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RESUMO

A Fixacdo Biologica de Nitrogénio (FBN), processo no qual o nitrogénio
atmosférico é convertido & amonia, € muito bem estabelecida entre bactérias diazotroficas
coletivamente chamadas de rizobios e espécies leguminosas. No Brasil, esse tipo de
associacao (simbiotica) supre totalmente a necessidade de nitrogénio na cultura da soja.
Para que a infeccdo seja efetiva e possa resultar na formacdo de um nodulo capaz de
sustentar o processo de FBN conduzido pelo bacterioide, o rizobio necessita, previamente,
reconhecer e responder a presenca das raizes da planta compativel. As associacfes
simbidticas entre rizobios e plantas leguminosas séo altamente especificas, de forma que
cada espécie, ou até mesmo estirpe de rizébio, possui uma gama definida de plantas as
quais esta apto a se associar, e vice-versa. A principal funcdo dos produtos dos genes de
nodulacdo (nod) é garantir a troca de sinais entre os dois organismos envolvidos na relacao
simbidtica, onde os produtos dos genes nod regulatérios atuam no controle da expressdo de
genes nod estruturais. A expressdo de genes nod estruturais, via de regra, ndo ocorre de
forma auténoma nos micro-organismos simbiontes do género Bradyrhizobium, requerendo
assim a presenca de moléculas sinalizadoras secretadas pelas raizes das plantas
(predominantemente flavonoides) e ativadores transcricionais do tipo-LysR — as proteinas
NodD regulatérias. Neste contexto, motivos especificos das proteinas NodD ligam-se a
sequéncias conservadas na regido promotora do operon nod, conhecidas como nod boxes,
mediando a transcricdo dos genes nod. Aparentemente, este sistema regulatério
envolvendo as proteinas NodD esta presente na maioria das estirpes de Rhizobium,
Bradyrhizobium e Azorhizobium, sugerindo um mecanismo geral de controle da nodulagéo.
Em B. diazoefficiens, duas proteinas NodD foram identificadas, com funcdes e padrdes de
expressdo distintos: NodD;, ativador da transcricdo dos genes nod responsivo aos
flavonoides liberados pelas raizes das plantas, e NodD,, com ag&o contréria, atuando como
repressor da transcricdo desses genes. Enquanto existe uma quantidade relativamente
grande de conhecimento em relagédo a genética e aos mecanismos moleculares que regulam
a expressao dos genes envolvidos na nodulacdo de B. diazoefficiens, incluindo a sequéncia
completa de seu genoma, informacGes sobre a genética de B. elkanii ainda s&o
relativamente escassas, mesmo que existam alguns dados gendmicos disponiveis. Neste
trabalho, sequéncias genémicas de seis linhagens de B. elkanii foram comparadas com o

genoma da linhagem de referéncia B. diazoefficiens USDA 110 com o objetivo de elucidar



mecanismos envolvidos na expresséo dos genes nod, especialmente aqueles relacionados
ao operon e ao regulon nod. Os resultados obtidos permitiram acrescentar aspectos
importantes no modelo de regulacdo apresentado para a linhagem de referéncia e que pode

ser estendido para linhagens de B. elkanii.



ABSTRACT

The Biological Nitrogen Fixation (BNF), process in which atmospheric nitrogen is
converted to ammonia, is well established among diazotrophs collectively called rhizobia
and legume species. In Brazil, this type of symbiotic association fully meets the need for
nitrogen in soybean crop. To infection be effective and result in the formation of a nodule
able to sustain the BNF process lead by the bacterioid, the rhizobia need previously to
recognize and respond to the presence of the root of a compatible plant. The symbiotic
associations between rhizobia and leguminous plants are highly specific, so that each
species or even strain of rhizobia has a defined range of plants to which it is able to
associate, and vice-versa. The main function of the products of nodulation (nod) genes is to
guarantee the exchange of signals between the two organisms involved in the symbiotic
relationship, where the products of regulatory nod genes act to control the expression of
structural nod genes. The expression of structural nod genes usually does not occur
independently in the symbiotic microorganisms of the Bradyrhizobium genus, thus
requiring the presence of signalling molecules secreted by plant roots (predominantly
flavonoids) and transcriptional activators — the LysR-type regulatory NodD proteins. In
this context, NodD proteins bind to specific motifs of conserved sequences in the promoter
region of the nod operon, known as nod boxes, mediating transcription of the nod genes.
Apparently, this regulatory system involving NodD proteins is present in most strains of
Rhizobium, Bradyrhizobium and Azorhizobium, suggesting a general mechanism of
nodulation control. In B. diazoefficiens two NodD proteins were identified with distinct
functions and expression patterns: NodD;, a flavonoid responsive transcriptional activator
of nod genes, and NodD, with counteraction, acting as a transcriptional repressor of these
genes. While there is a relatively large amount of knowledge about the genetics and
molecular mechanisms that regulate the expression of genes involved in B. diazoefficiens
nodulation, including the complete sequence of its genome, genetic information concerning
B. elkanii is still relatively sparse, even if there are some available genomic data. In this
study, genomic sequences of six strains of B. elkanii were compared with the genome of
the reference strain B. diazoefficiens USDA 110 in order to elucidate mechanisms involved
in the expression of nod genes, especially those related to the nod operon and the nod
regulon. The results obtained allowed to add important aspects in the regulatory model

presented to the reference strain and that could be extended to strains of B. elkanii.



