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gréos) e mailsculas iguais entre os tratamentos ndo diferem
entre si pelo teste de Tukey (P<0,05)......ccceeiiiiiiiiiiiiiiieiiiiienee.
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RESUMO GERAL

Rodrigues, Artenisa Cerqueira; DSc. em Agronomia (Ciéncias do Solo);
Universidade Federal Rural de Pernambuco; Junho/2012. INTERRELACAO
Bradyrhizobium - BPCP’s - CAUPI: AVALIA(;AO DA ATIVIDADE
ENZIMATICA E PERFORMANCE SIMBIOTICA. Marcia do Vale Barreto
Figueiredo (Orientadora); Joaquim Albenisio Gomes da Silveira (co-orientador).

Para o incremento da fixacdo biolégica do nitrogénio (FBN) tem sido
recorrente o uso de bactérias promotoras de crescimento em plantas (BPCP’s)
em associacdo com o sistema simbidtico leguminosa-rizobio. Desta forma, a
busca da utilizacdo de veiculos alternativos que aumentem a qualidade e
eficiéncia do inoculante levando a reducao de custos e de possiveis impactos
ambientais tem sido investigados. A FBN varia em resposta a fatores biolégicos
e ambientais e a sua efetividade pode ser mensurada através das
concentracfes dos compostos envolvidos neste processo, sendo um ponto
relevante avaliar indicadores bioquimicos relacionados aos metabolismos do
nitrogénio, do carbono e antioxidativo. Neste contexto, este trabalho teve como
objetivos verificar a sobrevivéncia do caupi a colonizacdo bacteriana, assim
como avaliar a interrelacdo Bradyrhizobium sp. e BPCP’s visando uma melhor
performance simbidtica e desenvolvimento do caupi; otimizar a FBN e o
desenvolvimento do caupi, inoculados e co-inoculados com Bradyrhizobium sp.
e BPCP’s, assim como avaliar as atividades de enzimas como indicadores de
eficiéncia, senescéncia e de estresse/protecdo oxidativo durante a apdés o
estabelecimento da simbiose; e determinar a eficiéncia da inoculacdo e co-
inoculacdo do caupi com Bradyrhizobium sp. e BPCP’s utilizando variaveis de
crescimento e producdo e, juntantemente, caracterizar o exopolissacarideo
utilizado como veiculo de inoculacdo das sementes. Foram conduzidos trés
experimentos em casa de vegetacao do Instituto Agrondmico de Pernambuco
(IPA). A leguminosa utilizada foi caupi cv. “IPA 206" inoculada com
Bradyrhizobium sp. (BR 3267) e co-inoculadas com diferentes estirpes de
BPCP’s. No experimento |, o delineamento experimental utilizado foi em blocos
ao acaso com 24 tratamentos, sendo um com inoculacdo (BR 3267); 22
combinagdes (BR 3267 + BPCP’s); uma testemunha absoluta (TA), com trés
repeticbes. No experimento Il, o delineamento experimental adotado foi em
blocos ao acaso com arranjo fatorial 2x4, dois periodos de coleta (PF, ponto de
florescimento; IS, inicio de senescéncia) e quatro tratamentos (inoculados e co-
inoculados) + TA, com quatro repeticdes. No experimento Ill, o delineamento
experimental utilizado foi em blocos ao acaso com arranjo fatorial 2x6, dois
periodos de colheita (PF, ponto de florescimento; e EG, enchimento de gréos)
e seis tratamentos, sendo um com inoculacdo (BR 3267), e trés com co-
inoculacdes (BR 3267 + BPCP’s); e duas testemunhas (TA e TN), com quatro
repeticbes. Nos resultados constatou-se sinergismo entre BR 3267 e BPCP’s
em caupi principalmente na combinagdo de BR 3267 com Paenibacillus
graminis (MC 04.21) e P. durus (C 04.50), que exibiram melhor resposta
simbiotica. As estirpes de BPCP’s pré-selecionadas foram combinadas com
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BR 3267, formando dois pares simbioticos (BR 3267 + MC 04.21; BR 3267 +
C 04.50) e uma tripartite (BR 3267+ MC 04.21 + C 04.50) onde os resultados
mostraram diferencas significativas para as variaveis de crescimento bem
como para os indicadores bioquimicos relacionados aos metabolismos do
nitrogénio, carbono e antioxidativo. Houve aumento da concentragdo de
proteinas sollveis totais nos nodulos das plantas co-inoculadas em relacdo
aguelas inoculadas isoladamente com a BR 3267. Ocorreu intensa atividade
proteolitica e declinio na atividade das enzimas no IS, porém na co-inoculacéo
tripartite houve retardo dos efeitos deletérios da senescéncia, o que permitiu
uma melhor performance simbiotica na plantas de caupi. Pode-se sugerir o uso
de inoculantes compostos com as bactérias estudadas visando incrementar a
FBN e retardar a senescéncia dos ndédulos assegurando a disponibilidade de
nitrogénio por um maior periodo de tempo. Esta resposta ressalta a importancia
da combinacéo e compatibilidade de microrganismos introduzidos, em mistura,
para promover uma melhor eficiéncia simbiotica do caupi, em especial para a
co-inoculacdo em tripartite, com relacdo ao rizébio nativo do solo, e esta
resposta sinérgica resultou em melhoria nas variaveis de producéo e eficiéncia
da fixacdo de N,. Em relacdo as caracteristicas quimicas e reoldgicas do EPS,
utiizado como veiculo para inoculacdo, este se apresenta como um
heteropolissacarideo polianibnico com fluido pseudoplastico pouco viscoso,
revelando-se pela técnica de calorimetria exploratéria diferencial um pico
endotérmico que representa uma caracteristica favoravel tendo em vista a
possibilidade de seu uso em escala industrial.

Palavras chave: simbiose; metabolismo do nitrogénio; carbono; senescéncia;

periodos de coleta; espécies reativas de oxigénio; antioxidante enzimatico;
exopolissacarideo.
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GENERAL ABSTRACT

Rodrigues, Artenisa Cerqueira; DSc. em Agronomia (Ciéncias do Solo);
Universidade Federal Rural de Pernambuco; Junho/2012. INTERRELACAO
Bradyrhizobium - BPCP’s - CAUPI: AVALIACAO DA ATIVIDADE
ENZIMATICA E PERFORMANCE SIMBIOTICA. Marcia do Vale Barreto
Figueiredo (Orientadora); Joaquim Albenisio Gomes da Silveira (co-orientador).

It has been a recurrent the use of plant growth-promoting bacteria
(PGPB) in association with the legume-rhizobia symbiotic system to increase
the biological nitrogen fixation (BNF). Thus, the search for using alternative
vehicles that increase quality and efficiency of inoculum leading to reduced
costs and possible environmental impacts have been investigated. The BNF
change in response to biological and environmental factors and their
effectiveness can be measured by the concentrations of compounds involved in
this process, being an important point to evaluate biochemical indicators related
to the metabolisms of nitrogen, carbon and antioxidant. In this context, this
study aimed at verifying the survival of cowpea to bacterial colonization and
evaluating the interrelationship of Bradyrhizobium sp. and PGPB providing
better symbiotic performance and cowpea development; optimizing the BNF
and cowpea development, inoculated and co-inoculated with Bradyrhizobium
sp. and PGPB, as well as evaluating the activities of enzymes as indicators of
efficiency, senescence and stress/oxidative protection during and after the
establishment of symbiosis; and determining the efficiency of inoculation and
co-inoculation of cowpea with Bradyrhizobium sp. and PGPB using variables of
growth and production and, jointly, characterizing the exopolysaccharide used
as a vehicle for seed inoculation. Three experiments were conducted in
greenhouse of the Agronomy Institute of Pernambuco (IPA). The legume used
was cowpea cv. "IPA 206" inoculated with Bradyrhizobium sp. (BR 3267) and
co-inoculated with different strains of PGPB. In the first experiment, the
experimental design was randomized blocks with 24 treatments one inoculated
(BR 3267), and 22 co-inoculated (BR 3267 + PGPB); and an absolute control
(AC), with three replications. In the experiment II, the experimental design was
randomized blocks with 2x4 factorial arrangement, two harvest periods (FP,
flowering point; BS, beginning of senescence) and four treatments (inoculated
and co-inoculated) + AC, with four repetitions. In the experiment lll, the
experimental design was a randomized block with 2x6 factorial arrangement,
two harvest periods (FP, flowering point; GF, grain filling) and six treatments,
one inoculated (BR 3267), and three co-inoculated (BR 3267 + PGPB), and two
controls (AC and NC), with four replications. In the results was found synergism
between BR 3267 and PGPB in cowpea especially in combination of BR 3267
with strains Paenibacillus graminis (MC 04.21) and P. durus (C 04.50), which
exhibited better symbiotic response. Pre-selected strains of PGPB were
combined with BR 3267, forming two symbiotic pairs (BR 3267 + MC 04.21; BR
3267 + C 04.50) and a tripartite (BR 3267 + MC 4.21 + C 04.50) where the
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results showed significant differences for growth variables as well as the
biochemical indicators related to the metabolisms of nitrogen, carbon and
antioxidative. There was increased concentration of total soluble proteins in
nodules of plants co-inoculated compared to those inoculated in isolation with
BR 3267. There was intense proteolytic activity and a decline in enzyme activity
in the BS, but there was delayed of the deleterious effects of aging in the
tripartite co-inoculation, allowing better symbiotic performance in cowpea plants.
It can be suggested the use of inoculating compounds with bacteria studied
aiming at improving the BNF and delaying senescence of nodules ensuring the
availability of nitrogen for a longer period of time. This response emphasizes the
importance of the combination and compatibility of microorganisms introduced,
in combination, to promote a better symbiotic efficiency of cowpea, especially
for tripartite co-inoculation, with respect to Rhizobium native to soil, and this
synergistic response resulted in improved variables of production and efficiency
of N fixation. With respect to chemical and rheological characteristics, the EPS
used as vehicle for inoculation presents as a polyanionic heteropolysaccharide
with low-viscosity fluid pseudoplastic, revealing an endothremal peak by the
technique of differential scanning calorimetry that represents a favorable feature
considering its use on industrial scale.

Keywords: symbiosis, nitrogen metabolism, carbon; senescence; harvest
periods; reactive oxygen species; antioxidant enzymes; exopolysaccharide.

XVii



1. Introducéao geral

Estudos visando os processos de nodulacdo e fixacdo bioldgica de
nitrogénio (FBN) sdo de fundamental importancia para o aumento da
produtividade de diferentes espécies de leguminosas agronomicamente
importantes, tais como soja [Glycine max (L.) Merr.], amendoim [Arachis
hypogaea L.] e caupi [Vigna unguiculata (L.) Walp]. O caupi apresenta grande
importancia econdmica e social e € crescente o numero de estudos utilizando
esta espécie como modelo em pesquisas abordando o metabolismo do
nitrogénio. A FBN resulta da positiva interacdo entre bactérias e espécies
vegetais e algumas pesquisas tém mostrado que certas propriedades
atribuidas as plantas sdo muitas vezes atributos dos microrganismos que vivem
no interior ou ao redor das raizes vegetais (Herridge et al., 2008).

Sabe-se que 0s microrganismos exercem muitas funcbes importantes
para as espécies vegetais. As bactérias promotoras de crescimento em plantas
(BPCP’s) podem ser mais uma alternativa para aumentar a produtividade das
culturas devido a sua influencia no processo de FBN (Kuklinsky-Sobral et al.,
2004). Tais bactérias podem efetivamente colonizar o hospedeiro e promover o
crescimento da planta exercendo um efeito benéfico no desenvolvimento ou na
sanidade do vegetal (Byrne et al., 2005). Assim, estudar o uso de
microrganismos visando incrementar a FBN em espécies vegetais de
importancia agronbmica torna-se essencial e pode levar ao aumento da
produtividade vegetal.

Uma adequada FBN é reflexo da acao coordenada de inUmeras enzimas
envolvidas na manutencdo de uma efetiva associacdo simbidtica leguminosa-
rizobio, principalmente as enzimas do metabolismo do carbono e do nitrogénio
e as gue conferem protecdo contra danos oxidativos (Di Ciocco et al., 2008;
Becana et al., 2010). O estresse oxidativo é resultante do desbalanco entre a
producdo e a eliminacdo das espécies reativas de oxigénio (EROs), que
influenciam em processos vitais como a fotossintese e a FBN (Becana et al.,
2010). Diante disso, os niveis das EROs precisam ser mantidos sob controle e
este é alcancado pela atuacdo conjunta de antioxidantes enzimaticos e néo
enzimaticos presentes no bacteroide (Chang et al., 2009; Silveira et al., 2011).

A associacéo efetiva entre microrganismos e 0 caupi resulta em uma
maior FBN com consequente aumento da produtividade vegetal (Ferreira et al.,

2011). Durante o processo de infeccdo e formacdo de nddulos, as bactérias
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sintetizam polissacarideos que sao liberados ao meio extracelular (Castro et
al., 2008). Estes polissacarideos sédo capazes de proteger o ndédulo de
compostos téxicos, tais como EROs, e evitar o estresse oxidativo (Soto et al.,
2006; Chang et al., 2009). Além disso, podem ser utilizados eficientemente
como veiculos de inoculacdo, apresentando-se como uma alternativa viavel
para substituir a turfa e reduzir os custos do processo de inoculacéo (Albareda
et al., 2008).

A busca por estirpes de microrganismos produtores de polissacarideos
em quantidades economicamente viaveis e que promovam a FBN é um desafio
que vem sendo enfrentado por varios grupos de pesquisa e pode resultar em
novos insumos biolégicos capazes de promover grandes saltos qualitativos na
pesquisa agrondmica. A importancia dos polissacarideos extracelulares
sintetizados pelos microrganismos associados as plantas no processo da FBN
para agricultura bem como os mecanismos de infeccdo e desenvolvimento
simbidtico ainda ndo estdo claros, o que resulta hum continuo interesse em
elucidar as caracteristicas reologicas bem como bioquimicas destes
polissacarideos extracelulares (Castro et al., 2008).

Neste contexto, este trabalho teve como objetivos: verificar a
sobrevivéncia do caupi a colonizacdo bacteriana, assim como avaliar a
interrelagdo Bradyrhizobium sp. e BPCP’s visando uma melhor performance
simbidtica e desenvolvimento do caupi; otimizar a FBN e o desenvolvimento
das plantas de caupi, inoculadas e co-inoculadas isoladamente e em mistura
com Bradyrhizobium sp. e BPCP’s, assim como avaliar as atividades de
enzimas como indicadores de eficiéncia, senescéncia e de estresse/protecao
oxidativo durante a apds o estabelecimento da simbiose; e determinar a
eficiéncia da inoculacdo e co-inoculacdo do caupi com Bradyrhizobium sp. e
BPCP’s utilizando variaveis de crescimento e producdo e, concomitantemente,
caracterizar o exopolissacarideo utilizado como veiculo de inoculacdo das

sementes.
2. Fundamentacéo teodrica

2.1 A cultura do caupi

O caupi [Vigna unguiculata (L.) Walp] € popularmente conhecido como
feijdo macassar, feijdo-de-corda ou feijao verde (Freire Filho et al., 2005). Esta

espécie pertence ao género Vigna, que esta distribuido nas regides tropicais e
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subtropicais do globo e apresenta mais de 170 espécies, a grande maioria
originaria da Africa, sendo 66 consideradas endémicas (Faris, 1965). O caupi é
uma leguminosa rastica bem adaptada a solos de baixa fertiidade e a
diferentes condi¢cdes climaticas com relativa tolerancia a seca, sendo
amplamente cultivada nos tropicos e subtrépicos. Tais caracteristicas
contribuiram decisivamente para a sua implantacdo no semiarido da regido
Nordeste do Brasil quando introduzido no século XVI (Freire Filho et al., 2006).

O caupi desempenha funcédo de destaque socio-econdmico no Brasil e
em mais 65 paises devido a sua importancia como alimento de elevado valor
nutritivo (Freire Filho et al., 2006; Tedfilo et al., 2008; Silva, 2009). Na regido
NE, segundo dados do “Melhoramento do feijdo caupi para o semiarido
brasileiro: situacdo atual e perspectiva” (em fase de elaboracdo)’, a area de
cultivo do caupi é de aproximadamente 1,3 milhdes de ha e a producéo gira em
torno de 558.000 toneladas do grdo, entretanto a sua produtividade média
(~256 kg ha™) é baixa. Isso se da pelo reduzido nivel tecnolégico empregado
no cultivo, destacando-se a baixa disponibilidade hidrica, qualidade genética
das sementes e, principalmente, a auséncia de um programa de manejo de
nutrientes com baixo ou escasso uso de fertilizantes e inoculantes microbianos
(Cardoso & Ribeiro, 2006).

2.2 Fixacao biolégica do nitrogénio em leguminosas

O nitrogénio é o elemento mais abundante na atmosfera terrestre,
presente principalmente na forma diatbmica (N,) € considerado um
macronutriente essencial para as espécies vegetais. Algumas bactérias
possuem enzimas com a capacidade de reduzir o N, e transforma-lo em
amonia, que posteriormente € utilizado na sintese de elementos essenciais,
num processo denominado de fixacao bioldgica do nitrogénio (FBN) (Hungria et
al., 2007; Di Ciocco et al., 2008). A FBN pode ser simbidtica, quando ocorrem
associacfes mutualisticas entre espécies vegetais e microrganismos fixadores,
principalmente rizobios, ou assimbidtica, quando ¢é promovida por
microrganismos fixadores de vida livre, tais como espécies dos géneros
Azotobacter e Beijerinckia (Freitas et al., 2007).

Os rizobios sado distribuidos em diferentes grupos taxonémicos de

acordo com suas caracteristicas morfologicas, fisioldégicas, genéticas e

1Capitulo de livro, de autoria de Antonio Felix da Costa, a ser editado pelo BNB (2012).
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filogenéticas (Lindstrom et al., 2006). Atualmente, € possivel classifica-los em
a- e B-rizébios (Franche et al., 2009; Bomfeti et al., 2011). Os géneros
Agrobacterium, Allorhizobium, Azorhizobium, Bradyrhizobium, Devosia,
Mesorhizobium, Methylobacterium, Ochrobactrum, Phyllobacterium, Rhizobium
e Sinorhizobium pertencem ao grupo das a-proteobactéria, enquanto as
bactérias do género Burkholderia, Cupriavidus e Herbaspirilum s&o
pertencentes ao grupo das [B-proteobactérias (Weir, 2011; http://edzna.ccg.
unam.mx /rhizobial-taxonomy/node/4).

