altered the phosphate Sl (p<0.0001). When the Sealf phosphate solubilizers were
considered (discarding non-solubilizers), isoldtesn condition Z exhibited higher Sl
values than isolates from the L (p<0.0001) or Hdittons (p<0.0001), whereas the Sl
from the L and H conditions were similar (p=0.938ata not shown). S| data also
differed amoung defined by type of bacteria (A 9raRd fertilization levels, in a single
Kruskal-Wallis test with six treatments (p<0.000ZA bacteria presented the highest
mean rank for S| of all of the conditions, slightlygher than the ZR bacterial Sl
(p=0.12) but significantly higher than in any otliertilized condition (all p<0.018). In
the L condition, LR bacteria presented a highec@hpared to LA bacteria (p=0.004),
which the lowest SI mean rank among all 6 cond#idn the H condition, HA and HR
bacteria were similar (p=0.929). These results emgecially interesting because IC
production showed exactly the opposite trend.

Fertilization conditions also altered IC productip=0.023). From the isolates
able to produce IC above 15 pg ICmbroduction was higher in the L condition
compared to the Z condition (p=0.007), whereah@H condition, IC production was
similar to Z (p=0.382) and L (p=0.061). When thepi®duction was compared in the 6
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groups based on A and R bacteria and fertilizalemels, we observed the opposite
results of those found for phosphate solubiliza0.007).

ZA bacteria presented the lowest mean rank for i@yction of all of the
conditions, which was significantly lower than ZR=0.04), LA (p<0.0001), HA
(p=0.034) and not significantly but lower than Lp=0.052). In the L condition, LA
bacteria presented a higher but non-significanpi@uction compared to LR bacteria
(p=0.078), and the highest mean rank for IC prddacivas found in the LA bacteria.
In the H condition, HA and HR bacteria were sim{jax0.30).

Therefore, the results from both the Sl and IC pobidn showed an interaction
effect between fertilization and bacterial source.
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Figure 2. Mean score for the phosphate S| (A) and IC produc{B) according to
bacterial source and fertilization condition. Megg4dSE) with different letters are
significantly different (p<0.05 in the Kruskal-Wall SNK test). ZR = unfertilized
rhizospheric bacteria, ZA = unfertilized root-asated bacteria, LR = light fertilization
rhizospheric bacteria, LA = light fertilization rbassociated bacteria, HR = heavy
fertilization rhizospheric bacteria, and HA = hedestilization root-associated bacteria

29



A negative Spaman correlatio (rs=-0.498) was fountetweenthe phosphate
S| and ICproduction in the studied isolatep< 0.0001 n=78, Figur8). Apparently, a
single bacterium mayot able to produce high levels IC while being able t
solubilize large amounts of phosphate. This cotigriehas notbeenreported in the
literature until now. This result corroborates fimeling that ZA and LA bacteria sho
contrasting PGP traitZA presented the highest S| and lowestplGductior, whereas
LA presentedhe lowest Sl and highelC production.

350.00

(o] | |
300.00 - mZR OZA
| |
250.00 - " ®LR OLA
© | |
200.00 - AHR  AHA

0.00 -
000 1 e o,

Indole compounds production (pug.ml-1)

A . =
A A A Om
10000 1 = e, 24 o4 = i |
A Ba ° a
O m o
50.00 - A 0
A b DA, m|
o oo oW p 1 ° o
0-00 T T T T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Phosphate solubilization index

Figure 3. Scatter graplof IC production and phosphate solubilization by theaits.
Each point represents a single isolate bothto solubilize phosphate and produC
above 15 pg IC ril. ZR = unfertilized rhizospheric bacteria, ZA = uriiéized roo-
associated bacteria, LR = light fertilization rtspberic bacteria, LA = light fertilizatic
root-associated bacteria, HR = heavy fertilization reptteric bactericand HA = heavy

fertilization rootassociated bacte

Effects of NPK fertilization on siderophore prodantand acetylene reducti
Surprisingly, siderophore production was affecteg NPK fertilizatior
(p=0.010),despite the fact that tifertilizer applied did not contaimon inputs and the
iron is typically availablein flooded soil conditionssuch as those 1 paddy rice
cultivation. Considering only the actual siderophore produca+d49),the H condition
showed a highesiderophoreSI than the L condition (p=0.002), bilte Z condition did
not differ from either Lor H conditions (p=0.155 and 0.13@espectivel). When the
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siderophore Sl data from A and R bacteria wereyaedl separately and according to
fertilization levels, the siderophore S| was sigraihtly higher for HR compared to all
other conditions (all p<0.023), which were simil@reach other (all p>0.19).