1 INTRODUCAO

1.1 Nitrogénio: um desequilibrio necessario?

O nitrogénio (N) é considerado nutriente mineral essencial aos seres vivos, sendo
constituinte priméario de biomoléculas indispensaveis a manutencdo da vida como &cidos
nucleicos, determinantes dos aspectos genéticos, e proteinas, responsaveis pelo
metabolismo celular. Apesar da abundancia na natureza, perfazendo aproximadamente
78% do volume total da atmosfera terrestre, este elemento existe como gas diatdmico,
também conhecido como dinitrogénio (N;) ou nitrogénio molecular, uma substancia
relativamente inerte e biologicamente indisponivel para a grande maioria dos organismos.
Neste contexto, sua utilizacdo fica previamente sujeita a quebra da ligacao tripla entre os
atomos de N e a subsequente ligacdo dos atomos resultantes com um ou mais elementos
essenciais: (i) oxigénio e/ou hidrogénio, pelo processo de fixacdo, ou (ii) carbono, por
meio da assimilacdo de N (Galloway, 1998, Galloway et al., 2002).

A dindmica e produtividade de grande parte dos ecossistemas marinhos e terrestres
ndo-manejados, bem como ecossistemas agricolas e florestais sob manejo, sdo limitadas
pelo suprimento de nitrogénio em uma forma reativa ou biologicamente disponivel
(Vitousek et al., 1997). O processo fisico-quimico de fixacdo de N, também conhecido
como processo de Haber-Bosch (Haber, 2002), possibilitou a producdo de fertilizantes
nitrogenados em escala industrial, promovendo uma rapida ascensdo do volume de N
reativo no ambiente, computados em mais de 113 Tg para o ano de 2015 (Smil, 1999,
FAO, 2011). Com a adocéo de praticas de fertilizacdo mineral em varias regiGes do globo,
a produtividade das principais culturas agricolas registrou incrementos consideraveis,
estimando-se aumento de 1,9 para 4,3 na capacidade de suporte de habitantes por hectare
de terra aravel entre 1908 e 2008 (Erisman et al., 2008), e provendo assim, sustento a um
adicional de 5,4 bilhdes na populacdo mundial ao longo do mesmo periodo (Smil, 1999).

Embora o enriquecimento de N mineral na agricultura demonstre consisténcia no
suporte as atividades, acarretando no aumento de produtividade e acimulo substancial de
biomassa em curto e médio prazos, a ampliacdo na disponibilidade de N reativo nos
ecossistemas por meio do processo de fixacdo industrial apresenta varias questdes
negativas. A absorcdo de carbono na biosfera e posterior implicancia desta no sistema

climético, por exemplo, é fortemente influenciada pela ciclagem de nutrientes como o N.



Em sistemas globais acoplados, alteracBes neste componente biogeoquimico terrestre
podem alterar o ciclo global de carbono (C), afetando tanto o aumento na taxa de dioxido
de carbono na atmosfera quanto a resposta dos ecossistemas a este aumento. Em ultima
instancia, alteracdes fundamentais no comportamento de mecanismos de feedback criticos
que operam entre a biosfera terrestre e o sistema climético global podem ser observadas,
eventualmente ocasionando reducdo da biodiversidade (Thornton et al., 2007, Schimel et
al., 2015). Adicionalmente, a acidificacdo e eutrofizacdo de ecossistemas terrestres e
aquaticos, além da poluicdo atmosférica, decorrentes da producdo e utilizacdo excessiva de
N mineral, impactam direta e/ou indiretamente a satde humana (Cowling et al., 2002,
Swanston et al., 2004, Trentman et al., 2015); estes, por sua vez, aliados a fatores de
ordem econdmica, como o elevado custo energético para a sintese de amonia pelo processo
Haber-Bosch, ressurgem a discussdo quanto a sustentabilidade desta pratica (Smil, 1999,
Galloway et al., 2004).

1.2 Fixacao Bioldgica de Nitrogénio: o processo de simbiose e seus protagonistas

O acumulo de evidéncias cientificas, relacionando os atuais padrGes de fertilizacao
nitrogenada nos principais sistemas de cultivo a diversos efeitos adversos, tem enfatizado a
importancia do desenvolvimento e da adocdo de estratégias produtivas mais sustentaveis.
Entretanto, o grande desafio destas préaticas, e em especial, a reducdo ou substituicdo da
fertilizacdo mineral, reside na conciliacdo de atividades ambientalmente coerentes capazes
de produzir alimentos seguros para o consumo humano, de forma rentavel e sem
comprometer a produtividade dos cultivos (1994). Sob condi¢bes naturais, o N reativo é
majoritariamente oriundo do processo de fixacdo bioldgica de nitrogénio (FBN),
responsavel por um aporte anual estimado entre 90-130 Tg de N em ecossistemas
terrestres, e 40-200 Tg de N em ecossistemas marinhos, além da precipitacdo atmosférica
em funcdo de descargas elétricas, cuja contribuicdo, mais modesta, € na ordem de 3-10 Tg
de N por ano (Galloway, 1998, Galloway et al., 2008).