Os rizobios possuem habilidade para fixar nitrogénio em simbiose com
leguminosas (Moreira & Siqueira, 2006). Tal associagdo apresenta
consideravel importancia agricola e € caracterizada pela formacdo de
estruturas hipertréficas nas raizes denominadas de ndédulos (Zilli et al., 2009).
Quando ocorre limitacdo de nitrogénio, os rizébios formam nddulos simbioticos
nas raizes de leguminosas, e convertem o nitrogénio atmosférico em amonia
que € utilizado pela planta. As leguminosas podem dispor de duas fontes de
nitrogénio, sendo uma delas proveniente do solo e/ou de fertilizantes e a outra
o nitrogénio fixado (Chianu et al., 2011).

Devido ao elevado prego dos fertilizantes nitrogenados, resultante do
consumo de energia fossil em sua fabricacdo, e dos graves problemas de
poluicdo causados pelo uso intensivo desses adubos, a FBN apresenta-se
como uma alternativa viavel para suprir a necessidade de compostos
nitrogenados das espécies vegetais. Desta forma, sdo necessarios estudos que
visem maximizar a FBN e, consequentemente, aumentar a disponibilidade de
nitrogénio para a planta até o periodo de enchimento dos graos e tornar mais
eficiente a utilizacao de carboidratos pelos nédulos (Gualter et al., 2011).

O processo de FBN requer um suprimento continuo de carboidratos, que
fornecem tanto a energia para a reducdo do nitrogénio quanto os esqueletos de
carbono, necessarios a assimilacdo da amodnia produzida. Durante os
processos de infeccdo e desenvolvimento dos nédulos, que séo perfeitamente
interligados as plantas por meio de vasos xilematicos e floeméaticos, a energia
necessaria as divisbes celulares € obtida da oxidacdo dos carboidratos
produzidos na parte aérea da planta hospedeira (Silveira et al., 2011). Assim, o
sistema simbidtico leguminosa-rizébio esta sujeito a variagbes hormonais,
nutricionais e ambientais que podem afetar a assimilacdo, distribuicdo e
utilizacao do carbono e do nitrogénio (Larrainzar et al., 2009).
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A efetividade do sistema simbidtico leguminosa-rizébio e o
desenvolvimento dos nédulos resultam da troca de sinais quimicos moleculares
entre a planta e o simbionte (Zilli et al., 2009; 2011). As espécies nativas de
bactérias fixadoras de nitrogénio realizam a FBN em baixo grau de eficiéncia e,
portanto, € necessario obter estirpes de rizébio de alta qualidade para que
ocorra uma FBN eficiente. Tais estirpes devem ser capazes de competir pelos
recursos necessarios a sobrevivéncia, sobrevivéncia saprofitica no solo, exibir
antagonismo, capacidade de predacdo e atuar sinergisticamente com outros

microrganismos (Figueiredo et al., 2008; Zilli et al., 2011).

2.3 Enzimas chaves envolvidas com a FBN e a senescéncia em nédulos

A FBN requer a participacdo de inUmeras enzimas que sao responsaveis
em reduzir o N, e assimilar a aménia formada ao final do processo (Di Ciocco
et al., 2008). A amonia inicialmente é transferida do bacteréide para o citosol da
planta hospedeira e entdo é incorporada em esqueletos de carbono gerando
aminoéacidos, principalmente glutamina e glutamato, em reacdes mediadas
pelas enzimas sintetase da glutamina (GS) e sintase do glutamato (GOGAT)
gue atuam no ciclo GS/GOGAT (Hungria et al., 2007). As atividades de GS e
GOGAT podem ser detectadas j4 na fase inicial de estabelecimento dos
nodulos e aumentam a medida que os nédulos se desenvolvem (Larrainzar et
al., 2009).

A enzima GS é considerada a enzima chave da FBN e, juntamente com
GOGAT, converte ambnia em amino&cidos prevenindo seu acumulo no interior
dos bacterdides, que poderia resultar em toxicidade e inibir a FBN (Prell &
Poole, 2006; Fagan et al., 2007). Além destas, esta presente nos nddulos a
enzima desidrogenase do glutamato aminante (GDHa) que também pode
assimilar aménia e, assim, € apontada como parte de um processo secundario
de assimilacdo da aménia (Bernard & Habash, 2009). Essa reacdo tem sido
proposta como sendo uma via complementar que atua em condi¢cdes de alto
suprimento de amonia ou de adversidade ambiental (Wang et al., 2007).

A conversdo de ambnia em aminoacidos durante a FBN requer
guantidades consideraveis de carbono que sado produzidos e fornecidos pelo
vegetal hospedeiro (Franche et al., 2009). A sacarose € o principal carboidrato
exportado para os nodulos onde é hidrolisada pela agéo das enzimas sacarose

sintase (SS) e/ou invertases acida (SAI) e neutra (NI) em glicose e frutose
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(Wienkoop et al., 2008). A SS é considerada a enzima mais importante do
metabolismo de carbono nos noédulos sendo essencial para manutencdo e
regulacdo da FBN em condi¢bes normais e de senescéncia (Horst et al., 2007,
Ben Salah et al., 2009).

O processo de senescéncia induz nos nédulos alteracdes visiveis, tais
como a mudanca de cor dos tecidos nodulares de vermelho para verde (Puppo
et al., 2005) indicando degradacdo de leghemoglobina, e alteragbes né&o
visiveis, que vao desde a reorganizacdo de estruturas celulares e reducdo da
concentracdo de proteinas solUveis como resposta ao aumento da atividade de
enzimas proteoliticas (Naya et al., 2007). Devido ao aumento da protedlise,
pode ocorrer o declinio da atividade de enzimas responsaveis pelo controle dos
niveis de espécies reativas de oxigénio (EROs), especialmente superdxido
dismutase (SOD), catalase (CAT) e peroxidase de ascorbato (APX). Os
principais ROS sdo anion superéxido (O;"), peréxido de hidrogénio (H.O,) e
radical hidroxil (OH) (Puppo et al., 2005; Ben Salah et al., 2011).

As EROs sédo produzidas naturalmente nos bacterdides devido ao forte
ambiente redutor necessario para a FBN (Ben Salah et al., 2009) e podem
interagir inespecificamente com varios componentes celulares resultando em
danos as membranas e macromoléculas essenciais para o funcionamento
adequado da célula (Puppo et al., 2005; Jebara et al., 2005). Para minimizar os
danos e controlar niveis de EROs, a célula dispde de um conjunto de enzimas
antioxidativas e de compostos ndo enzimaticos, principalmente ascorbato e
glutationa, que atuam de forma coordenada nos nédulos garantindo a eficiéncia
do sistema simbidtico leguminosa-rizobio e uma adequada FBN (Chang et al.,
2009).

2.4 Polissacarideos microbianos

Polissacarideos de origem microbiana, também conhecidos como
gomas, biopolimeros ou exopolissacarideos (EPS), tém a capacidade de
formar géis e solucbes viscosas em meio aquoso (Moreira et al., 2003;
Berwanger et al., 2007). Devido as suas propriedades fisico-quimicas e
biolégicas e a sua capacidade de alterar a reologia de solugbes, os
biopolimeros apresentam grande importancia na industria farmacéutica, de
alimentos, de tintas, petréleo, cosmética, téxtil, produtos agricolas, dentre
outras (Rinaudo, 2008). Alem disso, podem representar uma alternativa valida
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as gomas tradicionais por possuirem propriedades quimicas especificas que os
gualificam para o desenvolvimento de novos produtos.

Bactérias dos géneros Rhizobium, Beijerinkia e Azotobacter séo
fixadoras de nitrogénio e conhecidas por produzirem quantidades abundantes
de biopolimeros (Aranda-Selverio & Penna, 2010). Destas, merecem destaque
as bactérias do género Rhizobium por estabelecerem uma relacdo simbidtica
com leguminosas a fim de realizarem a fixagéo do nitrogénio com concomitante
producdo de grandes quantidades de polissacarideos extracelulares,
succinoglucanas e/ou galactoglucanas (Serrato et al., 2008; Aranda-Selverio &
Penna, 2010). Tais moléculas podem atuar como sinais moleculares durante a
infeccdo das raizes, levando a formacéo de estruturas celulares que auxiliam
no processo de infeccdo e desenvolvimento do nédulo (Marczak et al., 2008).

Os biopolimeros desempenham inumeros papéis, que vao desde
proteger os microrganismos contra desidratacao, servir de barreira para impedir
que virus e anticorpos se liguem a sitios especificos da parede celular,
neutralizar toxinas carregadas ou ions metalicos toxicos, atuar como fonte de
carbono e ainda interagir com células de plantas em relacbes especificas,
simbidticas ou patogénicas (Marczak et al., 2008; Rinaudi & Giordano, 2010).
Considerando a importancia dos biopolimeros microbianos, tem sido crescente
o0 numero de trabalhos visando aperfeicoar as condicfes de cultivo para o
aumento da sua producdo e para isso € importante observar varios fatores
envolvidos no processo de fermentacéo (Fernandes Junior et al., 2010).

Durante o processo de fermentacdo, deve-se considerar desde o
microrganismo que serd utilizado, a composicdo e pH do meio de cultivo, o
volume do indculo, temperatura de incubacéo, velocidade de agitacédo, aeracéo
e tempo de cultivo (Faria, 2002; Berwanger et al., 2007). Destes, o pH e a
temperatura sdo os fatores que mais afetam o crescimento da bactéria e a
sintese dos biopolimeros. Isso se da, pois cada espécie bacteriana requer pH e
temperatura 6tima a fim de manter a composi¢cdo macromolecular da célula e o
crescimento microbiano adequados (Duta et al.,, 2006). Considerando estes
fatores, € possivel obter rendimentos satisfatérios e um biopolimero de elevada
gualidade (Souza & Garcia-Cruz, 2004; Badel et al., 2011).

Diferentemente do que acontece para as gomas tradicionais, a produgao
das gomas microbianas independem de condi¢cfes climéticas, da contaminacéo
por ambiente ou falha na colheita e sdo menos suscetiveis a variabilidade em
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sua qualidade, pois sua producdo pode ser cuidadosamente controlada. A fim
de aperfeicoar o processo de producdo dos biopolimeros sintetizados por
microrganismos, pesquisas estdo sendo desenvolvidas enfocando
principalmente a reducdo de meios de cultura e do tempo de cultivo. Tais
estudos sdo fundamentais para determinar condicbes Otimas para o0s
processos fermentativos que serdo Uteis na producdo dos insumos
microbiolégicos a serem aplicados em sistemas agricolas (Santos, 2010).

Além das bactérias fixadoras, microrganismos pertencentes ao dominio
Archaea e habitantes de ambientes indspitos, como as bactérias psicrofilas,
termofilas, halodfilas e aciddfilas, produzem biopolimeros em quantidades
consideraveis com funcdes diversas (Nicolaus et al., 2010). Nas psicrdfilas, os
biopolimeros produzidos podem promover estabilidade ao ambiente enquanto
gue nas termofilas, este pode servir como potenciador para a sobrevivéncia
bacteriana (Quin et al., 2007; Nicolaus et al., 2010). Em bactérias hal6filas e
aciddfilas, o biopolimero ajuda na manutencédo da integridade da membrana
(Arias et al., 2003). Segundo Poli et al. (2010), a analise das caracteristicas
quimicas dos biopolimeros fornece o entendimento acerca do seu papel
ecolégico e ainda do seu potencial comercial.

Os biopolimeros produzidos por microrganismos de ambientes inGspitos
despertam grande interesse comercial devido a sua vasta aplicabilidade,
entretanto € necessario um processo de producdo otimizado com adequada
relagdo custo-beneficio (Nichols et al., 2005; Nicolaus et al., 2010). Igualmente
como ocorre em microrganismos produtores de biopolimeros do dominio
Bacteria, a estrutura, composi¢ao e viscosidade dos biopolimeros produzidos
por bactérias extremofilas dependem da composi¢cdo do meio de cultivo e das
condicoes de fermentacao (Nicolaus et al., 2010). Assim, é possivel atingir uma
ampla producado e controlar as caracteristicas destes biopolimeros através da

manipulacdo das condi¢des do processo de fermentacdo (Nichols et al., 2005).

2.5 Bactérias promotoras de crescimento em plantas

A utilizacdo de bactérias promotoras do crescimento de plantas
(BPCP’s) para o aumento da produgdo agricola é provavelmente uma das
taticas mais importantes para o mundo agricola. Isso se deve a demanda
emergente para a diminuicdo da dependéncia de fertilizantes quimicos e a
necessidade de desenvolvimento da agricultura sustentavel (Moreira &
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Siqueira, 2006). As BPCP’s podem aumentar o crescimento de plantas por
promoverem a mineralizacdo de nutrientes, como por exemplo, a solubilizacéo
de fosfatos minerais, e ainda aumentam a produgcédo de auxinas e giberelinas
(Dobbelaere et al.,, 2003). Além do seu impacto positivo no crescimento
vegetal, as BPCP’s sdo importantes agentes de controle biolégico de
microrganismos patogénicos da rizosfera e agentes biorremediadores de areas
contaminadas, pois degradam substancias xenobiéticas (Coelho, 2006).

O uso de BPCP’s resulta em aspectos ecologicamente benéficos que
tém contribuido para alcancar a sustentabilidade no setor agricola (Figueiredo
et al., 2010). Varios géneros bacterianos compdem o grupo das BPCP’s, como
Arthrobacter, Bacillus, Azospirillum, Burkholderia, Herbaspirillum, Enterobacter,
Gluconacetobacter, Klibsiella, Paenibacillus, Serratia e Pseudomonas, sendo
0S géneros Pseudomonas e Bacillus considerados os mais importantes
(Spaepen et al.,, 2009). Em Pseudomonas, isso € devido a versatilidade
nutricional e habilidade de crescer em ampla variedade de ambientes e
substratos (Ferreira et al., 2009). J& Bacillus apresentam prolongado periodo
de viabilidade e maior capacidade na producédo de endosporos (Ciprino, 2009).

A interagdo entre as BPCP’s e as espécies vegetais resulta em efeitos
benéficos que vao desde o aumento da taxa de germinagdo, do crescimento
das raizes, colmos e/ou caules, do numero de folhas e da area foliar, do
crescimento de tubérculos, do nimero de flores até um aumento do rendimento
da produtividade vegetal (Compant et al. 2010). Além disso, as BPCP’s
inoculadas juntamente com rizobios podem representar uma importante
estratégia na promocdo de crescimento vegetal e também atuar
sinergisticamente resultando num aumento da fixacado simbiética do nitrogénio
em raizes de leguminosas (Huergo et al., 2008; Figueiredo et al., 2010), sendo,
neste caso, importante observar a combinacdo e compatibilidade dos isolados
envolvidos.

E crescente o nimero de estudos visando aperfeicoar o uso de BPCP’s
isoladas ou em combinag&o com outros microrganismos (Lima et al., 2011). A
grande importancia de se estudar tais interacées se da devido ao aumento da
demanda por tecnologias limpas de adubacdo que minimizem o uso de
fertilizantes quimicos e estabelecam uma politica favoravel para o

desenvolvimento de uma agricultura sustentavel (Moreira & Siqueira, 2006),
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assim, é necessario que as pesquisas sejam aprofundadas para identificar

inoculantes que aumentem a produtividade agricola.
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Abstract The objective of this study was to evaluate the survival of cowpea to bacterial
colonization and evaluate the interrelationship of the Bradyrhizobium sp. and plant growth-
promoting bacteria (PGPB) as alternative to optimize the symbiotic performance and cowpea
development. Two experiments were conducted and the legume used was cowpea cv. "IPA
206". In the first experiment, the seeds were disinfected, germinated and transferred to Gibson
tubes, sterilized and containing nutritive solution free of nitrogen. The experimental design
was randomized blocks with 24 treatments [Bradyrhizobium sp. (BR 3267); 22 PGPB;
absolute control (AC)] with three repetitions. In the second experiment, seeds were
disinfected, inoculated in according to the treatment and grown in Leonard jars containing
washed and autoclaved sand. The experimental design was randomized blocks with 24
treatments [BR 3267; 22 BR 3267 + PGPB; AC] with three replications. The scanning
electron microscopy analysis showed satisfactory colonization in roots of inoculated plants. It
was found synergism between BR 3267 and PGPB in cowpea, mainly in BR 3267 + P.
graminis (MC 04.21) and BR 3267 + P. durus (C 04.50), which showed better symbiotic
performance and development of cowpea.

Keywords: PGPB, synergism, BNF, co-inoculation, colonization, Vigna unguiculata [L.] Walp.

Introduction

The cowpea is grown in arid and semiarid regions of NE Brazil and having socio-
economic highlight due to the high tolerance to adverse environmental conditions such as low
rainfall and high concentration of salts in the soil [1]. Considering the nutritional requirements
of cowpea, it has been sought alternatives that minimize the use of chemical fertilizers that
cause negative impacts on the environment [19]. In this context, the use of nitrogen fixing
bacteria in symbiosis with plant species have been shown to be a viable alternative to supply
the demand for nitrogen and increase productivity [1]. The biological nitrogen fixation (BNF)
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is known effective in cowpea and this, when well nodulated, can dispense other nitrogen
sources and achieve high levels of productivity [28].

The use of microorganisms that enhance nodulation and BNF is of fundamental
importance since it may contribute to increased plant productivity. The beneficial
microorganisms to plants are of interest to the agricultural sector in view of their ecologically
beneficial effects [9]. Among these microorganisms are plants growth-promoting bacteria
(PGPB) that stimulate plant growth, increase productivity, reduce the incidence of pathogens
and mitigate the deleterious effects of biotic and abiotic stresses [18]. The association of
PGPB and nitrogen fixing bacteria can result in increased BNF; however, it is necessary a
combination and compatibility of strains for increased productivity [12, 24].

The application of PGPB in association with fixing bacteria has been focus of
numerous studies due to the search for strategies to increase agricultural productivity,
including for cowpea [17]. However, the results on the effect of co-inoculation with
Bradyrhizobium sp. and PGPB in improving the process of nodulation and BNF are still
incipient. The present study was undertaken to evaluated the cowpea survival to bacterial
colonization as well as interrelationship of Bradyrhizobium sp. and PGPB as alternative to

optimize the symbiotic performance and cowpea development.
Material and Methods

Multiplication and preparation of the inoculants

It was used the standard strain for cowpea Bradyrhizobium sp. (BR 3267), from the
collection of the Research National Center of Agrobiology (CNPAB, RJ-Brazil), and growth-
promoting bacteria in plants (PGPB) Bacillus, Paenibacillus and Brevibacillus from the
collections of the Federal University of Pernambuco (UFPE, Antibiotic Department) and
Federal University of Rio de Janeiro (UFRJ, Microbiology Institute). To obtain the inoculant,
the BR 3267 strain was grown in YM (Yeast-Mannitol) culture medium using a rotator shaker
(200 rpm, 28 °C, 96 h), while PGPB strains were grown in TSB (Trypticase Soy Broth)
culture medium using a rotator shaker (200 rpm, 32° C) for 24 h or 48 h according to the

bacterial strain.