The acetylene reduction capacity of the isolatde &b reduce over 1 pmol
acetylene mg proteth did not change with fertilization (p=0.283). Thenas no
significant difference in acetylene reduction wraata from A and R bacteria were
analyzed separately and according to fertilizafievels 6 (groups), similarly to the
results obtained for the other PGP traits (p=0.916)

Pot trials under greenhouse conditions

Shoot and root length and dry mass data fremivo pot greenhouse trials are
presented in Figure 4. The PGP traits for eaclaiediested are presented in Table 2.
Shoot length was affected by bacterial inoculafjor0.027), with significantly longer
shoots for isolates 49 (p=0.021), 68 (p=0.036) &86d(p=0.007), compared to the
control. Root length was also affected by bacteraculation (p=0.001), with
significantly longer roots for isolates 45 (p=0.93&8 (p<0.001), 69 (p<0.001) and 148
(p=0.021), compared to the control. Shoot dry weighs also affected by bacterial
inoculation (p=0.002), with significantly heavierydshoots for isolate 49 (p=0.008),
compared to the control. Finally, root dry weightasvunaffected by bacterial
inoculation (p=0.136). Isolate selection for figtthls was based on the occurrence of
significant plant growth abilities for at least oplant measurement and divergent PGP

traits of the isolates.
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Figure 4. Shoot and root length (A and B) and dry mass (€ @ fromin vivo pot
trials under greenhouse conditions with bactenatulation of different isolates and a
non-inoculated control. Means (x1 SE) with differdetters represent statistical
significance (p<0.05 Fisher's LSD test). Data frgmaph “d” was subjected to the
Kruskal-Wallis test and represent mean scores.
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Table 2.Bacteria tested as possible PGPR in greenhousketthdonditions.

Isolate name IC Phosphate  Siderophore Nase Plant growth promotion
and source  Isolate species production Sl Sl activity - - -
Pot trial Field trial
45, ZR Burkholderia 119.45 1.13 3.31 48.953 root length Onlyat Z
sp. condition
49, ZR Enterobacter 248.54 0.184 1.32 - shoot length, nt
sp. shoot dry
weight
68, LA Enterobacter 339.08 0.120 0.333 - root length, Only at
sp. shoot length Lcondition
69, LA Enterobacter 248 0.131 0.231 30.291 root length nt
sp.
73, LA Pantoeasp. 133.67 0.126 1.00 1.324 none nt
86, LA Azorhizobium 173.14 - 0.380 - shoot length Only at
sp. Lcondition
148, HA Rhizobiunsp. 139.89 - 0.351 2.337 root length nt

Nase activity is expressed as pmol acetylene mgiprp IC production as pg IC i)
and phosphate and siderophore as their solubdizatidexes. Plant growth promotion
during the pot trials relative to significant diféeces from the control (p<0.05, Fisher
LSD test). Plant growth promotion during the figdidls relative to significantly longer
shoots compared to any treatment within the indatdertilizer conditions (p<0.05,