A conversdo de N, a aménia ou outras formas reativas de N € considerado o
segundo processo de maior relevancia bioldgica ap6s a fotossintese (Sylvia, 2005), tendo a
FBN como principal mecanismo e responsavel por um montante total de N fixado
equivalente a quantidade global de aménia produzida pela inddstria quimica de

fertilizantes (Denarie et al., 1993). O processo de FBN ¢ essencialmente catalisado pelo



complexo enzimético da nitrogenase e é realizado por um grupo especializado de
procariotos, chamados de diazotréficos. Esse grupo inclui bactérias de vida livre,
cianobactérias, e, sobretudo, endossimbiontes da classe alfa-proteobactéria pertencentes a
familia Rhizobiaceae, mais especificamente aos géneros Rhizobium, Mesorhizobium,
Ensifer, Bradyrhizobium e Azorhizobium, coletivamente conhecidos como rizébios (Gage,
2004, Carrareto Alves et al., 2014).

O complexo enzimatico da nitrogenase é composto de duas subunidades:
dinitrogenase redutase (produto do gene nifH), também chamada de Fe-proteina, e
dinitrogenase (produto dos genes nifDK), também chamada de MoFe-proteina (Rangaraj et
al., 2001, Dixon et al.,, 2004). Durante a catélise, a dinitrogenase é reduzida pela
dinitrogenase redutase, um elétron por vez, até a quantidade suficiente de elétrons (em
geral oito) ser acumulada para subsequente reducao do substrato (Dixon et al., 2004). Esse
processo demanda um aporte consideravel de energia: pelo menos 16 moléculas de ATP
sd0 necessarias para cada molécula de N, reduzida. Consequentemente, existem diversos
niveis de controle na expressdo dos genes envolvidos, além de mecanismos de controle em
nivel posterior a transcri¢do (Fu et al., 1989, Halbleib et al., 2000, Rangaraj et al., 2001,
Dixon et al., 2004).

Os genes envolvidos no processo de FBN, ou genes nif (de nitrogen fixation),
foram primeiramente caracterizados na bactéria diazotrofica de vida livre Klebsiella
pneumoniae, e em sua maioria estdo envolvidos na montagem e estabilizacdo do complexo
enzimatico da nitrogenase. Existe uma grande similaridade com relacdo a estrutura,
organizacéo e funcéo dos genes nif nos diversos organismos estudados quando comparados
a K. pneumoniae. Nesta bactéria, os genes estdo localizados em uma regido de 24.000
pares de base, organizados em oito operons (Arnold et al., 1988). Os genes estruturais da
nitrogenase estdo localizados no mesmo operon (nifHDK). Muitos dos outros genes nif
estdo envolvidos na sintese do cofator da enzima, FeMo-co, entre eles nifE, nifN, nifV, nifB
e nifQ. Existem ainda genes envolvidos no transporte de elétrons, como os genes nifJ e
nifE, e genes envolvidos na regulacdo da expressdo dos demais genes nif, como nifA e nifL
(Dixon, 1984, Arnold et al., 1988).

Os rizobios possuem a habilidade particular de estabelecer associa¢es simbiéticas
com determinadas espécies vegetais da familia Leguminosae, no intuito de reduzir o N, a

amonia (Sadowsky et al., 2013). Posteriormente, o N fixado pelo micro-organismo €
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disponibilizado a planta em troca de uma fonte carbono fixado pelo vegetal, de forma que
ambos 0s organismos se beneficiem desta relagdo (Desbrosses et al., 2011). O processo de
simbiose entre rizébios e plantas leguminosas culmina com a formacdo de Orgaos
especificos elicitados pelo procarioto sobretudo nas raizes do vegetal, os nddulos, onde
ocorre a FBN. Como o complexo enzimatico da nitrogenase é irreversivelmente inativado
pelo oxigénio, ha necessidade de manutencdo deste em condicBes microaerobicas,
proximas a anoxia. Este ambiente é viabilizado pelo sequestro da maquinaria metabdlica
no interior do nodulo: um conjunto de células diferenciadas com caracteristicas
morfolégicas e bioquimicas que limitam a exposicdo do complexo da nitrogenase ao
oxigénio (Gage, 2004).

Apesar das particularidades conferidas pelo amplo aparato bioguimico e molecular
utilizado pelos rizébios para infectar legumes, a nodulacéo (i.e. a formacdo do nddulo)
apresenta uma sequéncia de eventos comuns ao processo, resultando na sincronizagéo de
dois processos altamente coordenados que ocorrem paralelamente: (i) o re-inicio da divisdo
celular no cértex da raiz, levando a formacao do primoérdio do nédulo; e (ii) o processo de
infeccdo bacteriana, que tem como alvo tal primoérdio (Madsen et al., 2010). Nos estadios
iniciais da simbiose, os rizébios necessitam deslocar-se da superficie até o interior do
tecido radicular, onde colonizardo as células do primérdio do nédulo. Em nivel celular,
esta infeccdo inicia com o aprisionamento da bactéria entre as paredes celulares na
extremidade de um pelo radicular deformado, geralmente apresentando uma curvatura
acentuada ou “enrolamento” induzido pelo proprio micro-organismo (McCoy, 1932). Em
seguida, a secrecdo de enzimas hidroliticas pelo simbionte promove a degradacdo local da
parede celular e a subsequente invaginacdo da membrana plasmatica das células vegetais,
dando origem a uma estrutura tubular que atravessa o pelo em diregdo ao cortex radicular,
0 chamado cordéo de infeccdo (Callaham et al., 1981, Madsen et al., 2010). Ao atingir o
primordio do nddulo, o corddo de infeccdo ramifica-se e a crescente populagéo de rizobios
contida ao longo desta estrutura € liberada nas células vegetais, passando por um processo
de endocitose preliminar pelo qual as células procaridticas sdo subcompartimentalizadas
por uma membrana peribacterioide, essencial ao estabelecimento funcional da
endossimbiose (Verma, 1992, Verma et al., 1993). A continuidade dos processos de