Cowpea survival to bacterial colonization

In order to evaluate the cowpea survival to bacterial colonization, seeds of cowpea cv.
"IPA 206" were desinfected [15], seeded in Petri dishes containing Germitest® paper and kept
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in moist chamber until radicle protrusion. After germination, seeds were transferred to
sterilized Gibson tubes and containing Hoagland and Arnon [14] nutritive solution modified
by Silveira et al. [23] and free of nitrogen. For inoculation, 1.0 mL of culture medium
containing BR 3267 was added (10 CFU mL™) or PGPB (10" CFU mL™). It was used an
absolute control (AC). The experiment was conducted for 15 days and at harvest were
measured the root length (RL) and root thickness (RT). To evaluate the efficiency of bacterial
colonization, root fragments (~1-2 cm long) were fixed in modified Karnovksy solution and
submitted to scanning electron microscopy (SEM). The experimental design was randomized
blocks with 24 treatments, one BR 3267, 22 PGPB and one AC, with three replications. Data
were subjected to analysis of variance (ANOVA), using the statistical program ASSISTAT
version 7.6 beta, with 5% significance levels by the F test and means were compared by the
Tukey’s test (p<0.05).

Co-inoculation Bradyrhizobium sp. and PGPB in cowpea

To evaluate the compatibility and efficiency of the interrelation between BR 3267 and
PGPB, seeds of cowpea cv. "IPA 206" were desinfected [15], seeded and inoculated with
1.0 mL of culture medium containing BR 3267 (10° CFU mL™) or co-inoculated with 1.0 mL
of culture medium containing PGPB (10’ CFU mL™) followed by addition of 1.0 mL of
culture medium containing BR 3267 in Leonard jars containing washed (pH 6.5) and
autoclaved (120 °C, 101 KPa, 1 h) sand as substrate. After thinning the cowpeas at seven
days, two plants were kept in each Leonard jar. The experiment was conducted in the
greenhouse (of the Agronomical Institute of Pernambuco - IPA) at a temperatu range of 27-
36 °C with 50-70% relative humidity. During the experimental period, plants were irrigated
by capillary action with Hoagland and Arnon [14] nutritive solution modified according to
Silveira et al. [23] and free of nitrogen. Uninoculated plants were used as absolute control
(AC). The cowpeas were harvested 36 days after sowing. The following variables were
evaluated: root length, nodules number and shoots (SDM), roots (RDM) and nodules dry
matter, nodule size, nitrogen accumulated in the SDM, SDM/RDM ratio, absolute growth
rate, nitrogen content in the SDM, nitrogen fixation efficiency and specific nodulation [7, 13,
6].

Stastitical design and analysis

The experimental design was randomized blocks with 24 treatments, one BR 3267, 22

combinations between BR 3267 and PGPB and one AC, with three replications. Each variable
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studied was subjected to analysis of variance (ANOVA) using the statistical program
ASSISTAT version 7.6 beta at 5% significance levels by the F test and means were compared
by the Tukey’s test (p<0.05).

Results and Discussion

Cowpea survival to bacterial colonization

Bacterial colonization in the roots is an extremely complex process modulated by
numerous biotic and abiotic factors, such as root exudation, humidity and luminosity [9]. To
confirm the effectiveness of the bacterial colonization process in the roots of cowpea, root
fragments were subjected to scanning electron microscopy (Fig. 1). It can be observed that all
strains tested were able to colonize the roots, however, plants inoculated with Brevibacillus
brevis (447) strain showed very low colonization (Fig. 1B).

Whereas the process of bacterial colonization in the cowpea roots was effective, it was
proceeded the evaluation on the inoculation with bacterial strains, one BR 3267 and 22 PGPB,
in terms of roots growth and thickness. The PGPB can lead to plant growth increased, since
they promote the nutrients mineralization and hormones production such as auxins and
gibberellins [11, 24]. In the present study were showed significant differences when the
different strains were evaluated (Table 1). The association of cowpea plants with BR 3267 or
Paenibacillus kribbensis (POC 115) showed in higher root length (RL) in relation to the
others treatments.

The RL recorded in association of cowpea plants with BR 3267 may be a response
resulting from nutrient increased promoted by nodulation. Plants with nodules on their roots
as result of association with fixing bacteria show higher flow of nitrogen compounds due to
nitrogen fixation that occurs in bacteroids [19, 28]. During fixation occur the conversion of
atmospheric nitrogen in ammonia which is exported to the plant to be used in several
metabolic reactions that can lead to increased plant growth [12, 8].

The increase in plant growth can be achieved either by inoculation with diazotrophic
bacteria, as observed in Bradyrhizobium sp.-cowpea association, but also with the use of plant
growth-promoting bacteria, as recorded for cowpea plants inoculated with P. kribbensis
(POC 115). The association with P. kribbensis (POC 115) showed in plants with higher RL
compared to other treatments with PGPB (Table 1). The species of the Paenibacillus genus

are widely distributed in various environments and have as main characteristic the secretion of
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extracellular compounds in the rhizosphere, such as amino acids and secondary metabolites,
which can result in a favorable environment for plant development [27].

Plants inoculated with the ANBE 31 strain of the Bacillus sp. had lower RL compared
to other strains analyzed (Table 1). This response may indicate that there was a lesser effect of
the interaction of this strain with cowpea plants. In fact, the interactions in the rhizosphere
play an important role in the transformation, mobilization and solubilization of the nutrients
and their uptake by plants aiming at growth increasing [10]. Given that there was less
interaction, the nutrients mobilization may be committed leading to restriction of root growth
observed in these plants.

The presence of mucilaginous substances on the root surface, which act as lubricants,
and even the root thickness can result in a bigger and better ability to exploit the rhizosphere
looking for nutrients and water and consequently promoting increased in the root growth [5].
In this study, plants inoculated with the different bacterial strains resulted in significant
changes in root thickness (Table 1). Plants inoculated with P. brasilensis (24) exhibited
higher root thickness, whereas those inoculated with LMD 24.16 strain of bacterium P.
polymyxa showed minor root thickness in comparison with other strains (Table 1).

The reduction of 27% observed in the root thickness of plants inoculated with P.
polymyxa (LMD 24.16) compared to plants inoculated with P. brasilensis (24) may represent
a smaller response by plant to the compounds synthesized by microorganisms in the
rhizosphere. The PGPB can colonize internal and externally plants organs inducing beneficial
or harmful effects to plant growth and this is due to synthesis of phytohormones in the root
zone, which in high concentrations can impair root development [24].

Co-inoculation Bradyrhizobium sp. and PGPB in cowpea

The synergistic responses of the plant-rhizobia-PGPB association can vary
considerately depending on innumerous factors such as bacterial strains, plant species,
inoculum density and environmental conditions [19]. In the present study, the cowpea plants
were co-inoculated with BR 3267 and different PGPB in order to identify possible synergistic
responses among microorganisms. Thus, were evaluated the absolute growth rate (AGR), the
root length (CR), shoot (SDM) and root (RDM) dry matter and the SDM/RDM ratio of
cowpea plants in response to different bacterial combinations (Table 2). The growth analysis
allows evaluating the plant as a whole and also the contribution of different organs to total
growth [6].
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The growth rate of plants is a genetically controlled attribute and the determinant
factors acting at the growth beginning have effect only on the exponential phase of growth of
plants and decrease when plants enter in the establishment phase [6]. In this study, plants
inoculated with BR 3267 and those co-inoculated with BR 3267 + PGPB showed no
significant differences by the Tukey’s test (p<0.05), except for the AC and BR 3267 + P.
durus (C 04.50); BR 3267 + B. pumilus (455); BR 3267 + B. pumilus (444); BR 3267 + P.
durus (V 22.32); BR 3267 + P. kribbensis (POC 115) and BR 3267 + P. brasilensis (24)
treatments. Plants co-inoculated with BR 3267 + C 04.50 showed increase of the 5 times and
of 32% in AGR compared to the AC plants and those inoculated only with BR 3267,
respectively. The results reinforce the idea that the co-inoculation is not always effective and
this inefficiency can result from increased production of phytohormones by PGPB that are
released in the plant root surface and lead to inhibition and/or delay of plant growth [9].

The root development may indirectly contribute to the effective nodulation of roots
and favor the BNF [26]. In this case, the cowpea plants were evaluated for root length (RL) in
response to different co-inoculation (Table 2). The AC plants and those co-inoculated with the
symbiotic pairs BR 3267 + P. brasilensis (24) and BR 3267 + B. pumilus (448) exhibited
higher RL in relation to the other treatments (Table 2). The higher root growth in AC plants
may represent a search for nutrients since these plants were grown with nitrogen-free nutrient
solution. According Krapp et al. [16], plant species stimulate the growth and alter the root
architecture with concomitant reduction of the shoot growth under conditions of nitrogen
deprivation in seeking to acquire this nutrient.

The PGPB can promote increased plant growth by causing the nutrients
mineralization, making them properly available to plant species [18]. Furthermore, PGPB
strains can act in assymbiotic nitrogen fixation to be available to the plant and used in
metabolic reactions that lead to plant growth and even lead to variable responses depending
on the effectiveness of the association with the plant species [24]. This variability can be
observed when comparing the plants co-inoculated with P. brasilensis (24) and with P.
polymyxa (LMD 24.16) that showed higher and lower RL, respectively (Table 2). This
response indicates differences in specificity and effectiveness of the bacteria-plant interaction
as response to the intrinsic characteristics of each strain utilized, such as organic acids and
plant hormones synthesized by these bacteria, or even the root exudates synthesized by plants
that performing negative effects to the bacteria [11, 9].

The PGPB colonize different plant organs exerting several beneficial effects such as

increased seed germination and root and leaves development [10, 24]. In this study, cowpea
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plants showed significant differences (p<0.05) among treatments in terms of SDM, except for
the AC. The co-inoculation of cowpea plants with the symbiotic pair BR 3267 + P. graminis
(MC 04.21) resulted in higher SDM (Table 2). The presence of PGPB influences plants to
produce more biomass in the shoot being this response variable depending on the plant
species or strain used [3] and also for proper maintenance of the photosynthesis, process that
produces carbon skeletons to be used in BNF [2].

The promotion of root growth is often considered a beneficial feature for improving
water uptake by plants [21] and the induction of this process by the presence of PGPB roots is
particularly important in field conditions, since it results in effective maintenance of water
status, growth and productivity plant [4]. As shown in Table 2, cowpea plants co-inoculated
with BR 3267 + P. macerans (LMD 10.24) exhibited higher RDM, but there was no
significant difference (p<0.05). Furthermore, plants co-inoculated with BR 3267 + B. pumilis
(444) showed higher SDM/RDM ratio though not differ statistically (p<0.05) according
Tukey’s test.

Bacteria of the genus Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium and
Sinorhizobium are part of the group of rhizobia able to induce the formation of nodules in
several legumes species [25]. The cell-cell contact between the rhizobia and host plant is an
important prerequisite for the formation of nodules, hypertrophic structures located in the
roots where rhizobia fixes N, converting it in ammonia [12, 28]. In the present study,
inoculated and co-inoculated cowpea plants not showed significant difference (p<0.05) on the
number, size and dry matter of cowpea nodules (Table 3).

The efficiency of nitrogen metabolism resulting from the BNF in bacteroids can be
evaluated in terms of accumulate nitrogen (N,), nitrogen content (N content), specific
nodulation (SN) and the nitrogen fixation efficiency (N,FE) (Table 3). Cowpea plants
inoculated with BR 3267 and with BR 3267 + P. graminis (MC 04.21) showed higher Ngc
while the AC plants exhibited the lowest N, in comparison to other treatments. It is possible
that the association between plant-Bradyrhizobium sp. and PGPB has, overall, induced a flow
shift of the fixed nitrogen in bacteroids for the synthesis of nitrogenous compounds, mainly
proteins responsive to PGPB, which remain in the nodules and not being translocated for
plant tissues.

The fact of symbiotic association cowpea + BR 3267 + MC 04.21 has displayed N
similar to that obtained for BR 3267 may indicate a maintenance of nitrogen flow from
rhizobia to the plant or yet a stimulus of BNF in the presence of PGPB, ensuring more fixed

nitrogen to adequately supply the metabolism of the plant and rhizobia. The N,FE in cowpea
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plants was not differed significantly (p<0.05) when comparing plants inoculated separately
with BR 3267 and the co-inoculated plants, except for plants co-inoculated with BR 3267 + P.
macerans (LMD 10.24), BR 3267 + B. megaterium (462), BR 3267 + B. pumilus (445) and
BR 3267 + Bacillus sp. (ANBE 31). SN did not differ statistically by the Tukey’s test
(p<0.05) among treatments.

Nitrogen limits growth and primary production of plant species and is present in
minute concentrations in most terrestrial ecosystems in its biologically available form to the
plants [22]. In order to minimize the nitrogen limitation, some plant species can form
symbiotic associations with fixing bacteria and these can effectively convert atmospheric
nitrogen in ammonia in the bacteroids [12] and release it to the plants in exchange of carbon
skeletons [18]. The nodulation process in root plant induced by rhizobia represents an

efficient way to obtain nitrogen and also an alternative to the use of nitrogen fertilizers.

Conclusions

The analysis of scanning electron microscopy showed satisfactory colonization in the
cowpea roots inoculated. There was synergism among Bradyrhizobium sp. (BR 3267) and
PGPB (Bacillus, Brevibacillus and Paenibacillus) which promoted better growth and
symbiotic performance in cowpea, mainly in those co-inoculated with the symbiotic pairs
BR 3267 + P. graminis (MC 04.21) and BR 3267 + P. durus (C 04.50).
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Fig. 1. Images of the root fragments of the cowpea submitted to inoculation with Bradyrhizobium sp. and PGPB
compared to absolute control obtained by scanning electron microscopy. (A) Bradyrhizobium sp. (BR 3267); (B)
Brevibacillus brevis (447); (C) Paenibacillus polymyxa (LMD 24.16); (D) Bacillus pumilus (445); (E)
Paenibacillus polymyxa (Loutit); (F) Absolute control (AC).
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Table 1. Root length (RL) and thickness (RT) of the cowpea plants inoculated with Bradyrhizobium sp.

(BR 3267) or plant growth-promoting bacteria (PGPB).

RL RT
Treatments
(cm) (mm)

Bradyrhizobium sp. BR 3267 23.50a 2.51ab
Bacillus sp. ANBE 31 5.00b 2.37ab
B. aubitilis 441 7.66 ab 2.47 ab
B. cereus 440 11.00 ab 2.72 ab
B. pumilus 444 14.00 ab 2.16 ab
B. pumilus 445 15.33ab 2.50 ab
B. pumilus 448 18.50 ab 2.68 ab
Brevibacillus brevis 447 17.16 ab 251 ab
B. megaterium 462 17.16 ab 2.55ab
B. subtilis 455 16.00 ab 2.37 ab
B. subtilis 458 13.66 ab 2.40ab
Paenibacillus brasilensis 24 11.50 ab 2.79a
P. durus CRIP 105 18.33 ab 2.33ab
P. durus V 22.32 17.50 ab 2.47 ab
P. durus CRIL 156 15.66 ab 2.39 ab
P. durus C04.50 9.66 ab 2.55ab
P. graminis MC 22.13 10.16 ab 2.30 ab
P. graminis MC 04.21 18.66 ab 2.24 ab
P. kribbensis POC 115 23.26 a 2.64 ab
P. macerans LMD 24.10 8.16 ab 2.58 ab
P. polymyxa LMD 24.16 9.33ab 2.05b
P. polymyxa PM 04.01 11.50 ab 2.52 ab
P. polymyxa Loutit 11.00 ab 2.39ab
Absolute control AC 21.16 ab 2.39 ab
CV (%) - 18.59 8.79

In each column, means (three replicates) followed by same letter do not differ statistically from each other at

p<0.05 according to the Tukey’ test.
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Table 2. Absolute growth rate (AGT), root length (RL), shoots (SDM) and roots (RDM) dry matter and
SDM/RDM ratio in cowpea plants inoculated with Bradyrhizobium sp. (BR 3267) and co-inoculated with
BR 3267 and plant growth-promoting bacteria (PGPB).