simple main effect analysis). nt = not tested,did=not show this PGP trait

Field trials under different fertilization conditns

Pre-flowering and pre-harvest shoot length measeinésn according to
fertilization and bacterial treatment are showrfigure 5. In the pre-flowering stage,
there was significant interaction between bactemal fertilization treatments for shoot
length (p=0.013). In the Z condition, isolate 45300d phosphate solubilizer, promoted
higher shoot length compared to control (p=0.048),solate 68 (p=0.017) and to
isolate 86 (p=0.004), the last two identified a=od)dC producers. There were no
significant differences in shoot length betweenlates for the L (p=0.077) or H
conditions (p=0.514), although isolate 86 presere@markably higher mean shoot
length compared to isolate 45 in the L conditiam.the pre-harvest stage, there was
again significant interaction between bacterial dedilization treatments for shoot
length (p=0.001). Bacteria affect shoot lengthhi@ L condition, isolate 45 presenting a
lower shoot length compared to control (p=0.0289Jate 68 (p<0.001) and isolate 86
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(p=0.001). There were no significant differenceshioot length between isolates for the
Z (p=0.353) or H conditions (p=0.065), althoughlase 86 presented again a lower
mean shoot length compared to isolate 45 in therdlition. Table 2 summarizes which
isolates were significantly different for other dtments in the same fertilization
condition.

Both in pre-flowering and pre-harvesting stages, ghoot lenght in presence of
isolates 86 and 68 at L and H conditions did ndtedifrom control (p=0.119 and
p=0.973 respectively). These results indicate id@htes 86 and 68 can promote plant
growth and possibly save 50% of fertilizer inputgmared to a non-inoculated, fully

fertilized control without plant shoot length retioa.
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Figure 5. Pre-flowering (A) and pre-harvest (B) shoot lengteans (presented with 1
SE) according to fertilization and bacterial treatth There were significant
interactions at the pre-flowering (p=0.013) and {me-harvest stages (p=0.001),
according to factorial two-way ANOVA, indicatingahisolate plant growth promotion
depends on fertilization conditions.

Discussion
Effect of fertilization on bacterial community coosfion and diversity

Our diversity analysis results suggest that fedtion condition did not
profoundly affect rhizospheric and root-associatigzotrophic communities because
over half of the diversity found for every conditishared the same genus composition
in similar proportions, and the diversity indexéd ot show either a continual increase
or decrease in diazotrophic diversity accordingfadilization conditions. The only
fertilization-dependent alteration found was the seven ubiquitous genera present in
all of the conditions became less abundant. It ddok expected to find greater
diversity in fertilized soils because an increasethe nutrient availability through
fertilization can sustain a larger diazotrophic plagion (Yim, et al., 2009; Islam et al.,
2010; Pariona-Llanos et al., 2010). However, thanBbn diversity indexes was not
associated with the fertilization conditions. Apgraty, different fertilization conditions
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presented only a minor impact on diazotrophic dilgy leaving the core of the
community mostly undisturbed. Similar results wlyend both by lack of correlation
of the Shannon diversity indexes according to Ifeeti amendment (Liu et al., 2009)
and the minor effect of fertilization practices diazotrophic community compaosition
(Piceno & Lovell, 2000; Wartiainen, 2008). In othecterial groups, such as ammonia
oxidizers and denitrifiers, the bacterial commustialso suffered little change when

interacting with fertilizers (Enwall et al., 2005).

Effects of fertilization on the occurrence of PG&its

Several reports have shown an increase in the nuaofingrogen-fixing bacteria
in chemical fertilized conditions compared to utifieed conditions (Yim et al., 2009;
Islam et al., 2010; Pariona-Llanos et al., 201@j)isTincrease likely occurs because of
the greater plant exudation caused by the increhagailable nutrients as greater root
exudation increases rhizospheric and root-assaciadéeterial populations (Piceno &
Lovell, 2000). Unfortunately, we were unable toesssif there were any differences in
actual nitrogen fixation rates situ according to the fertilization condition. The nusnb
of phosphate solubilizers, IC and siderophore predt were also unaffected by
different fertilization conditions in other repor(Rodgers & Chaw, 2001; Hu et al.,
2009; Yim et al, 2009; Yuan et al., 2010).