divisdo celular e concomitante infeccdo dao origem ao nddulo propriamente dito.
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Entretanto, para que a infeccdo seja efetiva e possa resultar na formacdo de um
nodulo capaz de sustentar o processo de FBN conduzido pelo bacteroide, previamente o
rizobio necessita reconhecer e responder a presenca das raizes da planta compativel. As
associacOes simbidticas entre rizobios e plantas leguminosas sdo altamente especificas, de
forma que cada espécie, ou até mesmo estirpe de rizobio, possui uma gama definida de
plantas as quais esta apto a se associar, e vice-versa (Desbrosses et al., 2011, Wang et al.,
2012). Além do programa genético governado pelo vegetal, um nimero consideravel de
genes procaridticos esta envolvido no controle da especificidade da interacdo, infeccéo e
nodulacéo.

Os genes nod, por exemplo, sdo classificados em duas categorias: genes nod
estruturais e genes nod regulatdrios (Tabela 1). A principal funcdo dos produtos dos genes
nod é garantir a troca de sinais entre os dois organismos envolvidos na relacdo simbidtica,
onde os produtos dos genes nod regulatorios atuam no controle da expressdo de genes nod
estruturais. Em um primeiro momento, os produtos dos genes nod regulatorios estdo
envolvidos na deteccdo de moléculas sinalizadoras provenientes da planta, presentes nos
exudatos radiculares, denominadas de flavonoides. Os produtos dos genes nod regulatérios
ativam, entdo, a expressdo dos genes nod estruturais, determinando a producdo de
lipoquitooligosacarideos (LCOs) por parte da bactéria, conhecidos como fatores Nod. Por
fim, estas moléculas sdo secretadas no meio e atuam em uma via de sinalizacdo de
feedback para com o vegetal (Denarie et al., 1993).

Além disso, varios outros compostos liberados pelas plantas (betainas, xantonas,
acidos, jasmonatos e compostos fenélicos simples) podem atuar como indutores dos genes
de nodulacéo de rizdbios (genes nod); fito-hormonios (auxinas, citocininas e etileno), bem
como peroxido de hidrogénio (H,O,) e &cido nitrico (NO) também exercem papel na
simbiose (Janczarek et al., 2015). De fato, a bactéria exerce um impacto essencial no
estabelecimento de uma simbiose efetiva com a leguminosa compativel. Além do principal
sinal do rizébio — os fatores Nod — muitos componentes de superficie e proteinas estdo
envolvidos em Vérias etapas das interacfes simbidticas. Estes incluem polissacarideos
complexos localizados na membrana externa ou acumulados na superficie das células
bacterianas, incluindo, por exemplo, lipopolissacarideos, polissacarideos antigeno-K,
polissacarideo extracelular, polissacarideo neutro e polissacarideo formador de gel

(Fraysse et al., 2003). Outros compostos bacterianos como N-acil-homoserina-lactonas,
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opanoides, luminocromo, bradioxetina, &cido indol-acético, além de proteinas especificas,
principalmente as secretadas pelos sistemas de secre¢do do tipo | e I11, também participam

na sinalizacao simbiotica (Janczarek et al., 2015).

Tabela 1. Relagdo dos genes nod identificados em Bradyrhizobium diazoefficiens USDA 110. Genes nod
regulatérios encontram-se em negrito; todos os demais representam genes nod estruturais.

nodwW bll1714 regulador sistema de dois componentes  GO:0006355 684 227
nodV bll1715 regulador sistema de dois componentes  GO:0018106 2670 889
nolY bl12016 ND* ND 729 242
nolz bsl2015 ND ND 228 75

nolA bl12019 regulador transcricional tipo-MerR G0:0006355 573 190
nodD, bl12021 regulador transcricional tipo-LysR GO0:0006355 993 330
nodD; bl12023 regulador transcricional tipo-LysR GO:0006355 945 314
nodY blr2024 ND ND 639 212
nodA blr2025 acil-transferase G0:0008415 633 210
nodB blr2026 quito-oligossacarideo desacetilase GO:0005975 456 151
nodC blr2027 quitina-sintase G0:0016758 1458 485
nodS blr2028 N-metil-transferase G0:0009877 528 175
nodU blr2029 6-O-carbamoyl transferase GO:0009058 1710 569
nodl blr2030 transportador fatores Nod G0:0009877 921 306
nodJ blr6578 transportador ABC / permease G0:0006810 789 262
nolM bsr2032 ND ND 174 57

nolN blr2033 ND ND 396 131
nolO blr2034 carbamoil transferase G0:0009058 1608 535
nodz BIr2035 hexosil-transferase G0:0009877 1113 370

*ND = ndo determinado/confirmado

1.3 Circuito de genes nod regulatorios: o dialogo molecular na simbiose
A expressdo de genes nod estruturais ndo ocorre de forma autdbnoma nos micro-
organismos simbiontes, requerendo, assim, a presenca de moléculas sinalizadoras

secretadas pelas raizes das plantas (predominantemente os flavonoides) e ativadores
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transcricionais do tipo-LysR proprios - as proteinas NodD regulatorias. Neste contexto,
motivos especificos das proteinas NodD ligam-se as sequéncias conservadas na regiao
promotora dos operons nod, conhecidas como nod boxes (Goethals et al., 1992), mediando
a transcricdo dos genes de nodulacdo (nod). Aparentemente, este sistema regulatorio
envolvendo as proteinas NodD esta presente na maioria das estirpes de Rhizobium,
Bradyrhizobium e Azorhizobium, sugerindo um mecanismo geral de controle da nodulagéo
(Denarie et al., 1993).