Treatments AGT RL SPM RPM SDM/

(cm day™) (cm) (gjar™) (gjar™) RDM
Bradyrhizobium sp. (BR 3267) 3.67 ab 13.40 ab 4.15 abc 0.89 abc 485a
BR 3267 + Bacillus sp. (ANBE 31) 2.28ab 14.56 ab 291c 1.06 abc 2.92 ab
BR 3267 + B. cereus (440) 3.38ab 13.50 ab 4.33 ab 1.48 abc 3.32ab
BR 3267 + B. aubitilis (441) 2.77 ab 15.30 ab 3.38hc 1.02 abc 3.54 ab
BR 3267 + B. pumilus (444) 4.68a 14.23 ab 3.52 abc 0.70 bc 5.02a
BR 3267 + B. pumilus (445) 2.24 ab 12.96ab 4.0l abc 1.30 abc 3.53ab
BR 3267 + B. pumilus (448) 212 ab 16.63ab  4.02 abc 1.69 ab 2.41ab
BR 3267 + Brevibacillus brevis (447) 3.16 ab 13.70 ab 4.31ab 1.09 abc 4.15a
BR 3267 + B. megaterium (462) 2.48 ab 13.56 ab 4.04 abc 0.90 abc 4.61a
BR 3267 + B. subtilis (455) 4.56 a 13.66 ab 4.18 abc 0.93 abc 445a
BR 3267 + B. subtilis (458) 2.59ab 14.23 ab 3.57 abc 1.11 abc 3.73ab
BR 3267 + Paenibacillus brasilensis (24) 3.88a 16.63 ab 4.09 abc 1.07 abc 3.85a
BR 3267 + P. durus (CRIP 105) 2.79ab 14.80 ab 4.10 abc 1.03 abc 431a
BR 3267 + P. durus (V 22.32) 3.88a 13.70ab  4.28 abc 1.27 abc 3.78a
BR 3267 + P. durus (CRIL 156) 3.25ab 13.26 ab 3.84 abc 1.06 abc 3.65ab
BR 3267 + P. durus (C 04.50) 484 a 14.23 ab 441 ab 1.19 abc 3.73ab
BR 3267 + P. graminis (MC 22.13) 3.19ab 13.73 ab 3.57 abc 0.98 abc 4.02a
BR 3267 + P. graminis (MC 04.21) 3.50 ab 13.83 ab 4.86 a 1.20 abc 4.15a
BR 3267 + P. kribbensis (POC 115) 3.89a 13.10 ab 4.37ab 1.18 abc 3.78a
BR 3267 + P. macerans (LMD 24.10) 2.97 ab 13.16 ab 4.68 ab 191a 2.44 ab
BR 3267 + P. polymyxa (LMD 24.16) 3.52 ab 12.53b 3.77 abc 1.08 abc 3.60 ab
BR 3267 + P. polymyxa (PM 04.01) 3.56 ab 15.66 ab 4.68 ab 1.54 abc 391la
BR 3267 + P. polymyxa (Loutit) 3.00 ab 13.23ab 4.20 abc 1.34 abc 3.14 ab
Absolute control (AC) 0.71b 18.40 a 0.29d 0.40c 0.73b
CV (%) 31.17 12.19 11.25 32.02 26.19

In each column, means (three replicates) followed by same letter do not differ statistically from each other at

p<0.05 according to the Tukey’ test.
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Table 3. Nodule number (NN), nodule size (NZ), nodule dry matter (NDM), nitrogen accumulated in the shoot dry matter (N,), nitrogen fixation efficiency (N,FE) and

specific nodulation (SN) in cowpea plants inoculated with Bradyrhizobium sp. (BR 3267) and co-inoculated with BR 3267 and plant growth-promoting bacteria (PGPB).

Treatments NN NZ MSN Nac N,FE SN
(jar™) (mg nodule™) (gjarh) (mg N jar™) (mg N g NDM) (NN g* RDM)

Bradyrhizobium sp. (BR 3267) 103 a 0.0045 a 0.46a 170.54 a 380.18 a 122.64 a
BR 3267 + Bacillus sp. (ANBE 31) 101a 0.0037 a 0.37a 82.74 ¢ 22459 b 98.29 a
BR 3267 + B. cereus (440) 135a 0.0043 a 0.59a 138.01 ab 235.44 ab 105.44 a
BR 3267 + B. aubitilis (441) 135a 0.0031 a 0.42a 110.36 bc 270.29 ab 151.00 a
BR 3267 + B. pumilus (444) 119a 0.0040 a 0.45a 123.28 abc 273.17 ab 166.51 a
BR 3267 + B. pumilus (445) 137 a 0.0040 a 0.55a 114.49 be 209.09 b 120.57 a
BR 3267 + B. pumilus (448) 105a 0.0046 a 0.47 a 113.30 bc 239.84 ab 62.39a
BR 3267 + Brevibacillus brevis (447) 115a 0.0039 a 0.45a 134.89 ab 307.94 ab 111.13a
BR 3267 + B. megaterium (462) 132a 0.0039 a 0.52a 115.06 bc 220.57b 148.63 a
BR 3267 + B. subtilis (455) 120 a 0.0043 a 0.52a 131.91 abc 249.09 ab 129.53 a
BR 3267 + B. subtilis (458) 89 a 0.0052 a 0.44 a 111.42 be 271.23ab 100.09 a
BR 3267 + Paenibacillus brasilensis (24) 120 a 0.0041 a 0.48a 140.08 ab 290.53 ab 113.23a
BR 3267 + P. durus (CRIP 105) 116 a 0.0047 a 0.53a 150.56 ab 28291 ab 115.27 a
BR 3267 + P. durus (V 22.32) 106 a 0.0052 a 0.55a 137.00 ab 248.66 ab 92.03a
BR 3267 + P. durus (CRIL 156) 114 a 0.0045 a 0.51a 134.32 ab 262.67 ab 110.73 a
BR 3267 + P. durus (C 04.50) 143 a 0.0038 a 0.54a 140.96 ab 261.44 ab 121.46 a
BR 3267 + P. graminis (MC 22.13) 134 a 0.0035a 0.45a 119.03 bc 259.99 ab 156.42 a
BR 3267 + P. graminis (MC 04.21) 134 a 0.0041 a 0.54a 169.47 a 309.39 ab 118.24 a
BR 3267 + P. kribbensis (POC 115) 112 a 0.0050 a 0.56 a 151.64 ab 271.09 ab 95.73 a
BR 3267 + P. macerans (LMD 24.10) 121a 0.0047 a 0.55a 113.73 bc 203.46 b 63.59 a
BR 3267 + P. polymyxa (LMD 24.16) 143 a 0.0034 a 0.47 a 124.35 abc 271.25 ab 131.37a
BR 3267 + P. polymyxa (PM 04.01) 114 a 0.0051 a 0.54a 143.30 ab 263.57 ab 102.95a
BR 3267 + P. polymyxa (Loutit) 127 a 0.0043 a 054 a 121.85 abc 236.86 ab 94.09 a
Absolute control (AC) --- --- 450d
CV (%) 18.59 23.26 16.66 12.54 18.28 34.30

In each column, means (three replicates) followed by same letter do not differ statistically from each other at p<0.05 according to the Tukey’ test.
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Abstract

The rhizobia-legume symbiosis provides sucrose to the bacteroids and these are
oxidized and used as energy source during biological nitrogen fixation (BNF), which
requires the coordinated action of enzymes in the nitrogen and carbon metabolism. In
this context, this study aimed at optimizing the BNF and the development of cowpea
inoculated and co-inoculated with Bradyrhizobium sp. and different combinations of the
plant growth-promoting bacteria (PGPB) as well as evaluating the biochemical
indicators related to nitrogen and carbon metabolism during and after the symbiosis
establishment. The experiment was conducted in greenhouse with cowpea plants cv.
"IPA 206" inoculated with Bradyrhizobium sp. (BR 3267) and co-inoculated with BR
3267 + Paenibacillus graminis (MC 04.21); with BR 3267 + P. durus (C 04.50); with
BR 3267 + MC 04.21 + C 04.50; and without inoculation, the absolute control (AC).
Plants were grown in Leonard jars containing washed and autoclaved sand and the
harvest was performed in two periods [flowering point (FP) and beginning of
senescence (BS)]. There was significant difference in growth variables and biochemical
indicators related to metabolism in different harvest periods of the cowpea. There was
increase in the concentration of total soluble proteins in nodules of plants co-inoculated
compared to those inoculated isolated with the standard strain (BR 3267). There was
intense proteolytic activity and a decline in enzyme activity in the BS, but there was
delay of the deleterious effects of nodules senescence in the co-inoculation BR 3267 +
MC 04.21 + C 04.50, ensuring the nitrogen availability for a longer time period, which

allowed better symbiotic performance in cowpea plants.

Keywords: biological nitrogen fixation, senescence, enzymatic activities, co-

inoculation, harvesting periods, Paenibacillus graminis.
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1. Introduction

Nitrogen is the most abundant element in Earth's atmosphere and its deficiency
results in changes of roots formation, in photosynthesis, in production and translocation
of the photoassimilates and in plant growth rate (Shridhar, 2012). According to
Andrews et al. (2009), the nitrogen availability can occur in different ways according to
plant species. This nutrient can be absorbed from the soil or obtained from atmospheric
N2 through the process of biological nitrogen fixation (BNF). The BNF can be affected
by physical, chemical and/or biological factors and it is more frequent in legumes in
symbiosis with fixing bacteria (Fagan et al., 2007; Franche et al., 2009).

Due to the high price of the nitrogen fertilizers, resulting from the consumption
of fossil energy in their manufacture, and the serious pollution problems caused by
intensive use of fertilizers, BNF presents itself as a viable alternative to supply the need
of nitrogen compounds to plant species. Thus, studies are needed aiming at maximizing
the BNF and, consequently, increasing the availability of nitrogen to plant until the
period of grains filling and making more efficient the carbohydrates use by nodules
(Gualter et al., 2011), which are used as energy source during the BNF (Larrainzar et
al., 2009).

During the course of the rhizobia-legume symbiosis, plants provide
carbohydrates, mainly sucrose (Shridhar, 2012). Sucrose is derived from the phloem,
released after the sucrose synthase enzyme activity, key enzyme regulatory of the
carbon flux in nodules, and/or neutral invertase (Ben Salah et al., 2009; 2011) and
oxidized in bacteroids in order to be used as energy source during the BNF (Larrainzar
et al., 2009). Furthermore, carbohydrates may serve as carbon skeletons which are
necessary for the assimilation of ammonia produced during the BNF (Andrews et al.,

2009; Larrainzar et al., 2009; Shridhar, 2012).
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For an efficient BNF it’s necessary to select efficient and competitive strains of
rhizobia, and that these present synergism with other microorganisms (Figueiredo et al.,
2008; Lima et al., 2011; Zilli et al., 2011). This association can result in increased BNF
being necessary to observe the combination and compatibility of strains in order to
increase the agricultural productivity (Figueiredo et al., 2010). This is due to the plant
growth-promoting bacteria (PGPB) beneficial effects to plant species ranging from
improvements in growth and development of plants until the nodulation increase
(Marino et al., 2009; Compant et al., 2010). The co-inoculation of these bacteria can
result in positive effects by increasing the phytohormones production and nutrients
mobilization, mainly nitrogen and carbon (Ott et al., 2005; Ladrera et al., 2007;
Larrainzar et al., 2009).

The hypothesis that the interrelationship of rhizobia with PGPB can provide
BNF optimization and growth promotion in legume species contributing to the
senescence delay was tested and examined in this study. Cowpea plants inoculated with
Bradyrhizobium sp (BR 3267) and co-inoculated with BR 3267 + Paenibacillus
graminis (MC 04.21); BR 3267 + P. durus (C 04.50); BR 3267 + MC 04.21 + C 04.50
were evaluated for the biochemical indicators related to nitrogen and carbon metabolism

during and after the establishment of symbiosis.

2. Material and Methods
2.1 Multiplication, preparation and application of inoculants

Before the inoculants preparation, the strains multiplication to be used in the
experiment was carried out. The strain Bradyrhizobium sp. (BR 3267; standard strain)
was grown in flasks containing YM (Yeast-Mannitol) culture medium using a rotator
shaker under constant agitation (200 rpm; 28 °C) for 96 h. For strains of the plants

growth-promoting bacteria (PGPB) Paenibacillus graminis (MC 04.21) and P. durus (C
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04.50), it was used the TSB (Trypticase Soy Broth) culture medium using a rotator
shaker under constant agitation (200 rpm, 32 °C) for 24 and 48 hours, respectively.

For the formulated inoculants preparation was used 2.0 g of the dry, sieved and
sterilized (120° C, 101 kPa, 15 min) exopolysaccharide (EPS) synthesized by
Rhizobium tropici (EI-6). After autoclaving, the medium-density polyethylene bags
containing the EPS were cooled in cool and dry place and kept at room temperature.
Subsequently, it was added 2.0 mL of distilled and autoclaved water, and the mixture
was homogenized and incubated (30 h) until the pH reached the optimum range (6.8 to
7.0). After achieving the appropriate pH, the inoculation of the bacteria in the EPS
(1.0 g of the EPS to 3.0 mL of inoculum final volume) was carried out in duplicate and
therefore the formation of treatments.

The inoculation with the Bradyrhizobium sp. standard strain (BR 3267) was
performed by adding 1.5 mL of YM culture medium containing bacteria (10° CFU mL™)
followed by addition of 1.5 mL of sterile distilled water. For co-inoculation, it was
added 1.5 mL of TSB culture medium containing MC 04.21 or C 04.50 at 10° CFU mL™
and then 1.5 mL of YM medium containing BR 3267 were added. For tripartite co-
inoculation, it was added 0.75 mL of TSB culture medium containing MC 04.21 and
0.75 mL of TSB culture medium with C 04.50 and then 1.5 mL of YM culture medium
containing BR 3267.

Once effected the inoculation on the EPS, the material was incubated at room
temperature for 48 h for maturation. After this period, 1.0 g of inoculant was taken to
make mixing and treatment formulations. Each mixture (treatment) was dissolved in
saline solution (NaCl 0.85%) using a rotator shaker under constant agitation (300 rpm,
28 °C, 30 min) until homogeneity and subsequently used in the seeds inoculation

process (2.0 mL inoculant seed™). The plate count of the formulated inoculants was

53



made by the drop plate method in serial dilution (10° to 10”) and made the plating on

YMA culture medium with congo red.

2.2 Experiment preparation, inoculation and planting

The experiment was conducted in the greenhouse of the Agronomical Institute of
Pernambuco - IPA at a temperature range of 27-36 °C with 50-70% relative humidity.
The seeds of cowpea cv. "IPA 206" were desinfected (Hungria and Araujo, 1994) and
sown in Leonard jars containing washed (pH 6.5) and autoclaved (120 °C, 101 KPa, 1
h) sand as substrate. The seeds were inoculated with Bradyrhizobium sp. (BR 3267);
and co-inoculated with BR 3267 + Paenibacillus graminis (MC 04.21); BR 3267 + P.
durus (C 04.50); BR 3267 + MC 04.21 + C 04.50; and an absolute control (AC) without
inoculation. After thinning the cowpeas at seven days, two plants were kept in each
Leonard jar.

During the experimental period, plants were irrigated by capillary with Hoagland
and Arnon (1950) nutritive solution modified by Silveira et al. (1998) and free of
nitrogen. Plants were havested in two periods: (1) flowering point (FP), period with
higher nitrogen fixation (at 36 days) and (2) beginning of senescence (BS), period of
decline in nitrogen fixation (at 56 days). During the harvest, in the respective periods,
roots were collected and the nodules removed, weighed, frozen in liquid N, and stored

in a freezer at -80 °C until the determinations.

2.3 Biochemical determinations
2.3.1 Metabolites concentration

Samples of cowpea nodules were extracted with specific reagents, and measured
the concentration of ammonia (Weatherburn, 1967); total soluble proteins (Bradford,

1976); total free amino acids (Yemm and Cocking, 1955); leghemoglobin (Smagghe et
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al., 2009); total nitrogen (Baethgen and Alley, 1989); ureides (Young and Conway,
1942); sucrose (van Handel, 1968); total soluble carbohydrates (Dubois et al., 1956);
and starch (McCready et al., 1950). The reducing sugars concentration was estimated by
subtracting the concentration of sucrose from that obtained for total soluble

carbohydrates.

2.3.3 Enzymatic activities

To obtain the extract used in the enzymatic activity, fresh nodules were extracted
with appropriated buffer and the supernatant was collected and used to determine the
activity of glutamine synthetase (GS; EC 6.3.1.2) in according to Elliott (1955);
glutamate synthase (GOGAT; EC 1.4.1.14) based on the method proposed by Suzuki et
al. (1994); aminant glutamate dehydrogenase (GDHa; EC 1.4.1.2) according to the
methodology proposed by Coombs and Hall (1982); phenylalanine ammonia-lyase
(PAL; EC 4.3.1.5) based on the conversion of L-phenylalanine into trans-cinnamic acid
(Zucker, 1965; El-Shora, 2002); neutral invertase (NI; EC 3.2.1.26) according to the
method described by Zhu et al. (1997); and sucrose synthase (SS; EC 2.4.1.13)

following the method proposed by Hubbard et al. (1989).

2.4 Statistical design and analysis

The experimental design was a randomized block with 2x4 factorial
arrangement, two harvest periods (FP and BS) and four treatments, one inoculation
(Bradyrhizobium sp.) and three co-inoculation of Bradyrhizobium sp. + PGPB, with
four replications. Each variable we studied was subjected to analysis of variance
(ANOVA) using the statistical software ASSISTAT version 7.6 beta by the F test and

means were compared by the Tukey’s test, both at 5% probability.
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3. Results and discussion

Changes in growth variables in the shoot of cowpea plants were observed in
response to the harvest periods (Fig. 1). When comparing plants inoculated with
Bradyrhizobium sp. (BR 3267) and co-inoculated with plants growth-promoting
bacteria (PGPB) in tripartite [BR 3267 + Paenibacillus graminis (MC 04.21) + P durus
(C 04.50)] during the flowering point (FP), there was no significant difference in mean
shoot dry matter (SDM) and the absolute growth rate (AGR) by the Tukey’s test
(p<0.05). Since the plants co-inoculated with the tripartite showed higher SDM
accumulation in beginning of senescence (BS), it can be observed that the presence of
these PGPB induces a beneficial effect on plant development to maintain the
photosynthetic process in order to ensure the production of photoassimilates in the
shoots of the host plant that will be translocated to the nodules and used as energy
source for cell divisions that occur during development (Ladrera et al., 2007; Liu et al.,
2011).

The plants were co-inoculated with symbiotic pairs (BR 3267 + MC 04.21 and
BR 3267 + C 04.50) did not exhibit the same effect recorded for the tripartite in SDM
and AGR (Fig. 1) during the BS, which may be due to microbial combinations being
less effective when formulated in pairs. Moreover, in plants co-inoculated with the
tripartite were observed the best average in growth-related variables (SDM and AGR)
during the BS. During the senescence process occurring physiological changes that can
lead to loss of efficiency of BNF (Franche et al., 2009), however these changes were
probably minimized in plants co-inoculated with the tripartite. This may be due to
changes in the carbon and nitrogen flow between the plant and bacteroids in response to

compounds released by promoting bacteria (Shridhar, 2012).
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There were changes in variables related to nitrogen in the shoot of cowpea in
response to different treatments (Fig. 2). Plants inoculated with the tripartite showed
nitrogen accumulated (Njc) in shoots higher in comparison to the plants inoculated only
with BR 3267 (Fig. 2A) and this may represent a response to the beneficial substances
released by PGPB for cowpea plants (Lima et al., 2011). The effective association
between rhizobia and PGPB can influence the BNF process (Kuklinsky-Sobral et al.,
2004). In addition, a positive interaction between bacteria and plant species results in
plant productivity and BNF increased (Herridge et al., 2008).

The nitrogen content did not differ significantly among treatments during the FP;
however, there was difference in this variable in the BS (Fig. 2B). In BS, the plants
inoculated with the tripartite stood out for having nitrogen content average significantly
higher than the other treatments (Fig. 2B). This result reinforces the idea that co-
inoculation with the tripartite was more effective compared to other combinations
and/or interactions between fixing bacteria and those growth-promoting. According to
Dawson et al. (2008), the BNF process is influenced by the symbiont genotypic
characteristics and responds differently in relation to host range, specificity and
symbiotic efficiency.