Effects of fertilization on the phosphate solubiiian index and indolic compounds
production

Together, these data suggest that in an unfediladition, plants are able to
select the best phosphate solubilizers in intiragsociation with the roots in lieu of the
best IC producers, present on the rhizosphere. Whdar light fertilization conditions,
however, plants instead select the best IC produiceintimate association with the
roots in lieu of the best phosphate solubilizenso goresent on the rhizosphere.
Apparently, plants select phosphate solubilizersnitrient-poor conditions and IC
producers in moderate nutrient conditions. Howeuemutrient abundant conditions,
there was no significant difference between thesphate Sl or IC production of root-
associated and rhizospheric bacteria. Apparentlgenwunder heavy fertilization
conditions, plants no longer select associatedebadbased on their phosphate Sl or IC
production capacities. These findings may be ingrmarwhen testing for PGPR in

different field conditions: a good IC producer mag unable to successfully colonize

36



plant roots (and thus promote plant growth) in ieatrpoor conditions because the
plant selects for nutrient solubilizing bacteriahe$e findings may also have
implications for PGPR prospection: if a good IC gquoer is sought, root-associated
bacteria in lightly fertilized fields are promisingrgets. If phosphate starvation is an
issue in the studied crops, PGPR in root-associdiacteria under unfertilized
conditions are promising targets.

There are few reports of the effects of fertilieation IC producing and
phosphate solubilizing plant-associated bacterieoraling to different fertilization
conditions. Although Yuan et al. (2010) found semilevels of IC production under
unfertilized and NPK fertilized conditions, we falithat IC production was higher for
isolates from light fertilization conditions. Thafference could be due to sample size,
which was three times larger in the present stédigo, unlike Yuan et al. (2010), we
isolated root-associated bacteria, that producede nf©® then soil bacteria in the L
condition. Yim et al. (2009) also screened for I©ducing bacteria under different
fertilization conditions but did not study the effe of fertilizer on IC production levels.
Hu et al. (2009) found less active phosphate slielos in soils fertilized with organic
manure, while NPK fertilization was similar to amfertilized control. In general,
however, bacterial metabolic activities for phogphsolubilization and mineralization
were lowered by fertilizers with high P input. Iddition, Hu found that P-deficient
soils resulted in higher metabolic activity of ppbate solubilizers compared to P-
amended soils. Although Hu (2009) found no simikgorts for his findings, we now
support his conclusions with our own data, as thst Iphosphate solubilizers were
found in the unfertilized condition.

It is well known that plant nutrition changes ratudates and thus associated
bacteria, but the present study is the first repmghow a preference for IC producing
bacteria over phosphate solubilizing bacteria atiogr to NPK fertilization. A
moderate but significant (p<0.0001) inverse cotieta between phosphate
solubilization and IC production was found in thiadéed isolates. Figure 3 shows a
lack of isolates able to both produce IC and stikébphosphate above a certain limit,
although there are bacteria able to present sefficiC production to promote plant
growth through this PGP trait while at the sameetaso solubilize enough phosphate
to promote plant growth. Most importantly, this @ation supports our hypothesis that
the plant selects either good IC producers or gawasphate solubilizers to associate

with its roots, and apparently the selection ocagsording to nutrient levels. The
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reasons for this limitation still need to be staklibut it does not appear to be inducted
by molecular mechanisms, as Bianco & Defez (20&pprts an increase in phosphate
solubilization in an IC super producing, genetigahgineered bacteria. Notably, our
work is different because we took a sample fronur@tindigenous bacteria, whereas
these authors artificially overexpressed IC productin a single strain. Thus,

improvement of phosphate solubilization by high p@duction does not appear to

occur in nature.

Effects of NPK fertilization on siderophore prodantand acetylene reduction

The reasons behind the effect of heavy NPK fediian on rhizospheric
bacteria siderophore production still need to helistd because we were unable to
explain it with our current data. A single repohiows that the addition of straw or
manure on crop soil does not change siderophomuption compared to an untreated
control (Rodgers & Chaw, 2001), but no other stsidiave been published regarding
the effects of chemical fertilization on sideropdoproduction. A siderophore-IC
production correlation (n=108) was also analyzedgispearman’s coefficient because
the shape in the scatter graphic was similar toiféi@. The correlation was significant
(p=0.03), although (rs= - 0.2). However, this pautar finding should be approached
cautiously: the correlation is not significant degmg on the formula used for the Si
calculation, halo size measurements for sideropparduction are not well established,
and there are no data in the literature with witcbven remotely compare this finding.
Nase activity of the isolates was not affected dayilfzation conditions. Similar results
were found by Piceno & Lovell (2000), who obsentbdt acetylene reduction rates
were not uniformly affected by the presence of dieain fertilizers. Because
diazotrophic diversity only slightly changed due fastilization conditions, it is not

surprising that the nitrogen fixing potential oéfe isolates was also unchanged.