A especificidade da interacdo simbiotica entre a planta leguminosa e a estirpe de
rizobio resulta em parte da regulacdo dos genes nod dependente de NodD em resposta aos
coqueteis de flavonoides exudados pelas raizes de cada planta. Em outros termos, a
expressao de genes nod é elicitada em funcdo de diferentes combinac6es de flavonoides de
forma altamente especifica, mediada pela(s) proteina(s) NodD do micro-organismo
envolvido (Denarie et al., 1992, Peck et al., 2006). Consistentemente, estirpes de rizobios,
cuja associacao restringe-se a um menor nimero de plantas, apresentam ativagdo de NodD
por um grupo limitado de moléculas sinalizadoras, enquanto estirpes de rizobios com
NodD ativada por um amplo espectro de moléculas demonstram maior gama de espécies
vegetais com as quais sdo capazes de estabelecer a relacdo de simbiose (Gyorgypal et al.,
1991).

Apesar da falta de evidéncias bioquimicas diretas, aspectos genéticos suportam a
hiptese de uma interacdo direta de NodD na percep¢do de flavonoides. Inicialmente, a
presenca de uma copia funcional do gene nodD demonstra-se necessaria e suficiente para
induzir a expressdo de genes nod estruturais na presenca de flavonoides (Mulligan et al.,
1985), enquanto mutagdes pontuais em NodD sdo capazes de alterar esta expressdo em
resposta a diferentes moléculas sinalizadoras (Burn et al., 1987). A construcao de quimeras
de NodD, pela transferéncia de determinados genes nodD para diferentes espécies/estirpes
de rizébios, também altera a sensitividade a determinadas combinacdes de flavonoides
quanto a transcricdo de genes nod estruturais, indicando uma percep¢do potencial do
espectro de moléculas indutoras pelas distintas proteinas NodD (Spaink et al., 1987).
Finalmente, a localizacdo subcelular sugere que NodD encontra-se primariamente
associada a porcdo interna da monocamada, na membrana plasmatica bacteriana
(Schlaman et al., 1989), coincidindo com a regido de maior acumulo de flavonoides, onde

possivelmente ocorra a interagdo de NodD com estas moléculas (Recourt et al., 1989).
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Subsequente a percepcdo das moléculas sinalizadoras e consequente “ativagdo”,
NodD liga-se aos respectivos nod boxes com maior afinidade, sugerindo a existéncia de
uma forma solavel passivel de translocacdo da membrana para o citosol sob condicGes de
elevada concentracdo da proteina (Schlaman et al., 1989). Sendo o produto génico de nodD
a unica proteina celular soltvel capaz de se ligar especificamente as sequéncias dos nod
boxes, o envolvimento de uma proteina intermediaria mediando a transferéncia da
informacdo parece pouco plausivel (Fisher et al., 1988). Adicionalmente, a regido N-
terminal de NodD apresenta o motivo de ligacdo ao DNA helix-turn-helix (H-T-H)
homologo aquele presente em ativadores transcricionais do tipo-LysR (Henikoff et al.,
1988), alocando, assim, a proteina na mesma familia. Apesar de uma descricéo inicial dos
nod boxes como sequéncias altamente conservadas de aproximadamente 47-49 pares de
bases, estudos posteriores envolvendo regifes promotoras dos genes nod em espécies dos
géneros Bradyrhizobium e Azorhizobium constataram menor grau de conservagdo dos nod
boxes, revelando a existéncia de ao menos duas sequéncias palindromes invertidas
contendo o motivo ATC-Ng-GAT, as quais NodD; liga-se de forma tetramérica, induzindo
a expressdo dos respectivos genes nod estruturais (Wang et al., 1991, Goethals et al.,
1992).

O primeiro passo na formacdo dos fatores Nod se da a partir do produto do gene
nodC, uma N-aceti-glucosamil-transferase. Essa enzima sintetiza um quitooligossacarideo,
alongando a cadeia em terminacdes ndo reduzidas. A desacetilase NodB (produto de nodB)
remove 0 N-acetil da extremidade dos oligossacarideos da N-acetilglucosamina, e,
finalmente, uma acetiltransferase, codificada por nodA, liga a cadeia acil ao acetil livre da
extremidade do oligossacarideo (Mergaert et al., 1997, Perret et al., 2000). As proteinas
Nodl e NodJ, apesar de ndo serem essenciais para a formacdo dos fatores Nod,
possivelmente estejam envolvidas na exportagdo destes (Perret et al., 2000). As proteinas
NodABC séo suficientes para a inducdo da nodulacdo na maioria das plantas leguminosas
hospedeiras, uma vez que formam a cadeia principal dos fatores Nod. Os outros
componentes Nod, no entanto, possuem papel mais sutil na nodulagdo, podendo ampliar a
gama de plantas hospedeiras, ou mesmo agir na prote¢do da degradacdo dos fatores Nod
(Perret et al., 2000). Entre os genes cujos produtos estdo envolvidos nesses processos estao
nodEF, responsaveis por adicionar acidos graxos a cadeia principal; noeC, responsavel

pela arabinosilacdo; nodZ e nolK, responsaveis pela fucosilagdo; nodH e noeE,
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responsaveis pela sulfacdo; nodL, nodX e nolL, responsaveis pela acetilagdo; nodS, nodU e
nolO, responséaveis pela N metilacdo e carbomilacdo, e noel, responsavel pela 2-O-
metilacdo (Carlson et al., 1993, Mergaert et al., 1997, Perret et al., 2000, Geurts et al.,
2002).