There were no significant differences (p<0.05) in fresh matter of nodules
(FMN), however it was significant differences in mean FMN values comparing to the
two collection periods (Fig. 3A). For nodule total nitrogen, plants inoculated with
tripartite showed higher values (~70%) than those inoculated only with BR 3267 (Fig.
3B). Although the nodules had begun the senescence process, the results indicate that
the energetic flow directed to the nodule production and growth in this treatment was

maintained suggesting a higher efficiency of BNF process.
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The BNF varies in according to biological and environmental factors and their
effectiveness can be measured by the concentrations of the compounds involved in the
process (Liu et al., 2011) and, in this sense, it was evaluated the nitrogen compounds
concentration present in the nodules (Fig. 4). There were no significant differences in
the total free amino acids (TFAA) concentration by the Tukey’s test (p<<0.05) during the
FP. In the BS, the combination of plants with BR 3267 resulted in 39% increase in
nodule TFAA concentration, and in plants co-inoculated with BR 3267 + MC 04.21
there was 27% accumulation in the TFAA content (Fig. 4A). This result may be a
stimulus in the proteins catabolism and also a reduction in the amino acids exportation
produced in the bacteroids to the host plant (Sarma and Emerich, 2005; Dawson et al.,
2008).

The amino acids and ammonia exchange between the bacteria and host plant is
important for the continuing the BNF process (Salavati et al., 2011). In the present
study, it was observed an increased in free ammonia concentration in response to
different treatments and harvest periods (Fig. 4B). Plants co-inoculated with the
symbiotic pair BR 3267 + MC 04.21 and those co-inoculated with the tripartite had
higher mean values of free ammonia in the nodules than those recorded for the other
treatments during the FP (Fig. 4B). In BS, plants inoculated with BR 3267 showed
lower ammonia accumulation in their nodules statistically differing in relation to the
other treatments. The ammonia accumulation may be a reflection of the frequent protein
turnover process which provides the amino acid reuse and maintains the appropriate
nodule metabolism (Cheng et al., 2010).

Ammonia is produced during the BNF and, after a series of reactions, it is
incorporated into amines or exported via xylem to the host plant as ureides (King and

Purcell, 2005; Ladrera et al., 2007). According to King and Purcell (2005), the ureides,
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as well as asparagine, are the main means of nitrogen transport from nodules to the
plants shoot. The ureides concentration in plant nodules harvested in the FP was not
significantly different (p<0.05); however, differences were observed in plants harvested
in the BS (Fig. 4C). It has been proposed that high concentrations of nitrogen
compounds, such as amino acids and ureides, function as indicator molecules of BNF
decline (Larrainzar et al., 2009). Plants inoculated with the tripartite showed few
differences in nitrogen compounds (TFAA, ammonia and ureides) levels when
comparing FP and BS (Fig. 4) indicating that the interaction among the three bacteria in
cowpea was more favorable and minimized the nodules senescence compared to other
treatments.

For the proper nodule functioning is necessary adequate proteins content and
their synthesis may be increased due to the need for specific proteins that act in the
interaction process between plant and bacteria (Sarma and Emerich, 2005, Cheng et al.,
2010). The concentration of total soluble protein (TSP) in cowpea nodules showed
significant difference (p<0.05) in response to the different treatments and harvest
periods (Fig. 4D). During the FP, it can be observed that the plants co-inoculated with
the association between BR 3267 + PGPB showed higher TSP values than those
inoculated only with BR 3267. There was observed a reduction in the TSP concentration
in the nodules during the BS compared with FP, whereas plants co-inoculated with the
tripartite had higher TSP content than the other treatments.

The establishment of an effective symbiosis between plants and bacteria is a
complex process which involves increasing the synthesis of proteins related to different
signaling and recognition pathways (Herridge et al., 2008; Compant et al., 2010). This
process may have been stimulated by the PGPB presence, particularly in plants co-

inoculated with a tripartite, since there was increased TSP concentration in nodules of
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co-inoculated plants in relation to those inoculated with BR 3267 (Fig. 4D). In this
study, the mixture of strains again favored this response probably successfully
colonizing the root system.

Were recorded changes in the enzymes activity involved in the ammonia
metabolism and consequently in the BNF in the bacteroids (Fig. 5), such as glutamine
synthetase (GS), glutamate synthase (GOGAT), aminant glutamate dehydrogenase
(GDHa) and phenylalanine ammonia-lyase (PAL) in response to the different treatments
and harvest periods, except for the PAL activity, enzyme that releases ammonia in its
reaction, which showed no changes (Fig. 5B). During the FP, only plants co-inoculated
with BR 3267 + MC 04.21 showed reduction in the GS (Fig. 5A), GOGAT (Fig. 5C)
and GDHa (Fig. 5D) activity in comparison to other treatments. These enzymes can
have their activity differentially modulated in response to numerous endogenous and
environmental stimuli (Franche et al., 2009; Larrainzar et al., 2009).

The GS/GOGAT system activity increases as the nodules develop, being GS
considered the key enzyme of BNF (Larrainzar et al., 2009). Together with GOGAT,
the GS converts ammonia into amino acids avoiding its excessive accumulation within
the bacteroids, which can result in toxicity and BNF inhibition (Prell and Poole, 2006;
Fagan et al., 2007). Besides these enzymes, GDHa can also metabolize ammonia,
especially in conditions where there is excess; however, some authors highlight that this
enzyme has less importance than the others (Patriarca et al., 2002; Bernard and Habash,
2009). The GS, GOGAT and GDHa activity were measured at the BS; however, only
GS activity was detected in nodules of plants nodulated with BR 3267 and in the co-
inoculated with BR 3267 + PGPB (Fig. 5). The partial GS inhibition, combined with the
absence of GDHa and GOGAT enzymatic activity, seems to be a direct response to the

start of the senescence process, whereas this phase of nodule development there is

60



reduction of TSP concentration and increase of ammonia content in bacteroids, results
that corroborate with those found by Patriarca et al. (2002).

The nodule growth and the BNF in bacteroids consume considerable amounts of
the carbon. This is due to the need for energy and specific metabolites to supply the
BNF that are provided after the respiratory catabolism of carbohydrates produced by
plants (Franche et al., 2009). In this study, the concentration of total soluble
carbohydrates (TSC), sucrose and reducing sugars (RS) were significantly reduced in
nodules of cowpea plants co-inoculated with BR 3267 + C 04.50 and in those co-
inoculated in tripartite compared to plants inoculated only with BR 3267 during the FP
(Fig. 6A-C). Plants co-inoculated in tripartite had lower starch content compared to
other treatments during the FP (Fig. 6D). This response may represent a higher energy
demand for cell divisions that occur during the PGPB colonization in the host plant
(Prell and Poole, 2006; Larrainzar et al., 2009).

During the BS, plants inoculated only with BR 3267 showed reduction in
sucrose concentration (~85%) while the TSC, starch and reduced sugars (RS) contents,
were not significantly altered compared to the FP (Fig. 6). In plants co-inoculated in
tripartite there was increase in starch concentration (~45%) and the TCS, sucrose and
RS content did not differ significantly by the Tukey’s test (p<0.05). The photosynthates
is imported into the nodule and used as carbon skeletons in the ammonia assimilation
produced by bacteria within the nodules (Larrainzar et al., 2009) and when they are not
metabolized, due to partial or complete blockage of BNF, it can occur accumulation as
starch (Ben Salah et al., 2009).

The appropriate BNF in bacteroids can be achieved by maintaining of the
photoassimilates levels, mainly sucrose (Ben Salah et al., 2011). Sucrose is formed in

the leaves by photosynthesis and translocated to the roots; this process being regulated
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by sucrose synthase (SS). The SS activity decrease may not necessarily be offset by
both neutral (NI) and soluble acid (SAI) invertase activities (Ben Salah et al., 2009).
Thus, the SS is considered the key enzyme regulating the carbon metabolism and crucial
for adequate BNF in nodules (Marino et al., 2009).

In this study, the enzymes of carbon metabolism - sucrose synthase (SS) and
soluble acid invertase (SAI) - were evaluated in the nodules of cowpea plants inoculated
with BR 3267 and in co-inoculated with BR 3267 + PGPB in the different treatments
and harvest periods (Fig. 7). The results showed that the SS activity in the FP remained
higher in nodules of plants co-inoculated with the PGPB compared to plants inoculated
with BR 3267 (Fig. 7A). For the SAI activity during the FP, there was no significant
difference by the Tukey’s test (p<0.05) among the different treatments (Fig. 7B).
Although the invertase can cleave sucrose, SS is the major enzyme conducting this
process (Duncan et al., 2006). Thus, it is possible that the high SS activity in plants
inoculated with the PGPB has been inhibited the SAI activity in FP.

The SS activity was reduced while the SAI was significantly increased in the BS
(Fig. 7). It is likely that the increased SAI activity recorded in the BS has compensated
for the SS reduction and maintained the sucrose supply at optimal levels to prevent the
starch synthesis inhibition, which is necessary when the photosynthates consumption in
the nodules is probably reduced due to a BNF decline in the bacteroids (Duncan et al.,
2006). In plants co-inoculated with the tripartite, the increased SAI activity (~121%)
was more pronounced than the other treatments and this response must have been
crucial to keep unchanged the carbon skeletons concentration avoiding changes in the

BNF ability in cowpea nodules.
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4. Conclusions

There was increase in the total soluble proteins concentration in nodules of
plants co-inoculated compared to those inoculated isolated with the standard strain (BR
3267). There was intense proteolytic activity and enzymatic activity decline in the
beginning of senescence (BS), but there was delay of the deleterious effects of nodules
senescence in the co-inoculation with the tripartite (BR 3267 + MC 04.21 + C 04.50)
ensuring the nitrogen availability for a longer time period, which allowed better

symbiotic performance in cowpea plants.
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Fig. 1. Characterization of the cowpea plants. (A) Shoot dry matter (SDM,;
CV'=11.06%) and (B) absolute growth tax (AGT; CV=14.10%) in cowpea plants
inoculated with Bradyrhizobium sp. (BR 3267); co-inoculated with BR 3267 +
Paenibacillus graminis (MC 04.21); with BR 3267 + P. durus (C 04.50); with BR 3267
+ MC 04.21 + C 04.50; and an absolute control (AC) without inoculation. Means (four
replicates) followed by the same letter [lower (harvest periods (FP, flowering point; BS,
beginning of senescence) and capital (treatments) letters] not differ statistically (p<0.05)

according to Tukey’s test. “variation’s coefficient.
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Fig. 2. Characterization of the cowpea plants. (A) Nitrogen accumulated (Ng;
CV'=9.20%) and (B) Nitrogen content (CV=11.58%) in cowpea plants inoculated with
Bradyrhizobium sp. (BR 3267); co-inoculated with BR 3267 + Paenibacillus graminis
(MC 04.21); with BR 3267 + P. durus (C 04.50); with BR 3267 + MC 04.21 + C 04.50;
and an absolute control (AC) without inoculation. Means (four replicates) followed by
the same letter [lower (harvest periods (FP, flowering point; BS, beginning of
senescence) and capital (treatments) letters] not differ statistically (p<0.05) according to

Tukey’s test. variation’s coefficient.
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Fig. 3. Characterization of the nodules. (A) nodules fresh matter (CV"=12.64%) and (B)

total nitrogen (CVV=11.81%) in cowpea plants inoculated with Bradyrhizobium sp. (BR

3267); co-inoculated with BR 3267 + Paenibacillus graminis (MC 04.21); with BR

3267 + P. durus (C 04.50); with BR 3267 + MC 04.21 + C 04.50. Means (four

replicates) followed by the same letter [lower (harvest periods (FP, flowering point; BS,

beginning of senescence) and capital (treatments) letters] not differ statistically (p<0.05)

according to Tukey’s test. variation’s coefficient.
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(CV=12.04%) in cowpea plants inoculated with Bradyrhizobium sp. (BR 3267); co-

inoculated with BR 3267 + Paenibacillus graminis (MC 04.21); with BR 3267 + P.

durus (C 04.50); with BR 3267 + MC 04.21 + C 04.50. Means (four replicates)

followed by the same letter [lower (harvest periods (FP, flowering point; BS, beginning

of senescence) and capital (treatments) letters] not differ statistically (p<0.05) according

to Tukey’s test. “variation’s coefficient.
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CV=21.76%) in cowpea plants inoculated with Bradyrhizobium sp. (BR 3267); co-
inoculated with BR 3267 + Paenibacillus graminis (MC 04.21); with BR 3267 + P.
durus (C 04.50); with BR 3267 + MC 04.21 + C 04.50. Means (four replicates)
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to Tukey’s test. variation’s coefficient.
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Fig. 6. Carbon metabolism compounds. (A) total soluble carbohydrates (TSC;

CV'=10.73%), (B) sucrose (CV=6.91%), (C) reduced sugars (RS; CV=10.97%) and (D)

starch (CV=10.20%) in cowpea plants inoculated with Bradyrhizobium sp. (BR 3267);

co-inoculated with BR 3267 + Paenibacillus graminis (MC 04.21); with BR 3267 + P.

durus (C 04.50); with BR 3267 + MC 04.21 + C 04.50. Means (four replicates)

followed by the same letter [lower (harvest periods (FP, flowering point; BS, beginning

of senescence) and capital (treatments) letters] not differ statistically (p<0.05) according

to Tukey’s test. “variation’s coefficient.
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Abstract

Oxidative damage can result in various degenerative processes, including membrane
lipid peroxidation that is a process promoted by chain reactions initiated by reactive
oxygen species and can quickly affect many lipid molecules resulting in damage to
cellular structures. This study aimed to evaluate the symbiotic performance of cowpea
plants inoculated and co-inoculated with Bradyrhizobium sp. and different combinations
of the plant growth-promoting bacteria (PGPB) based on biochemical variables related
to protection/oxidative stress and senescence during and after the symbiosis
establishment. The experiment was conducted in greenhouse using cowpea cv. "IPA
206". Seeds were desinfected and inoculated with Bradyrhizobium sp. (BR 3267), co-
inoculated with BR 3267 + Paenibacillus graminis (MC 04.21); with BR 3267 + P.
durus (C 04.50); with BR 3267 + MC 04.21 + MC 04.50 (tripartite); and an absolute
control, without inoculation; and grown in Leonard jars containing washed and
autoclaved sand. The harvest of cowpea nodules was performed at flowering point (FP)
and beginning of senescence (BS). The results show significant differences in variables
related to antioxidant metabolism in response to treatments and harvest periods.
Although there has been less ascorbato peroxidase (APX), catalase (CAT) and phenols
peroxidase (POX) activities in plants co-inoculated with BR 3267 + MC 04.21 and
BR 3267 + C 04.50 in FP, it was not registered hydrogen peroxide (H,O;) accumulation
or increase in lipid peroxidation, indicating that in these plants the enzymatic activity
was effective in controlling possible oxidative damage. The cowpea plants co-
inoculated with PGPB, particularly those co-inoculated with the tripartite, there was a
delay of the deleterious effects of senescence and therefore a better symbiotic

performance.

Keywords: PGPB, metabolism, senescence, enzymatic antioxidant, N, fixation, reactive

oxygen species (ROS).
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1. Introduction

Rhizobia can interact positively with plant growth-promoting bacteria (PGPB)
and they have the ability to promote plant growth in legume species contributing to
increase of the crop productivity (Lima et al., 2011). Furthermore, the PGPB may act in
the biological control, promote improvements in plants growth and development and
provide increased nodulation (Marino et al., 2009; Compant et al., 2010). The co-
inoculation of these bacteria can result in positive effects by increasing the
phytohormones production and nutrients mobilization, mainly nitrogen and carbon (Ott
et al., 2005; Ladrera et al., 2007; Larrainzar et al., 2009).

During legume with fixing bacteria symbiosis, plants provide sugars to
bacteroids that are oxidized and used as energy source to sustain the process of
biological nitrogen fixation (BNF) (Larrainzar et al., 2009). During the BNF, due to the
highly reducing environment may be formed reactive oxygen species (ROS), such as
superoxide radical (O,") and hydrogen peroxide (H,0,), which can cause oxidative
damage (Puppo et al., 2005, Mgller et al., 2007). In addition, ROS can be produced by
leghemoglobin autoxidation and some proteins with strong reducing potential (Chang et
al., 2009) and act as signaling molecules (Marino et al., 2009).

Control systems of the ROS levels in the cell are needed to avoid possible
oxidative damage and promote adequate redox balance (Mgller et al., 2007; Becana et
al., 2010). Such redox balance is result of the equilibrium between protective and
reparative antioxidant systems and these are formed by non-enzymatic antioxidants,
such as ascorbate and glutathione, and enzymatic, mainly catalase, superoxide
dismutase and ascorbate peroxidase (Puppo et al., 2005). An efficient protection against
oxidative stress is required to maintain adequate BNF and delay the senescence (Marino

et al., 2009).
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We undertook this study as a first step to evaluate if inoculation and co-
inoculation of cowpea with Bradyrhizobium and Paenibacillus could keep adequate
BNF during and after the symbiosis establishment, based in the determinations of the

compounds and enzymes indicative of senescence and/or oxidative protection.

2. Material and Methods
2.1 Preparation and application of inoculants formulated with exopolysaccharide
(EPS) synthesized by rhizobia

Before the inoculants preparation, it was proceeded the strains multiplication to
be used in the experiment. The strain of Bradyrhizobium sp. (BR 3267; standard strain)
was grown in flasks containing YM (Yeast-Mannitol) culture medium using a rotator
shaker under constant agitation (200 rpm; 28 °C) for 96 h. For strains of the plants
growth-promoting bacteria in (PGPB) Paenibacillus graminis (MC 04.21) and P. durus
(C 04.50), it was used the TSB (Trypticase Soy Broth) culture medium using a rotator
shaker under constant agitation (200 rpm, 32 °C) for 24 and 48 hours, respectively.