Pot trials under greenhouse conditions

Pot trials under greenhouse conditions successélibyved us to select PGPR
candidates for field tests. Isolates 68 and 49 ptech growth in two plant
measurements; isolates 45, 69, 86 and 148 prongotedh in one plant measurement;
and isolate 73 did not promote plant growth. Adates 68 and 49 (botlanterobacter
sp.) presented similar PGP traits (high IC productand low phosphate Sl), only

isolate 68 was tested in field. Isolate #akholderiasp.) was selected due to its high
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phosphate Sl ability. Isolate 8&Zorhizobiumsp.) was selected due to its high IC

production and its inability to solubilize phosphat

Field trials under different fertilization conditns

Field trials results support our hypothesis thabdygphosphate solubilizers
should promote plant growth in condition Z and thabd IC producers should promote
growth in the L condition. The isolates showed drefierformance in the fertilization
conditions that they were initially isolated fronTaple 2), which reinforces our
suggestion that PGPR prospection should take ifatibn conditions into account
when searching for PGPR candidates. Additionalbglates 86 and 68 in the L
condition were similar to the fully fertilized, nenoculated controls and thus could be
used to reduce fertilizer inputs without decreaspignt size. In the H condition,
bacterial IC production and phosphate S| were satrgportant to drive plant growth;
although both good IC producers promoted remarkdiffgrent growth rates, the good
phosphate solubilizer presented a slightly higheowth rate when phosphate was
readily available. Other factors, such as bacteglome, unscreened PGP traits, and
other members of the diazotrophic community, midpetter explain plant-PGPR
responses in the H condition. Figure 5 shows tmeessisual pattern for all of the
treatments under all of the fertilization condigp®except for a sharp decrease in isolate
45 in the Z condition at the pre-harvesting sta@kis decrease in plant growth
promotion according to plant maturity was unexpecteut an important point of our

model still applies: good IC producers do not preermant growth under Z conditions.

Concluding remarks

Although SI measurements may not be the best tadjjuantify phosphate
solubilization, sufficient data support our conaluns. Our statistical tests on phosphate
solubilization were generally significant, evenngshonparametric statistics, and used a
large sample size. Despite the methodological miffees, our overall phosphate
solubilization result also confirms those of Hu @) Both SI and
spectrophotometrically measured phosphate solakitiz may decrease due to certain
stress (Ahemad & Khan, 2011). Additionally, phogphsolubilization followed exactly
the opposite path of IC production: ZA presented thghest Sl and lowest IC
production, whereas LA presented the lowest phdspBhand highest IC production.

Finally, we found a significant inverse correlatidmetween phosphate Sl and IC
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production. Thus, despite phosphate SI measurenieitg an indirect method for
phosphate solubilization quantification, we perfednseveral statistical tests that
independently corroborate the hypothesis thatliteation produces different effects on
phosphate solubilization and IC production.

The calculation of the phosphate solubilizationeixes, which is based on halo
size measurements, differs between authors. Taeisat we were not using a biased
calculation, we also calculated S| as [(zone smduding colony diameter /colony
diameter) x 100] (Hu X et al., 2009), and (zone=sirluding colony diameter - colony
size) (Chatli & Beri 2008; Nautiyal, 2009; Triveel al., 2007) and subsequently used
this equations in all tests for phosphate soludiion, siderophore production and the
correlation of both against IC production. All sséital outcomes remained unchanged
despite the Sl calculation formula change, exceptHe siderophore and IC production
correlation for the (zone size including colony rde&ter - colony size) Sl formula
(p=0.12). These results reinforce the use of colsimg as a suitable enough tool to
guantify phosphate solubilization (at least at gample size), but we hesitate to
consider the siderophore correlation as a reabgioal event rather than a methodology
artifact.