1.4 Regulacéo da transcricdo dos genes relacionados a simbiose

Os genes de nodulacdo de rizobios, via de regra, estdo organizados em operons, e
estes podem estar localizados no cromossomo ou em grandes plasmideos, dependendo da
espécie (Chen et al., 2005). Conforme mencionado, genes nod estruturais sdo regulados
pelas proteinas NodD (produto dos genes nodD), que pertence a familia de ativadores
transcricionais do tipo LysR em bactérias. De acordo, a proteina NodD, uma vez em
contato com o flavonoide especifico exudado pela planta hospedeira, sofre uma mudanca
conformacional e liga-se aos nod boxes situados nas regides promotoras dos genes nod, nol
e noe (Stacey, 1995, Viprey et al., 1998, Chen et al., 2005, Bais et al., 2006). A expresséo
dos genes nod por sua vez, leva a sintese dos fatores Nod (Perret et al., 2000, Bais et al.,
2006).

Em B. diazoefficiens, duas proteinas NodD foram identificadas, com funcgdes e
padrdes de expressdo distintos: NodD1, ativador da transcricdo dos genes nod responsivo
aos flavonoides liberados pelas raizes das plantas (a exemplo genisteina e daidzeina);
NodD,, com acdo contraria, atuando como repressor da transcricdo desses genes. Um
mecanismo similar de acdo destas proteinas também ocorre em Rhizobium sp.NGR234
(Fellay et al., 1998, Loh et al., 2001, Loh et al., 2003). Curiosamente, além da inducdo por
flavonoides como genisteina e daidzeina, NodD; em B. diazoefficiens apresenta auto-
regulagdo, um mecanismo distinto daquele adotado em Rhizobium sp. cuja expresséo é
constitutiva (Loh et al., 2003).

Apesar da relevancia de NodD; para expressdao dos genes nod, mutantes de B.
diazoefficiens defectivos nesta proteina ainda sdo capazes de nodular suas plantas
hospedeiras, mesmo que com menor eficiéncia quando comparados a bactéria de tipo
selvagem (Sanjuan et al., 1994, Loh et al., 1997). Aparentemente contraditorio, este
paradoxo foi posteriormente resolvido com a descoberta de um sistema regulatorio
adicional, NodVW, também envolvido na ativacao de genes nod via isoflavonas (Sanjuan

et al., 1994). O sistema NodVW ¢ especialmente importante na formagdo de ndédulos em
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plantas hospedeiras alternativas, a exemplo Vigna unguiculata, V. radiata e Macroptilium
atropurpureum (Gottfert et al., 1992, Sanjuan et al., 1994), entretanto ndo é requerido para
a nodulacéo de soja (Loh et al., 1997). A anélise genémica de nodVW indica que ambos
produtos pertencem a familia de proteinas reguladoras do tipo dois-componentes (two-
component system). Membros desta familia sdo agrupados em duas subclasses: sensores e
reguladores. Apo6s a deteccdo do estimulo ambiental correto, o sensor transduz o sinal para
o regulador, que por sua vez, controla a expressdo dos genes alvo em um processo mediado
por diversos passos de fosforilacdo. Ao receber o estimulo, o dominio quinase do sensor é
autofosforilado em um residuo de histidina conservado. Esta quinase ativada transfere
entdo o grupamento fosforil para um residuo de aspartato no dominio N-terminal da
proteina reguladora, promovendo sua ativacdo. No caso das proteinas NodVW, sugere-se
que NodV funcione como o sensor e NodW como o regulador, controlando a transcrigdo
dos genes nod em B. diazoefficiens (Sanjuan et al., 1994, Loh et al., 1997).

Adicionalmente, verifica-se que NolA também é essencial para nodulacdo efetiva
de uma planta hospedeira por B. diazoefficiens, atuando como um dos dois reguladores
negativos da transcricdo de genes de nodulacdo, juntamente com a proteina NodD (Loh et
al., 2001, Krause et al., 2002). Diferentemente dos genes de nodulacdo, nolA ndo é
induzido por isoflavonas, com evidéncias indicando que sua transcri¢cdo possa ser induzida
em resposta a quitooligossacarideos presentes nas células (Loh et al., 1999). Além disso, a
presenca de quitooligossacarideos pode inibir a expressdao dos genes de nodulacdo que
governam a sua propria sintese. Esse mecanismo de feedback ocorre com a participacao de
NolA e NodD; (Loh & Stacey, 2001).

1.5 Soja x Bradyrhizobium: simbiose de sucesso

A soja [Glycine max (L.) Merr.] representa a espécie de maior interesse comercial
dentre as leguminosas e culturas oleaginosas, sendo a mais importante fonte de proteina
vegetal utilizada no mundo. Apresentando teor proteico em média de 40%, correspondente
a 6,5% de N, é evidente a demanda deste elemento pela cultura (Hymowitz et al., 1974,
Bonato et al., 2000). Em termos praticos, estima-se que Sejam necessarios
aproximadamente 80 kg de N para a producdo de 1.000 kg de gréos de soja, incluindo
neste montante as quantidades alocadas em folhas, caules e raizes. Com os indices de

produtividade atualmente acima de 3.000 kg de gréos por hectare (ha) e em continua
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ascensdo, presume-se a necessidade de um aporte superior a 240 kg de N ha™ para a
cultura, o qual pode ser suprido na totalidade pela FBN, consequéncia da associagdo
simbiotica desta espécie vegetal com bactérias do género Bradyrhizobium (Hungria et al.,
2001).