For the preparation of formulated inoculants were used 2.0 g of dry, sieved and
autoclaved (120 °C; 101 kPa; 15 min) exopolysaccharide (EPS) synthesized from
Rhizobium tropici (EI-6). After autoclaving, the medium-density polyethylene bags
containing the EPS were cooled in a fresh and dry place and kept at room temperature.
Subsequently, it was added 2.0 mL of autoclaved and distilled water and the mixture
was homogenized and incubated (30 h) until the pH reached the optimum range (6.8 to
7.0). After achieving the appropriate pH, the bacteria inoculation was carried out in
duplicate in the EPS (1.0 g EPS to 3.0 mL inoculums final volume) and therefore

forming the treatments.
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The inoculation with standard strain was performed by adding 1.5 mL YM
culture medium containing BR 3267 (10° CFU mL™) followed by addition of 1.5 mL of
sterile and distilled water. For co-inoculation, it was added 1.5 mL of TSB culture
medium containing MC 04.21 or C 04.50 at 10’ CFU mL™ and then it was added 1.5
mL YM culture medium containing BR 3267. For co-inoculation in tripartite, it was
added 0.75 mL TSB culture medium containing MC 04.21 and 0.75 mL TSB medium
with C 04.50 and then 1.5 mL YM culture medium containing BR 3267 were added.

Once the EPS was inoculated, the material was incubated at room temperature
for 48 h for maturation. After this period, 1.0 g of inoculant was taken to make the
mixture and treatments formulation. Each mixture (treatment) was dissolved in saline
solution (0.85% NaCl) and stirred until homogeneity. Then, the material was kept in
agitation (300 rpm; 28 °C; 30 min) and subsequently used in the process of seed
inoculation (2.0 mL inoculant per seed). The formulated inoculants count in plate was
made by the drop plate method in serial dilution and plating of dilutions (10° to 10°) in

YMA culture medium with congo red.

2.2 Experiment preparation, inoculation, and planting

The experiment was conducted in greenhouse of the Agronomical Institute of
Pernambuco - IPA at a temperature range of 27-36 °C with 50-70% relative humidity.
The seeds of cowpea cv. "IPA-206" were desinfected (Hungria and Araujo, 1994) and
sown in Leonard jars containing washed (pH 6.5) and autoclaved (120 °C, 101 KPa, 1
h) sand as substrate. The seeds were inoculated with Bradyrhizobium sp. (BR 3267);
and co-inoculated with BR 3267 + Paenibacillus graminis (MC 04.21); with BR 3267 +

P. durus (C 04.50); with BR 3267 + MC 04.21 + C 04.50; and an absolute control (AC)
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without inoculation. After thinning the cowpeas at seven days, two plants were kept in
each Leonard jar.

During the experimental period, plants were irrigated by capillary with Hoagland
and Arnon (1950) nutritive solution modified by Silveira et al. (1998) and free nitrogen.
Plants were collected in two periods: (1) flowering point (FP), period with higher
nitrogen fixation (at 36 days) and (2) beginning of senescence (BS), period of nitrogen
fixation decline (at 56 days). During the harvest, in the respective periods, roots were
collected and nodules removed, weighed, frozen in liquid N, and stored in a freezer at

-80 °C until the determinations.

2.3 Biochemical determinations
2.3.1 Leghemoglobin concentration (LHb)

The extraction and determination of LHb concentration in cowpea nodules was
performed using the Drabkin’s reagent following the method described by Smagghe et

al. (2009) and the data expressed in mg g™* FW.

2.3.2 Determination of hydrogen peroxide (H20-) and lipid peroxidation

To obtain the extract used in determining the H,O, concentration and lipid
peroxidation, nodules were extracted with 5% TCA and the supernatant collected and
used for determinations. The H,O, concentration was determined as described by
Brennan and Frenkel (1977) and data expressed in pmol g™ FW. The lipid peroxidation
was determined in according to Heath and Packer (1968) and data expressed as nmol

MDA-TBA g FW.
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2.3.3 Enzymatic activities

To obtain the extract used in the enzymatic activity, fresh nodules were extracted
with 100 mM buffer potassium phosphate (pH 7.0) and the supernatant was collected
and used to determine the activity of lipoxygenase (LOX; EC 1.13.11.12) according to
Axelrod et al. (1981); proteases (EC 3.4) according to the method proposed by Ainouz
and Freitas (1991); Uricase (EC 1.7.3.3) according to Schubert (1981); catalase (CAT;
EC 1.11.1.6) according to Havir and McHale (1987); ascorbate peroxidase (APX; EC
1.11.1.1), according to the method described by Nakano and Asada (1981); phenols
peroxidase (POX; EC 1.11.1.7) by the method of Amako et al. (1994); and superoxide

dismutase (SOD; EC 1.15.1.1) as described by Gianopolitis and Ries (1977).

2.4 Statistical design and analysis

The experimental design was a randomized block with 2x4 factorial
arrangement, two harvest periods (FP and BS) and four treatments, one with inoculation
(Bradyrhizobium sp.) and three co-inoculation of Bradyrhizobium sp. + BPCP's, with
four replications. Each variable studied was subjected to analysis of variance (ANOVA)
using the statistical software ASSISTAT version 7.6 beta by the F test and means were

compared by the Tukey test, both at 5% probability.

3. Results and discussion

The overproduction of reactive oxygen species (ROS) or oxidative stress is a
secondary response normally stimulated under stress conditions or metabolic decline,
such as nodules senescence (Becana et al., 2010; Ben Salah et al., 2011). ROS, mainly
hydrogen peroxide (H,O;) and superoxide radical (O,"), can react with innumerous

molecules present in cells, such as amino acids, proteins, lipids and until DNA, causing
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oxidative damage (Maller et al. 2007) that can break off the normal cell operation
(Silveiraet al., 2011).

The H,0,, besides being capable of causing damage to cellular structures, it has
been highlighted as a powerful signaling to several cellular events (Mgller et al., 2007)
and has a central role in oxidative metabolism being detected during infection,
development and senescence of bacteroids (Becana et al., 2010). As shown in fig. 1A,
plants co-inoculated with BR 3267 + Paenibacillus graminis (MC 04.21) and with
BR 3267 + P. durus (C 04.50) during the FP had lower H,O, content in nodules than
plants inoculated with BR 3267 and with the BR 3267 + MC 04.21 + C 04.50
(tripartite). In order to maintain normal function of the nodule, it is necessary an
efficient control of ROS levels which is widely distributed in bacteroids, acting
coordinately to promote oxidative protection (Silveira et al., 2011).

It can be observed that plants inoculated with BR 3267 isolated had higher H,0,
levels than the other treatments in beginning of senescence (BS) (Tukey’s test, p<0.05),
while those co-inoculated with the tripartite the H,O, concentration was unchanged in
the nodules compared to flowering point (FP) and BS (Fig. 1A). This response may
suggest that plants inoculated with BR 3267 lacked an adequate control system of the
H.O, levels, which has its production naturally increased when nodules enter the
senescence process (Becana et al., 2010). It is possible that plants co-inoculated with the
tripartite have stimulated the antioxidant defense systems during the FP and this may
have triggered the most favorable response registered in plants in the BS avoiding
possible degenerative processes, such as lipid peroxidation, are triggered (Salavati et al.,
2011).

In this study, as shown in fig. 1B, it can be noted that the level of lipid

peroxidation was changed in response to different treatments evaluated. The lipid
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peroxidation is a process that occurs by chain reactions initiated by ROS and can
quickly affect many lipid molecules resulting in damage to cellular structures (Puppo et
al., 2005; Salavati et al., 2011). The means of this variable was increased in nodules of
plants inoculated isolated with BR 3267 compared to other treatments in both FP and
BS and this response may indicate lower efficiency of the antioxidant system in the
nodules of these plants.

Plants co-inoculated with the tripartite exhibited increase in lipid peroxidation in
nodules from 15% when comparing the two harvest periods, while in the other
treatments this increase was in around 30% (Fig. 1B). This response of plants co-
inoculated with the tripartite corroborates those presented by Ben Salah et al. (2011)
working on two Medicago species and may be related to a more efficient antioxidant
system that minimized the harmful effects of oxidative stress and delayed the nodules
senescence of these plants.

The lipid peroxidation may be a response to the increase in lipoxygenase (LOX)
activity rate that is located in lipid bodies, peroxisomes and plastids present in nodule
cells (Feussner and Wasternack, 2002; Becana et al., 2010). The LOX catalyzes the O,
addition to the pentadiene system of polyunsaturated fatty acids forming the
corresponding hydroperoxides of fatty acids (Michalak, 2006). Plants co-inoculated
with BR 3267 + MC 04.21; with BR 3267 + C 04.50; and in tripartite showed
significantly greater LOX activity during FP in the Tukey’s test with (p<0.05) compared
to plants nodulated only with BR 3267 (Fig. 2). Plants co-inoculated with BR 3267 + C
04.50 and those co-inoculated in tripartite showed lower and higher LOX activity,
respectively, during the beginning of the senescence process in the nodules (Fig. 2).

During the senescence process in the nodules, it is natural that occur an

reduction in leghemoglobin concentration (LHB) (Ott et al., 2005; Ben Salah et al.,
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2011; Liu et al., 2011), as observed in the nodules of plants co-inoculated with BR 3267
+ PGPB when collected in the FP compared to plants inoculated only with BR 3267
(Fig. 3). This response seems to be related to the beneficial compounds synthesized by
PGPB and released in the roots surface. Such favorable response was also observed in
nodules of co-inoculated plants, mainly in those co-inoculated with the tripartite, and it
has not been registered for plants inoculated only with BR 3267, which showed an LHb
reduction superior to 50% compared to FP (Fig. 3). The LHb is a protein responsible for
creating a barrier oxygen diffusion making it the ideal environment for the bacteroids
development (Ma et al., 2011) and their concentrations can be reduced during
senescence by the action of compounds related to oxidative stress and also by the
increased proteolysis via proteases action present in bacteroid (Ott et al., 2005).

According to Cheng et al. (2010), proteases are enzymes that hydrolyze peptide
links of proteins releasing small peptides and/or amino acids and in this study these
enzymes are strongly induced in the plant nodules in the BS unlike that recorded during
the FP, where no significant difference was showed for the different treatments (Fig.
4A). Such induction of proteolytic activity in cowpea nodules in the BS may have been
responsible by not detect the uricase activity in the BS (Fig. 4B). In FP, as shown in fig.
4B, the uricase activity in nodules did not differ significantly (p<0.05). Uricase is an
enzyme present in nodules that acts synthesizing ureides from uric acid and this reaction
results in the H,O, production (Werner and Witte, 2011).

The ascorbate peroxidase (APX) and catalase (CAT) enzymes remove H,0, by
means of different mechanisms which result equally in water (Moller et al., 2007; Ben
Salah et al., 2011). As observed in fig. 5A and 5B, there was reduction in the CAT and
APX activity in plant nodules co-inoculated with BR 3267 + MC 04.21 and with BR

3267 + C 04.50 during FP; while in the tripartite APX and CAT activities remained
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equal to the obtained for those inoculated only with BR 3267 (Fig. 5A and 5B). In the
BS, overall, the APX and CAT activities were reduced, though in plants inoculated with
the tripartite the activity of these enzymes has remained high compared to the other
treatments (Fig. 5A and 5B). The reduction in the rate of CAT activity in bacteroids can
reduce symbiotic efficiency according to results of Jebara et al. (2005), corroborating
the data presented in this paper.

The APX activity protects the leghemoglobin and other proteins form the H,0,
action and may be involved in maintaining the oxygen diffusion barrier present in the
bacteroids (Marino et al., 2009; Becana et al., 2010). In addition to APX and CAT
activities, phenols peroxidase (POX) can degrade H,O, using phenolic compounds or
ascorbate as electron donors (Michalak, 2006). It was observed in FP an increased POX
activity in plant nodules inoculated only with BR 3267 compared to other treatments. In
BS, the POX activity did not differ statistically according to the Tukey’s test (p<0.05)
among treatments (Fig. 5C). Although there has been less activity of APX, CAT and
POX in plants co-inoculated with BR 3267 + MC 04.21 and BR 3267 + C 04.50 in FP
was not registered H,O, accumulation or increase in lipid peroxidation, indicating that
the activity rate of these enzymes was effective in controlling possible oxidative damage
in these plants.

Besides of the APX, CAT and POX activities, the enzyme superoxide dismutase
(SOD) operates in the enzymatic antioxidant system of detoxification of ROS excess
(Puppo et al., 2005; Michalak, 2006) can act on the control of several metabolic
pathways since they can control the gene expression related to oxidative stress (Puppo
et al., 2005; Salavati et al., 2011). The SOD activity in plant nodules co-inoculated in
the FP was greater than that presented in plants inoculated only with BR 3267 according

to Tukey’s test (p<0.05) (Fig. 5D) and this result may account for the H,O,
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accumulation recorded in this treatment (see Fig. 1A). In BS, the SOD activity in plants
co-inoculated with the tripartite was lower (~15%) than that reported for other
treatments (Fig. 5D). According to Chang et al. (2009), the presence of SOD enzyme in
bacteroids has a critical protective role to nodulation and BNF efficient and still acts in

the delay of senescence processes.

4. Conclusions

Although there was less ascorbate peroxidase, catalase and phenols peroxidase
activity in plants co-inoculated with BR 3267 + MC 04.21 and with BR 3267 + C 04.50
at the flowering point, there was no H,O, accumulation or increase in lipid
peroxidation, indicating that the activity rate of these enzymes was effective in
controlling possible oxidative damage in these plants. Plants co-inoculated with
BR 3267 + Paenibacillus graminis (MC 04.21); with BR 3267 + P. durus (C 04.50),
and mainly with BR 3267 + MC 04.21 + MC 04.50 (tripartite) showed better results on
the biochemical indicators related to antioxidant metabolism and thus, it can be
suggested that the co-inoculation with PGPB with the tripartite in cowpea resulted in

delay of the deleterious effects of senescence.
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Fig. 1. Indicators of oxidative stress. (A) Hydrogen peroxide (CV'=6.08%) and (B)
lipid peroxidation (CV=5.65%) in cowpea plants inoculated with Bradyrhizobium sp.
(BR 3267); co-inoculated with BR 3267 + Paenibacillus graminis (MC 04.21); with BR
3267 + P. durus (C 04.50); with BR 3267 + MC 04.21 + C 04.50. Means (four
replicates) followed by the same letter [lower (harvest periods (FP, flowering point; BS,
beginning of senescence) and capital (treatments) letters] not differ statistically (p<0.05)

according to Tukey’s test. variation’s coefficient.
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Fig. 2. Lipoxygenase activity enzyme (CV '=9.72%) in cowpea plants inoculated with
Bradyrhizobium sp. (BR 3267); co-inoculated with BR 3267 + Paenibacillus graminis
(MC 04.21); with BR 3267 + P. durus (C 04.50); with BR 3267 + MC 04.21 + C 04.50.
Means (four replicates) followed by the same letter [lower (harvest periods (FP,
flowering point; BS, beginning of senescence) and capital (treatments) letters] not differ

statistically (p<0.05) according to Tukey’s test. variation’s coefficient.
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Fig. 3. Leghemoglobin concentration (CV'=8.99%) in cowpea plants inoculated with

Bradyrhizobium sp. (BR 3267); co-inoculated with BR 3267 + Paenibacillus graminis

(MC 04.21); with BR 3267 + P. durus (C 04.50); with BR 3267 + MC 04.21 + C 04.50.

Means (four replicates) followed by the same letter [lower (harvest periods (FP,

flowering point; BS, beginning of senescence) and capital (treatments) letters] not differ

statistically (p<0.05) according to Tukey’s test. variation’s coefficient.
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Fig. 4. Activity of (A) protease (CV =26.11%) and (B) uricase (CVV=13.47%) in cowpea

plants inoculated with Bradyrhizobium sp. (BR 3267); co-inoculated with BR 3267 +

Paenibacillus graminis (MC 04.21); with BR 3267 + P. durus (C 04.50); with BR 3267

+ MC 04.21 + C 04.50. Means (four replicates) followed by the same letter [lower

(harvest periods (FP, flowering point; BS, beginning of senescence) and capital

(treatments) letters] not differ statistically (p<0.05) according to Tukey’s test.
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Fig. 5. Enzymes of the antioxidative metabolism degrading H,O,. (A) Ascorbate

peroxidase (CV '=14.71%), (B) catalase (CV=17.44%), (C) phenols peroxidase

(CV=11.19%) and (D) superoxide dismutase (CV=5.13%) in cowpea plants inoculated

with Bradyrhizobium sp. (BR 3267); co-inoculated with BR 3267 + Paenibacillus

graminis (MC 04.21); with BR 3267 + P. durus (C 04.50); with BR 3267 + MC 04.21 +

C 04.50. Means (four replicates) followed by the same letter [lower (harvest periods

(FP, flowering point; BS, beginning of senescence) and capital (treatments) letters] not

differ statistically (p<0.05) according to Tukey’s test. ~variation’s coefficient.
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Capitulo IV

Polissacarideo microbiano sintetizado por Rhizobium tropici inoculado e
co-inoculado com Bradyrhizobium sp. e BPCP’s em caupi no

Espodossolo
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Polissacarideo microbiano sintetizado por Rhizobium tropici inoculado e co-inoculado com
Bradyrhizobium sp. e BPCP’s em caupi no Espodossolo®

Artenisa Cerqueira Rodrigues?; Claire Tondo Vendruscolo®; Angelita da Silveira Moreira*; Maria

Vanilda dos Santos Santana®; José de Paula Oliveira®; Marcia do Vale Barreto Figueiredo®

RESUMO

Pesquisa visando a aplicacdo agroindustrial dos exopolissacarideos (EPS) estd concentrada
nos polissacarideos microbianos extracelulares, por ser mais simples de extrair e purificar. A
fixacdo biologica de nitrogénio (FBN) é reconhecidamente eficiente em caupi, porém € necessaria a
utilizacdo de novas tecnologias, visto que a baixa produtividade desta cultura esta associada ao
baixo nivel tecnolégico empregado. Neste contexto, o trabalho objetivou avaliar a efetividade da
inoculacdo e co-inoculagdo com Bradyrhizobium sp. e diferentes BPCP’s, no caupi, avaliadas no
ponto de florescimento (PF) e no enchimento dos grdos (EG), assim como caracterizar o EPS
produzido pelo Rhizobium tropici (EI-6) que foi utilizado como veiculo de inoculacdo. O
experimento foi conduzido em casa de vegetacdo do Instituto Agrondmico de Pernambuco (IPA).
As sementes de caupi cv. “IPA 206 foram desinfestadas e inoculadas com Bradyrhizobium sp. (BR
3267); co-inoculadas com a BR 3267 + BPCP’s [BR 3267 + Paenibacillus graminis (MC 04.21);
BR 3267 + P. durus (C 04.50)]; e com a tripartite (BR 3267 + MC 04.21 + C 04.50). Foram
utilizadas duas testemunhas, sendo uma absoluta (TA) e outra nitrogenada (TN), como controles. O
solo utilizado foi Espodossolo oriundo da Estagdo Experimental de Itapirema (IPA). As variaveis
estudadas foram avaliadas em dois periodos [ponto de florescimento (PF) e enchimento de gréos
(EG)]. As plantas co-inoculadas com BR 3267 + BPCP’s apresentaram os melhores resultados em
comprimento de raiz, matéria seca de raiz, numero de ndédulos e nodulacdo especifica do que nas
plantas inoculadas apenas com BR 3267. As plantas co-inoculadas com a tripartite apresentaram
diferenca significativa nas varidveis de eficiéncia da fixacdo de nitrogénio e produtividade. O EPS
apresentou-se como um heteropolissacarideo polianiénico com fluido pseudoplastico pouco
viscoso, revelando-se pela técnica de calorimetria exploratéria diferencial um pico endotérmico que
representa uma caracteristica favoravel tendo em vista a possibilidade de seu uso em escala
industrial.