Our PGP traits analysis suggests that plants sdlmctgood phosphate
solubilizers in the Z condition and good IC prodsgcen the L condition. Our field
results showed that good phosphate solubilizersypted growth in Z conditions, and
good IC producers promoted growth at L conditicatspne or another stage of plant
maturity. Our hypothetical assumptions based on B&P screening from rice plants
under different fertilization conditions were thesgperimentally confirmed.

The fact that plants select for one PGP trait oapother has interesting
implications on PGPR prospector search for bacterithe right location (roots or
rhizosphere) at the right fertilization conditioagccording to researcher needs and
interests. Moreover, effective PGPRSs, such asts®la8 and 86, might fail to promote
plant growth under completely non-fertilized corahs. Additionally, isolates
promoted more plant growth in the fertilization ddions that they were originally
isolated from. This observation is especially iagting because most PGPR prospection
searches for usable bacteria at fully fertilizegldiconditions and tests them at 50%
fertilization conditions. Confirmation of these wéis with other crops and bacterial

isolates would be of great importance for PGPRae$e
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4. Consideracdes finais

Todos os resultados obtidos até o0 momento pudezamseridos no manuscrito
a ser submetido a revista cientifica, mas ha, aimddros resultados a serem
incorporados na versao final.

Apenas um parametro (estatura da planta) foi dersilo nos testes em campo.
Outros critérios agrondémicos importantes, como a@isen de nutrientes no estagio de
pré-florescimento, a producgdo por hectare, o nardergraos por panicula e 0 nimero
de paniculas por m2, serdo medidos, processadmdugdios no manuscrito antes da sua
submissao a revista cientifica. A inclusdo desg&sios permitira a realizacdo de uma
MANOVA entre os diversos parametros estudados pahoor verificar a acado das
bactérias.

Com os dados analisados até agora, podemos cogatuir

1 — A fertilizacdo a longo prazo teve pequenost@$ena diversidade de
bactérias diazotréficas associadas ao arroz. Eseltado estd de acordo com a
literatura e mostra a resiliéncia da comunidaddaebana diazotréfica diante dessa
alteracdo ambiental.

2 — A fertilizacdo altera profundamente a selecamldnta por bactérias que
produzam compostos indélicos ou solubilizem fosfdeotal forma que:

a) Em condicdes escassas de nutrientes a plarda associar-se a bactérias que
sejam boas solubilizadoras de fosfato.

b) Em condi¢cbes de disponibilidade moderada deiemii's a planta busca
associar-se a bactérias que sejam boas produ®@srpostos indolicos.

c) Em condicbes de abundancia de nutrientes, acdeleom base na
solubilizagcéo de fosfato e producdo de compostélicas deixa de acontecer.

Estes resultados podem ser utilizados na prospelsc®GPRS, de tal forma que
o investigador possa buscar bactérias com a citatarde maior interesse no local
certo e que esteja sobre as condicdes certas. ¥eonp, se ele busca bactérias
solubilizadoras de fosfato, ele deve procurar pactdrias associadas a raizes em
condicbes sem fertilizantes

3 — H& uma correlacéo inversa entre a solubilizaigitosfato e a producéo de
compostos inddlicos. Os resultados desse trabald@am que dificiimente sera

encontrada, na natureza, uma bactéria que seja demlubilizar grandes quantidades
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de fosfato e que, ao mesmo tempo, seja capaz dkiizirograndes quantidades de
compostos indolicos.

Este resultado reforca a proposta de que a plaatarha sele¢édo dualista das
bactérias que vai se associar, tendo que escaflier leactérias capazes de expressar
uma ou outra caracteristica de promocéao de crestime

4 — Os testes em campo demonstraram que as bactgiasentaram um
desempenho melhor na promoc¢ao do crescimento @edapl quando testadas nas
condicbes que foram originalmente isoladas, de dogume uma boa solubilizadora de
fosfato promoveu o crescimento vegetal apenas maigio de auséncia de nutrientes, e
as boas produtoras de compostos indélicos prommverarescimento vegetal apenas
em condigdes de disponibilidade moderada de ntggen

Estes resultados podem ser utilizados para tergaepa eficéncia de PGPRs a
campo, de acordo com as suas caracteristicas awgéio de crescimento e 0s niveis de

fertilizagéo testados.
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