A FBN desempenhou e continua a desempenhar papel estratégico crucial no
sucesso da cultura da soja em termos globais, atenuando ou, em muitos casos, eliminando a
pratica de fertilizacdo mineral de N. Como consequéncia, 0s custos e energia empregados
neste sistema produtivo sdo consideravelmente inferiores quando comparados aos demais
sistemas culturais que demandam fertilizantes nitrogenados comerciais (Hardy et al., 1971,
Pimentel, 2009). Com o objetivo de otimizar o processo de FBN, cultivares de soja e
estirpes de Bradyrhizobium sdo constantemente avaliadas e selecionadas de forma a
garantir maxima atividade biologica nas diferentes zonas de cultivo da leguminosa.
Diversas condi¢cbes ambientais podem atuar como fatores limitantes ao crescimento e
atividade das espécies de rizobios presentes no solo, afetando a diversidade e tamanho das
populacdes das mesmas. A presenca da planta hospedeira com a qual a bactéria é capaz de
estabelecer a relacdo de simbiose, o historico de cultivo da area, condi¢des extremas de pH
e préticas de fertilizacdo mineral, dentre outros, sdo alguns aspectos que podem moldar o
habitat destes micro-organismos, seja no solo em si ou na rizosfera (Brockwell et al., 1991,
Lima et al., 1998, Parker, 1999, Andrade et al., 2002, Sharma et al., 2005). Tais fatores,
normalmente atuando de forma combinada em condi¢des de campo, possuem a capacidade
de modificar a composicao e atividade das comunidades microbianas (Paffetti et al., 1996,
Saleena et al., 2001, Noisangiam et al., 2012, Shiro et al., 2013).

Os solos brasileiros apresentam originalmente populagdes baixas ou inexistentes de
simbiontes capazes de nodular de modo eficaz plantas de soja (Hungria et al., 2001).
Entretanto, inoculagGes massivas com as poucas estirpes de Bradyrhizobium recomendadas
para a cultura resultaram em populacfes relativamente bem estabelecidas, estimadas entre
10° e 10° células por g de solo na maioria das areas agricolas em que h& o cultivo da
leguminosa (Giongo et al., 2008). Mesmo nestas areas com populagdes consideraveis de
Bradyrhizobium estabelecidas por inoculagbes em cultivos prévios é possivel verificar
incrementos médios no rendimento de até 8% pela adocdo da pratica de reinoculagéo
anual, ressaltando uma possivel competicdo por sitios nodulares entre estirpes utilizadas

nos inoculantes e rizobios ja presentes no solo (Lima et al., 1998, Hungria et al., 2007).
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No Brasil, a Lei n° 6.894, de 16 de dezembro de 1980 que “Dispde sobre a
inspecao e fiscalizacéo da producéo e do comércio de fertilizantes, corretivos, inoculantes,
estimulantes ou biofertilizantes, destinados a agricultura”, juntamente com os respectivos
decretos, instrucdes normativas, portarias, leis ordinarias e resolugcdes a esta vinculados,
regulamenta a atividade industrial de produgdo de inoculantes no pais com base nos
avangos técnico-cientificos da area. A legislacdo prevé somente a comercializacdo de
inoculantes produzidos com as espécies/estirpes recomendadas pelo Ministério da
Agricultura Pecuéaria e Abastecimento (MAPA), garantindo, assim, produtos de elevada
qualidade e eficiéncia técnica, com pureza e alta concentracdo de células viaveis de
Bradyrhizobium. Atualmente, para a cultura da soja, sdo recomendadas as estirpes SEMIA
587 e SEMIA 5019 de B. elkanii, além de SEMIA 5079 e SEMIA 5080 de B. japonicum,
por apresentarem maior eficiéncia em relacdo as estirpes previamente empregadas
(Campos et al., 2001, Brasil, 2011).

De acordo com os critérios legais, a composicao de inoculantes industriais leva em
consideracdo a selecdo de estirpes de rizobios altamente eficientes no processo de FBN,
rigorosamente avaliadas sob condi¢cdes ambientais particulares. Entretanto, o sucesso de
tais formulacbes é frequentemente limitado pela presenca de populacdes de rizobios ja
estabelecidas no solo, eventualmente apresentando menor potencial para fixacdo de N. A
maior habilidade competitiva por parte deste ultimo grupo, em fungdo do tamanho das
populacdes, sua ampla distribuicdo no perfil do solo, e caracteristicas adaptativas
superiores, geralmente lhes proporciona maior ocupacdo de nddulos em condigdes de
campo (Batista et al., 2015). Além da competicdo com 0S micro-organismos “residentes”,
variacdes na habilidade competitiva entre espécies, entre estirpes (em inoculantes multi-
estirpe), ou até mesmo entre variantes de uma mesma estirpe (em inoculantes de estirpe
Unica), podem ser inconvenientes e afetar a eficiéncia do inoculante, demonstrando a
necessidade de avaliagbes continuas, tanto na qualidade dos inoculantes produzidos,
quanto na eficiéncia de novas estirpes (Kober et al., 2004).