Termos de indexacdo: Exopolissacarideo, Vigna unguiculata, temperatura de fusdo, simbiose,
periodos de colheita, produtividade.
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Microbial polysaccharides synthetized by Rhizobium tropici inoculated and co-inoculated with
Bradyrhizobium sp. and PGPB in cowpea in the Spodosol

SUMMARY

Research aiming at the agroindustrial application of exopolysaccharides (EPS) is
concentrated in the extracellular microbial polysaccharides by being easier to extract and purify.
The biological nitrogen fixation (BNF) in cowpea is admittedly efficient, but it requires the use of
new technologies, since the low productivity of this culture is associated with low level of
technology employed. In this context, the aim of this study was evaluated the effectiveness of the
inoculation and co-inoculation with Bradyrhizobium sp. and different PGPB’s in cowpea as well as
characterized the EPS produced by Rhizobium tropici (EI-6) and used as vehicle of inoculation. The
experiment was conducted in the greenhouse of the Agronomical Institute of Pernambuco (IPA).
The seeds of cowpea cv. “IPA 206” were disinfected and inoculated with Bradyrhizobium sp.
(BR 3267); co-inoculated with BR 3267 + PGPB’s [BR 3267 + Paenibacillus graminis (MC 04.21)
and BR 3267 + P. durus (C 04.50); and with tripartite (BR 3267 + MC 04.21 + C 04.50)]. Were
used the absolute (TA) and nitrogen (TN) controls. The soil utilized was a Spodosol from the
Experimental Station Itapirema (IPA). The variables evaluated were evaluated in two periods [point
of flowering (PF) and grain filling (GF)]. Plants co-inoculated with BR 3267 + BPCP's showed the
best results in root length, root dry matter, nodule number and specific nodulation than plants
inoculated only with BR 3267. Plants co-inoculated with tripartite showed significant differences in
variables of the nitrogen fixation efficiency and productivity. The EPS presented as a polyanionic
heteropolysaccharide with slightly viscous pseudoplastic fluid, revealing an endothermic peak by
the technique of differential scanning calorimetry that represents a favorable feature in view of the
possibility of its use in industry scale.

Index terms: Exopolysaccharide, Vigna unguiculata, melting temperature, symbiosis, harvest
periods, productivity.

INTRODUCAO

Os exopolissacarideos (EPS) sdo polimeros sintetizados e liberados ao meio extracelular por
bactérias e que podem formar géis e/ou solugdes viscosas (Badel et al., 2011; Freitas et al., 2011).
As bactérias dos géneros Rhizobium, Beijerinckia e Azotobacter sdo fixadoras de nitrogénio e
conhecidas por produzirem guantidades abundantes de EPS (Serrato et al., 2008; Aranda-Selverio &
Penna, 2010) que pode atuar como sinais moleculares durante a infeccdo das raizes e levar a
formacdo de estruturas celulares que auxiliam no processo de infeccdo e desenvolvimento dos
nodulos (Marczak et al., 2008; Rinaudi & Giordano, 2010).

A inoculacdo de sementes de leguminosas com bactérias fixadoras é pratica bem
estabelecida e contribui significativamente para o aumento dos rendimentos na produgdo de graos
(Rumjanek et al., 2005). Veiculos de inoculagdo alternativos tém sido estudados visando aumentar a
qualidade e eficiéncia do inoculante, reduzir custos e possiveis impactos ambientais (Ben Rebah et
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al., 2007; Albareda et al., 2008). Os EPS sintetizados por bactérias fixadoras podem representar
uma alternativa vidvel, como inoculantes, para substituir a turfa e ainda reduzir os custos de
producdo (Fernandes Janior et al., 2009). Além disso, estes desempenham papéis importantes
durante os eventos de pré-infeccdo na rizosfera, podendo prevenir danos ambientais e manter a
viabilidade do rizébio no campo (Schuh, 2005; Fernandes Junior et al., 2009).

Durante a interacdo leguminosa-rizobio, o processo de fixagdo biolégica de nitrogénio
(FBN) pode contribuir para a producdo vegetal e apresenta-se como eficiente fonte de nitrogénio
para a planta (Rinnofner et al., 2008; Larrainzar et al., 2009). Algumas combinacdes de
microrganismos sao efetivas em aumentar a disponibilidade de nutrientes as plantas, a qualidade do
sistema radicular e incrementar a FBN e a produtividade (Rumjanek et al., 2005). Assim, o uso de
mistura de microrganismos através da interacdo rizobios e bactérias promotoras de crescimento em
plantas (BPCP’s) tém apresentado aumento na nodulagdo e fixacdo do N, dependendo da
combinacéo e compatibilidade (Figueiredo et al., 2010).

Considerando a importancia do uso de polissacarideos microbianos no processo de
inoculacdo e a necessidade de otimizacdo dos processos de nodulacdo e FBN através do uso de
microrganismos e ainda a potencialidade e necessidade de incrementar a produtividade do caupi,
este trabalho objetivou avaliar a efetividade da inoculagéo e co-inoculagdo com Bradyrhizobium sp.
e diferentes BPCP’s nos diferentes periodos de coleta, ponto de florescimento (PF) e enchimento de
grdos (EG), em plantas de caupi utilizando variaveis de crescimento, desenvolvimento e producao
assim como caracterizar o0 EPS produzido pelo Rhizobium tropici (EI-6) que foi utilizado como

veiculo alternativo de inoculagéo.

MATERIAL E METODOS
Extracdo e caracterizacdo do EPS de Rhizobium tropici

O EPS utilizado foi extraido da estirpe EI-6 de Rhizobium tropici (Oliveira, 2011) isolado de
nodulos da raiz de Vigna unguiculata [L.] Walp. (Figueiredo et al., 1999). Para extracdo, o EI-6 foi
multiplicado em meio de cultura YMA (manitol, extrato de levedura e &gar) por 72 h, inoculado em
frascos contendo meio de cultura YM (manitol e extrato de levedura) e incubado em agitacdo
constante (200 rpm; 28 °C; 72 h). Transcorrido esse periodo, o0 mosto foi colocado em banho-maria
(80 °C; 20 min), resfriado, recuperado com precipitacdo em alcool etilico (1:3) e entdo colhido e
seco em estufa (30 °C; 72 h). Ao final, o precipitado foi moido e peneirado manualmente,
acondicionado em frascos de vidro e armazenado em local fresco e seco. Para caracterizagdo do
EPS, amostras foram avaliadas quanto ao comportamento térmico, através da analise de

calorimetria exploratoria diferencial (DSC); quanto a viscosidade e viscoelasticidade em redmetro
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(Haake®; modelo RS 150); e quanto a composicdo de monossacarideos e é&cidos derivados por
cromatografia de camada delgada comparativa (CCDC) segundo Moreira et al. (1998).

Multiplicacéo, preparacao e aplicacdo dos inoculantes formulados com EPS

Procedeu-se inicialmente a multiplicagdo das estirpes a serem utilizadas nos tratamentos
experimentais. A estirpe BR 3267 de Bradyrhizobium sp. (estirpe padrdo) foi multiplicada em
frascos contendo meio de cultura YM em agitacdo constante (200 rpm; 28 °C) por 96 h. Para as
estirpes de bactérias promotoras de crescimento em plantas (BPCP’s) Paenibacillus graminis
(MC 04.21) e P. durus (C 04.50), utilizou-se meio de cultura TSB (Caldo Tripticaseina de Soja) que
foi mantido em agitacéo constante (200 rpm; 32 °C) por 24 e 48 horas, respectivamente.

Para o preparo dos inoculantes, inicialmente sacos de polietileno de media densidade
contendo 2,0 g do EPS foram autoclavados (120 °C; 101 Kpa; 15 min), resfriados e adicionou-se
2,0 mL de agua destilada e autoclavada e a mistura foi homogeneizada e incubada até o pH atingir a
faixa ideal (6,8 a 7,0) (Santos, 2010). A posteriori, procedeu-se a inoculacdo das bactérias no EPS
(1,0 g do EPS para 3,0 mL do volume final do indculo) e, por conseguinte, a formacdo dos
tratamentos. A inoculacdo com o BR 3267 foi realizada pela adicdo de 1,5 mL do meio de cultura
YM contendo a bactéria (10° UFC mL™) seguido da adicdo de 1,5 mL de 4gua destilada e
esterilizada. Para a co-inoculacéo, adicionou-se 1,5 mL do meio de cultura TSB contendo MC 04.21
ou C 04.50 (10" UFC mL™) e, em seguida, acrescentou-se 1,5 mL do meio de cultura YM contendo
BR 3267. Para a co-inoculacdo em tripartite (BR 3267 + MC 04.21 + C 04.50), adicionou-se 0,75
mL do meio de cultura TSB contendo MC 04.21; 0,75 mL do meio de cultura TSB com C 04.50; e,
finalmente, 1,5 mL do meio de cultura YM contendo a BR 3267.

Feita a inoculacdo no EPS, o material foi incubado para a maturacao por 48 h a temperatura
ambiente. Posteriormente, retirou-se 1,0 g do inoculante que foi dissolvido em solucdo salina
(0,85% NaCl) e, entdo, efetuou-se a mistura para formulacdo dos tratamentos. O material foi
mantido em agitacdo (300 rpm; 28 °C; 30 min) e, entdo, utilizado no processo de inoculagdo da
semente (2,0 mL do inoculante semente™). A contagem em placas dos inoculantes liquido foi
efetuada pelo método da gota (“Drop-plate”) em diluigdo seriada (10° a 10°) e efetuado o

plagueamento em meio de cultura YMA com vermelho congo.

Conducao do experimento
O experimento foi conduzido em casa de vegetacao do Instituto Agronémico de Pernambuco
(IPA; Recife-PE). As sementes de caupi cv. “IPA 206” foram desinfestadas (Hungria & Aratjo,

1994) e semeadas em vasos contendo 6 kg de Espodossolo ndo esterilizado, onde se efetuou
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calagem com CaCOj; e suplementacdo com P,0s e K,0 seguindo recomendagdes do IPA (2008) e
0s resultados da anélise quimica do solo (Tabela 1).

Para instalacdo dos tratamentos, as sementes foram inoculadas com o BR 3267; co-
inoculadas com a BR 3267 + BPCP’s (BR 3267 + MC 04.21; BR 3267 + C 04.50); e com a
tripartite (BR 3267 + MC 04.21 + C 04.50). Uma testemunha absoluta (TA), sem inoculagdo, e uma
testemunha nitrogenada (TN), sem inoculagdo e suplementada com (NH,4),SO,4 aos 7, 14 e 21 dias
apos o desbaste seguindo recomendacdes da analise de solo, foram utilizadas como controle. Sete
dias apds a semeadura, realizou-se o desbaste e mantiveram-se duas plantas por vaso (parcela
experimental). Durante o periodo experimental, as plantas de caupi, em seus respectivos
tratamentos, foram irrigadas com solugéo nutritiva de Hoagland & Arnon (1950) modificada por
Silveira et al. (1998) e isenta de nitrogénio.

A coleta do experimento foi realizada em dois periodos: (1) ponto de florescimento (PF),
periodo de maior fixacdo de nitrogénio (aos 36 dias) e (2) enchimento de grdos (EG), periodo em
que todas as vagens encontravam-se cheias e maduras (aos 103 dias). Foram avaliadas as seguintes
variaveis: comprimento da raiz, matéria seca de nddulos, da parte aérea (MSPA) e da raiz (MSR) e
relacio MSPA/MSR, eficiéncia e eficacia (Faria & Franco, 2002); o nitrogénio acumulado na
MSPA (Ngc) e teor de nitrogénio na MSPA (Teor de N) (Bremner, 1965); a eficiéncia da fixacdo de
N e a nodulacéo especifica (Gulden & Vessey, 1998). A taxa de crescimento absoluto foi calculada
com base na altura das plantas que foram avaliadas a cada sete dias até a primeira coleta
(Benincasa, 2003). Ap6s a primeira coleta, optou-se por descontinuar a mensuracdo da altura das
plantas devido ao inicio da formacdo de vagens que desvia o fluxo energético para enchimento de
grdos com concomitante reducdo na taxa de crescimento. O nimero de nddulos foi avaliado apenas
nas plantas da primeira coleta (PF) devido a presenca de nodulos senescentes, nas raizes das
plantas, da segunda coleta (EG). Foram ainda obtidas variaveis relacionadas com a producéo:
nimero de vagens por vaso, comprimento médio da vagem por vaso, peso da vagem por vaso,
namero de graos por vaso e peso total de sementes por vaso.

O delineamento experimental adotado foi em blocos ao acaso com arranjo fatorial 2x6, dois
periodos de coleta (PF e EG) e seis tratamentos, sendo um com inoculagdo (Bradyrhizobium sp.;
BR 3267), trés com co-inoculagdo de BR 3267 + BPCP’s; ¢ duas testemunhas (TA e TN), com
quatro repeticdes. Os dados foram submetidos a analise de variancia (ANOVA) utilizando o
programa estatistico ASSISTAT versédo 7.6 beta pelo teste F e as medias comparadas pelo teste de

Tukey, ambos a 5% de probabilidade.
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RESULTADOS E DISCUSSAO
Caracterizagdo do EPS de Rhizobium tropici

Analise do EPS produzido pelo R. tropici (EI-6) revelou um pico endotérmico bem definido
a partir do qual foi possivel definir a temperatura de fusdo (Tm) da amostra como sendo de 178 °C
(Figura 1). O Tm da amostra do EPS semelhante as Tm dos polimeros bacterianos obtidos de
estirpes de Pseudomonas e Beijerinckia, que variam de 162 a 170 °C, e de Xanthomonas arboricola
pV. pruni, que oscila entre 120 a 185 °C (Borges et al., 2009). A existéncia de “ombros” na curva de
DSC, antes da Tm, pode ser relacionada a algum subproduto originario do complexo processo
produtivo do EPS. A tolerdncia do EPS a temperaturas superiores a 100 °C representa uma
caracteristica favoravel (Poli et al., 2010) e desta forma é possivel utiliza-lo em escala industrial.

A avaliacdo da viscosidade do EPS bacteriano € de fundamental importancia para determinar
sua qualidade e possivel aplicabilidade industrial e/ou comercial (Toneli et al., 2005). No presente
estudo, o EPS foi definido como um fluido ndo-Newtoniano, pouco viscoso e pseudoplastico. Além
disso, a anélise da viscoelasticidade do EPS permitiu defini-lo como viscoso até 6 Hz de frequéncia
e sem comportamento de gel verdadeiro, devido ao comportamento elastico registrado acima de
6 Hz (Figura 2). Fluidos pseudoplasticos podem ter uma ampla faixa de utilizacdo, indo desde a
aplicacdo na industria de alimentos e farmacos como também na agricultura e perfuracdo de pocos
de petroleo (Toneli et al., 2005; Farias et al., 2009).

Em relacdo aos monossacarideos (Figura 3), o EPS foi classificado como um
heteropolissacarideo devido a presenca de glicose e galactose e auséncia de acidos urénicos (acidos
glicurénico e galacturénico). As bactérias fixadoras de nitrogénio, principalmente espécies do
género Rhizobium, produzem EPS que sdo excretados para o ambiente extracelular (Serrato et al.,
2008; Aranda-Selverio & Penna, 2010). Tais biopolimeros bacterianos apresentam indmeras
propriedades fisico-quimicas podendo ser classificados em homo ou heteropolissacarideos (Badel et
al., 2011; Freitas et al., 2011). Os homopolissacarideos sdo os biopolimeros constituidos por
unidades repetidas de apenas um tipo simples de monossacarideos, enquanto que 0s
heteropolissacarideos sdo constituidos de diferentes monossacarideos (Donot et al., 2012).

Caracterizagao do caupi inoculado e co-inoculado com Bradyrhizobium sp. e BPCP’s

As espécies vegetais apresentam diferengas na dindmica de crescimento de acordo com o
suprimento de nitrogénio e carbono (Ghaley et al., 2005). Estas diferencas foram observadas em
termos de crescimento das raizes nas plantas de caupi associadas com Bradyrhizobium sp. e BPCP’s
nos diferentes periodos de coleta, ponto de florescimento (PF) e enchimento de grdos (EG) (Figura

4). No PF, o comprimento da raiz (CR) foi maior nas plantas inoculadas com o par simbi6tico
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BR 3267 + Paenibacillus graminis (MC 04.21) enquanto as plantas controle (TA) apresentaram 0s
menores valores médios de CR em relagdo aos demais tratamentos, pelo teste de Tukey (p<0,05)
(Figura 4). As baixas concentracGes de nitrogénio na solucdo do solo podem resultar em alteracdes
no crescimento radicular (Krapp et al., 2011), como observado nas plantas do grupo TA. As plantas
de caupi co-inoculadas com a tripartite [(BR 3267 + MC 04.21 + P. durus (C 04.50)] apresentaram
comprimento da raiz maior no EG do que no PF indicando que a co-inoculagdo em tripartite foi
capaz de manter a continuidade do processo de crescimento da raiz e da parte aérea (Figura 4).

A avaliacdo do crescimento e desenvolvimento das plantas € muito complexa por envolver o
efeito de fatores externos, bidticos e abioticos, sobre os processos fisioldgicos nas plantas (Dey et
al., 2004). A andlise das variaveis de crescimento permite inferir sobre a capacidade dos vegetais
em translocar adequadamente os fotoassimilados produzidos nos sitios de fixacdo através da
fotossintese para os locais de crescimento e diferenciacdo dos 6rgdos vegetais (Benincasa, 2003).
Além disso, a expansdo da area foliar é uma estratégia que permite ao vegetal expor as folhas a
maior intensidade luminosa e assegurar um maior aproveitamento da luminosidade (Martuscello et
al., 2009).

Durante o EG, as plantas co-inoculadas com o par simbidtico BR 3267 + C 04.50 e com a
tripartite apresentaram maior matéria seca de nédulos (MSN) em comparacdo as plantas inoculadas
apenas com a BR 3267 (Figura 5). Pode-se sugerir que esta resposta esta relacionada a presenca da
estirpe C 04.50 da bactéria Paenibacillus durus, que pode secretar compostos extracelulares —
particulares desta espécie bacteriana — na rizosfera, como aminoacidos, fitohorménios e metabolitos
secundérios, promovendo um ambiente favoravel ao desenvolvimento vegetal (Yoon et al., 2003).
Plantas inoculadas apenas com a BR 3267 apresentaram menor MSN em comparagdo aos demais
tratamentos avaliados no EG, fato possivelmente correlacionado ao processo de senescéncia que
provavelmente foi retardado pela presenca das BPCP’s.

Os valores médios de matéria seca da parte aérea (MSPA) mensurados nas plantas no PF e
no EG néo apresentaram diferenca significativa entre os diferentes tratamentos pelo teste de Tukey
(p<0,05) (Figura 6A), entretanto para a matéria seca de raiz (MSR) foram registradas diferencas
significativas durante o EG, ndo tendo ocorrido o mesmo no PF (Figura 6B). No EG, as plantas co-
inoculadas com BR 3267 + BPCP’s apresentaram as médias mais elevadas de MSR em relacdo aos
demais tratamentos, enquanto as plantas inoculadas apenas com BR 3267 apresentaram 0 menor
valor médio de MSR (Figura 6B). Esta resposta pode estar associada aos fitohormonios produzidos
e liberados pelas BPCP’s na superficie radicular que pode utilizar os fotoassimilados produzidos na
parte aérea para sustentar energeticamente as suas divisdes celulares garantindo seu crescimento

(Larrainzar et al., 2009).
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A ndo alteracdo da matéria seca da parte aérea com concomitante aumento da matéria seca
da raiz registrado nas plantas co-inoculadas com a BR 3267 + BPCP’s pode indicar que houve um
particionamento do suprimento de carbono mais efetivo nestas plantas do que nas inoculadas apenas
com a BR 3267, fato corroborado pela relacio MSPA/MSR. A relacdo MSPA/MSR néo sofreu
alterag0es significativas durante o PF entre todos os tratamentos avaliados, entretanto no EG houve
reducdo na relagdo MSPA/MSR nas plantas co-inoculadas com BR 3267 + BPCP’s em relago as
inoculadas apenas com a BR 3267 (Figura 6C). Essa resposta tem relacéo direta com a variacao de
MSR e reforca a ideia de que o fluxo de carbono fixado fotossinteticamente foi direcionado para
sustentar o crescimento das raizes e dos nodulos.

Foram registradas alteragBes nas variaveis de crescimento avaliados em resposta a
inoculacdo e co-inoculagdo do caupi com Bradyrhizobium sp. e BPCP’s. A taxa de crescimento
absoluto (TCA) foi mensurada nas plantas submetidas as diferentes combinagdes de
microrganismos até o PF (Tabela 2), tendo em vista que o fluxo metabdlico nas plantas apos o PF
encontra-se direcionado para o enchimento de grédos. No geral, os resultados mostraram que as
plantas TA e TN apresentaram TCA média similar ao observado para as plantas inoculadas com a
tripartite, enquanto que as plantas inoculadas com os pares simbio6ticos BR 3267 + MC 04.21 e
BR 3267 + C 04.50 apresentaram médias inferiores ao registrado para as plantas inoculadas apenas
com a BR 3267, pelo teste de Tukey a 5% de probabilidade (Tabela 2).

O crescimento dos nddulos interage fortemente com a parte aérea devido a competicdo pelos
fotoassimilados produzidos pelos vegetais (Voisin et al., 2010). Durante a fase vegetativa, a taxa
fotossintética tem efeito maior na massa seca total e declina drasticamente a medida que as vagens
comecam a se desenvolver e isto provavelmente pode estar relacionado com a queda do contetido
de nitrogénio total, da atividade da Rubisco (enzima responsavel por fixar o CO, durante a
fotossintese) e na integridade dos nddulos (Antolin et al., 2010; Ben Salah et al., 2011). Esta
afirmativa é corroborada pelo declinio no nimero de noédulos viaveis nas plantas coletadas no EG,
provavelmente uma resposta ao processo natural de senescéncia, e assim a quantidade dos nédulos
na zona radicular, e consequentemente a nodulacdo especifica (NE) e a eficiéncia da fixacdo de
nitrogénio (EFN;) das plantas de caupi foram mensuradas apenas no PF (Tabela 2).

O uso de BPCP’s promove intimeros efeitos benéficos tanto para as espécies vegetais como
também para a bactéria fixadora que levam igualmente ao incremento da FBN e da produtividade
vegetal (Dey et al., 2004; Compant et al., 2010). No presente estudo, foi possivel registrar aumento
do namero de nddulos (NN), nodulacéo especifica (NE) e EFN, em resposta a presenga das BPCP’s
(Tabela 2). As plantas co-inoculadas com a tripartite apresentaram o NN, a NE e a EFN, mais

elevados em comparagdo com as plantas inoculadas apenas com BR 3267, pelo teste de Tukey a 5%
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de probabilidade. Alem disso, ndo foram registradas diferencas significativas no teor de nitrogénio e
no nitrogénio acumulado na matéria seca da parte aérea (N,c), variaveis indicadoras do fluxo de
nitrogénio do rizobio para planta.

No teor de nitrogénio e o nitrogénio acumulado (Tabela 3) ndo foram registradas diferenca
significativa (p<0,05) e esta resposta pode estar relacionada com a ndo alteracdo na matéria seca dos
nodulos (MSN), como apresentado na figura 5. Segundo Dey et al. (2004), a quantidade de
nitrogénio fixado simbioticamente pela associacdo rizobio-planta pode estar relacionada com a
biomassa dos nddulos. Pode-se notar uma forte relagdo nas variaveis teor de nitrogénio, Nac e MSN,
que ndo apresentaram diferenca significativa (p<0,05). Para o teor de nitrogénio, observou-se
reducdo de 50% no EG em relacdo ao PF (Tabela 3) e esta resposta indica um possivel
redirecionamento do fluxo metabdlico do nitrogénio fixado nos nédulos para a formacao de vagens
e/ou o enchimento de grdos. Estes resultados corroboram com Ferreira et al. (2011) em seu estudo
com feijdo-caupi.

Calculou-se a eficiéncia e eficacia (Tabela 4) em comparacdo com as testemunhas absoluta
(TA) e nitrogenada (TN), respectivamente, nos dois periodos de coleta (PF e EG). As plantas
inoculadas apenas com a BR 3267 apresentaram um percentual médio de eficiéncia no PF menor
que o registrado para as plantas co-inoculadas com BR 3267 + BPCP’s (Tabela 4). No EG, as
plantas co-inoculadas com a BR 3267 + C 04.50 e co-inoculadas em tripartite mantiveram uma alta
eficiéncia em comparacdo aos demais tratamentos (Tabela 4). Segundo a classificacdo de Date &
Norris (1979), plantas com valores de eficiéncia acima de 85% sdo consideradas como muito
eficientes. As plantas co-inoculadas com BR 3267 + BPCP’s apresentaram eficacia maior que o
registrado para as plantas inoculadas apenas com BR 3267 no PF (Tabela 4). A eficacia das plantas
co-inoculadas com a BR 3267 + C 04.50 e co-inoculadas em tripartite foi claramente aumentada no
EG em relacdo ao PF. A maior eficiéncia e eficacia registrada nas plantas co-inoculadas com a
BR 3267 + BPCP’s pode indicar que a presen¢a das BPCP’s induziu uma melhor capacidade de
fixar o nitrogénio e fornecé-lo para o desenvolvimento vegetativo das plantas (Larrainzar et al.,
2009; Figueiredo et al., 2010).

Caracteristicas relacionadas com a producdo das plantas submetidas aos diferentes
combinagdes de BR 3267 + BPCP’s foram avaliadas e foram encontradas diferengas significativas
pelo teste de Tukey (p<0,05) em todas as diferentes variaveis analisadas [nUmero de vagens por
vaso (NV), o comprimento médio da vagem por vaso (CMV), peso da vagem por vaso (PV),
nimero de grdos por vaso (NG) e peso total de semente por vaso (PTS)] (Tabela 5). Nas plantas co-
inoculadas com a tripartite registrou-se o aumento de NV (87%), CMV (37%), PV (75%), NG

(68%) e PTS (49%) em comparacdo com plantas TA, pelo teste de Tukey (p<0,05). Comparando-se
107



as plantas co-inoculadas com a tripartite com plantas inoculadas apenas com BR 3267 houve
também aumento de NV (22%), CMV (5%), PV (22%), NG (4%) e PTS (12%).

Segundo Martins et al. (2003), a estirpe BR 3267 de Bradyrhizobium sp. € capaz de
estabelecer uma eficiente simbiose com caupi resultando em boa taxa de producdo de grdos em
comparagdo com o tratamento nitrogenado. De fato, neste estudo, os dados obtidos para as plantas
noduladas apenas com a BR 3267 foram estatisticamente semelhantes pelo teste de Tukey (p<0,05)
com os obtidos para TN, corroborando com Martins et al. (2003). Além disso, observou-se que a
co-inoculacao das plantas de caupi com a tripartite promoveu um maior nimero de gréos e vagens,
além de incremento nas demais varidveis de producdo analisadas. Estes resultados indicam que
houve neste tratamento uma manutencgéo da fixacdo e do transporte do nitrogénio fixado durante o
periodo de formacdo das vagens (Campo et al., 2009) e, portanto, ressaltam a importancia de uma

combinacdo ideal de microrganismos que promova aumento da produtividade.

CONCLUSOES

O polissacarideo microbiano extracelular apresenta-se como um heteropolissacarideo
polianidnico com fluido pseudoplastico pouco viscoso, revelando-se pela técnica de calorimetria
exploratoria diferencial um pico endotérmico que representa uma caracteristica favoravel tendo em
vista a possibilidade de seu uso em escala industrial. O seu uso como veiculo de inoculagdo foi
efetivo, e a combinacdo e compatibilidade de microrganismos introduzidos, em mistura, promoveu
uma melhor performance simbidtica, crescimento e produtividade no caupi no Espodossolo. As
plantas co-inoculadas com Bradyrhizobium sp. (BR3267) + Paenibacillus graminis
(MC 04.21) + P. durus (C 04.50) foram superiores nas varidveis relacionadas com a producéo e na

eficiéncia da fixacdo de N,.
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Figura 1. Anéalise térmica das amostras do EPS produzido pelo Rhizobium tropici (EI-6) por

calorimetria exploratéria diferencial (DSC).
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Figura 2. Avaliacdo da solucdo aquosa do EPS produzido pelo Rhizobium tropici a 1% (m/v) a

25 °C. (A) Viscosidade (n) em fungdo da varia¢do da taxa de deformacdo (0,01 a 1000 s-1) e (B)
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Figura 3. Monossacarideos e acidos derivados presentes no EPS de Rhizobium tropici (EI-6)
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Figura 4. Comprimento de raiz (CV=10,39%) de plantas de caupi inoculadas com Bradyrhizobium
sp. (BR 3267); co-inoculadas com BR 3267 + Paenibacillus graminis (MC 04.21); com BR 3267 +
P. durus (C 04.50); com BR 3267 + MC 04.21 + C 04.50; e sem inoculagdo, testemunhas absoluta
(TA) e nitrogenada (TN). Letras mindsculas iguais entre os tempos de coleta (PF, ponto de
florescimento; EG, enchimento de grdos) e maidsculas iguais entre os tratamentos ndo diferem entre

si pelo teste de Tukey (p<0,05).
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Figura 5. Matéria seca de nodulos (MSN; CV=28,19%) de caupi inoculadas com Bradyrhizobium
sp. (BR 3267); co-inoculadas com BR 3267 + Paenibacillus graminis (MC 04.21); com BR 3267 +
P. durus (C 04.50); com BR 3267 + MC 04.21 + C 04.50; e sem inoculagdo, testemunhas absoluta
(TA) e nitrogenada (TN). Letras mindsculas iguais entre os periodos de coleta (PF, ponto de
florescimento; EG, enchimento de grdos) e maidsculas iguais entre os tratamentos ndo diferem entre
si pelo teste de Tukey a 5% de probabilidade.
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raiz (MSR; CV=16,08%) e (C) relacdo MSPA/MSR (CV=16,97%) em plantas de caupi inoculadas
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04.21); com BR 3267 + P. durus (C 04.50); com BR 3267 + MC 04.21 + C 04.50; e sem
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periodos de coleta (PF, ponto de florescimento; EG, enchimento de grdos) e mailsculas iguais entre

os tratamentos ndo diferem entre si pelo teste de Tukey (p<0,05).
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Tabela 1. Caracterizag¢do quimica do Espodossolo (0-20 cm) utilizado no experimento.

pH P ca® Mg™ Na R S CTC Vv
(4gua) mgdm™ cmolc dm™ %
6,2 10 2,15 0,45 0,01 0,02 0,00 1,65 2,6 4,3 61

Tabela 2. Taxa de crescimento absoluto (TCA), nimero de nddulos (NN), nodulacdo especifica
(NE) e eficiéncia da fixagédo de nitrogénio (EFN>) em caupi inoculado com Bradyrhizobium sp. (BR
3267); co-inoculadas com BR 3267 + Paenibacillus graminis (MC 04.21); com BR 3267 + P. durus
(C 04.50); com BR 3267 + MC 04.21 + C 04.50; e sem inoculacdo, testemunhas absoluta (TA) e
nitrogenada (TN).

Tratamentos TCeA NN NE =P,
(cmdia®)  (vasol)  (NNg*MSR) (mgN g™ MSN)

BR 3267 2,65 b 187,50 ¢ 139,82 ¢ 1036,61 b
BR 3267 + MC 04.21 1,83¢ 273,50 a 180,93 a 833,91 b
BR 3267 + C 04.50 2,28 ¢ 302,50 a 187,33 a 916,84 b
BR 3267 + MC 04.21 + C 04.50 3,76 a 210,00 b 140,56 b 1256,59 a
TA 4,40 a 157,75 d 119,27 d 792,21 ¢
TN 3,882 161,25 d 108,39 d 1033,06 b

CV(%) 15,33 8,97 16,19 7,86

Na coluna, as médias seguidas da mesma letra ndo diferem estatisticamente entre si pelo teste de Tukey
(p<0,05).
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Tabela 3. Teor de nitrogénio (Teor de N) e nitrogénio acumulado (N,.) na parte aérea de plantas de
caupi inoculadas com Bradyrhizobium sp. (BR 3267); co-inoculadas com BR 3267 + Paenibacillus
graminis (MC 04.21); com BR 3267 + P. durus (C 04.50); com BR 3267 + MC 04.21 + C 04.50; e
sem inoculacdo, testemunhas absoluta (TA) e nitrogenada (TN) nos diferentes periodos de coleta

(PF, ponto de florescimento; EG, enchimento de graos).

Teor de N Nac
Tratamentos
PF EG PF EG

BR 3267 34,02 aA 13,55 bA 186,95 aA 143,22 aA
BR 3267 + MC 04.21 29,12 aA 16,35 bA 174,44 aA 172,71 aA
BR 3267 + C 04.50 32,52 aA 15,52 bA 184,28 aA 202,20 aA
BR 3267 + MC 04.21 + C 04.50 32,20 aA 15,15 bA 192,43aA 182,51 aA
TA 31,15 aA 14,67 bA 178,19 aA 174,43 aA
TN 30,10 aA 16,60 bA 203,65aA 213,52 aA
CV (%) 11,15 18,47

Nas linhas (letras minasculas) e nas colunas (letras maitsculas), médias seguidas de mesma letra ndo diferem
estatisticamente, entre si, pelo teste de Tukey (p<0,05).

Tabela 4. Eficiéncia e eficacia em caupi inoculado com Bradyrhizobium sp. (BR 3267); co-
inoculadas com BR 3267 + Paenibacillus graminis (MC 04.21); com BR 3267 + P. durus
(C 04.50); com BR 3267 + MC 04.21 + C 04.50 nos diferentes periodos de coleta (PF, ponto de
florescimento; EG, enchimento de graos).

Eficiéncia (%)" Eficacia (%)°
Tratamentos

PF EG PF EG
BR 3267 99 92 82 87
BR 3267 + MC 04.21 106 90 88 86
BR 3267 + C 04.50 102 111 84 104
BR 3267 + MC 04.21 + C 04.50 108 105 89 98

'Eficiéncia = (matéria seca da parte aérea (MSPA) dos tratamentos inoculados + MSPA da testemunha
absoluta) x 100; *Eficacia = (matéria seca da parte aérea (MSPA) dos tratamentos inoculados + MSPA da
testemunha nitrogenada) x 100.

118



Tabela 5. Numero de vagens por vaso (NV), comprimento médio da vagem por vaso (CMV), peso
da vagem por vaso (PV), numero de gréos por vaso (NG) e peso total de semente por vaso (PTS) de
plantas de caupi inoculadas com Bradyrhizobium sp. (BR 3267); co-inoculadas com BR 3267 +
Paenibacillus graminis (MC 04.21); com BR 3267 + P. durus (C 04.50); com BR 3267 + MC 04.21
+ C 04.50; e sem inoculacdo, testemunha absoluta (TA) e nitrogenada (TN).

Tratamentos NV CMV PV NG PTS
(und.vaso®)  (cmvaso?)  (gvasol)  (und.vasol)  (gvaso™)
BR 3267 5,75 ab 18,92 ab 14,38 ab 56,25 ab 10,76 ab
BR 3267 + MC 04.21 5,50 abc 1948ab 13,87 abc 49,50 ab 10,61 ab
BR 3267 + C 04.50 6,00 ab 18,34ab 14,10 abc 46,50 ab 10,50 ab
BR 3267 + MC 04.21 + C 04.50 7,00 a 19,84 a 17,59 a 58,50 a 12,06 a
TA 3,75¢ 14,52 b 10,08 ¢ 34,75 b 8,08 b
TN 4,75 bc 17,17 ab 12,51 bc 48,25 ab 9,46 ab
CV(%) 14,03 12,15 13,25 20,32 12,19

Nas colunas, as médias seguidas da mesma letra ndo diferem estatisticamente entre si pelo teste de Tukey
(p<0,05).
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