Desta forma, com a necessidade de conciliacdo dos aspectos técnicos a legislacao, e
somando-se a estes a dinamica ecoldgica dos organismos envolvidos sob as mais diversas
condi¢cdes ambientais, encontrar as combinagdes mais apropriadas de genotipos vegetais e
estirpes de rizobio torna-se um grande desafio, seja pelo emprego de estratégias de

melhoramento vegetal que visem plantas capazes de discriminar e permitir a nodulacéo
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apenas pelos genotipos bacterianos mais eficientes quanto a FBN, ou pelo emprego de
inoculantes contendo estirpes de rizobios “ultracompetentes”, capazes de superar em
termos competitivos as espécies/estirpes menos eficientes presentes no solo (Lindstrom et
al., 2010, Olivares et al., 2013).

1.6 GenOGmica comparativa

O rapido progresso tecnologico das plataformas de sequenciamento genético e
consequente reducdo dos custos promoveram uma revolucdo na forma de abordar questdes
bioldgicas fundamentais para obtencédo de insights criticos sobre a funcionalidade celular e
até mesmo em nivel de organismo. Como resultado, a exorbitante quantidade de dados de
sequenciamento gerados e acumulados nos anos recentes ultrapassa a capacidade de
conducdo de analises sensiveis dos mesmos por especialistas das mais diversas areas,
viabilizando apenas parte do conhecimento do ponto de vista do potencial de informacéo
que estas sequéncias carreiam (Galperin et al., 2014).

A genbmica comparativa é fruto do crescente nimero de genomas recentemente
sequenciados. Nesta nova area de pesquisa, comparam-se diferentes genomas com o intuito
de obter informacGes sobre o background genético e inferir possiveis relacbes funcionais
entre os organismos envolvidos, possibilitando sua distingdo em nivel molecular. Em sua
esséncia, na gendmica comparativa, assume-se que sequéncias que permanecem
conservadas (similares) em multiplas espécies ou em espécies distantes tendem a sé-lo em
funcdo de pressbes evolutivas equiparaveis, implicando em manutencdo da sua funcgédo
bioldgica. O contrario, entretanto, ndo necessariamente seja verdadeiro: uma sequencia de
DNA pode possuir determinada funcdo biologica sem ser conservada em relacdo ao
genoma de qualquer outra espécie. Desta mesma forma, conservacdo também ndo esta
necessariamente associada a identidade da sequéncia (Alféldi et al., 2013).

Questdes distintas podem ser abordadas comparando-se genomas com diferentes
distancias filogenéticas, sob diferentes graus de resolucdo. A genémica comparativa
fornece ferramentas poderosas, tanto para o estudo de alteragdes/adaptacdes evolutivas
entre organismos, auxiliando a identificacdo de genes conservados ou comuns entre
espécies, quanto para os genes que fornecem a cada organismo caracteristicas Unicas.
Neste sentido, amplos insights a respeito das categorias de genes podem ser obtidos pela

comparacdo de genomas, mesmo que distantes do ponto de vista filogenético,
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incorporando o estudo da evolugdo génica e as relacGes entre 0s organismos e seu ambiente
(Hardison, 2003). Uma analise integrada deste cenario, envolvendo a construgdo e
utilizacdo de banco de dados de acidos nucleicos e proteinas, em associacdo a diferentes
técnicas experimentais, como obtencdo de organismos com genes nocauteados e
hibridizacdo fluorescente in situ (FISH), pode revelar diferencas e semelhangas genéticas
entre organismos a ponto de proporcionar alguma compreenséo sobre como estas, por sua
vez, contribuem para as diferencas fenotipicas (Klug et al., 2009).

Apesar de uma ampla variedade de ferramentas estar disponivel para o estudo de
diversos aspectos de sequéncias gendmicas, recursos que permitem a comparacdo de
maltiplos genomas simultaneamente, de forma a explorar os dados em sua totalidade, ainda
sdo relativamente limitados, dificultando comparacdes diretas (Galperin et al., 2014).
Adicionalmente, muitas ferramentas de bioinformatica estdo implementadas em diferentes
servidores e/ou websites, ou ainda sob diferentes plataformas operacionais, utilizando
nomenclaturas génicas e formatos de arquivos de dados distintos, tornando inconveniente a
analise rebuscada de um U(nico gene por vez e acrescentando mais um grau de
complexidade ao processo (Alm et al., 2005).

A comparacao entre diferentes genomas procariotos, seja de diferentes espécies de
bactérias pertencentes ao mesmo género ou diferentes linhagens de um mesmo género,
permite, por exemplo, o estabelecimento de conjuntos de genes essenciais para aquela
espécie, género ou grupo de linhagens (seu respectivo core genome), como também genes
especificos em cada genoma (também conhecido como genoma acessorio), que fornecem
informacdes sobre a adaptagdo do organismo a determinadas situacdes ambientais (Ozer et
al., 2014). Tais comparagdes também possibilitam inferir sobre a historia evolutiva de
grupos génicos (operons), se foram transmitidos verticalmente (heranca parental) ou se
foram adquiridos através de transferéncia génica horizontal, fenbmeno comum em
bactérias. Neste sentido, os procariotos certamente representam um modelo de estudos
interessante para compreender mecanismos evolutivos, considerando ainda sua diversidade
intraespecifica, dentre e entre populagBes, as quais, por sua vez, podem apresentar
tamanhos variados, sobrevivendo e prosperando em uma ampla gama de ambientes, dos

mais regulados aos mais inospitos (Abby et al., 2007).
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2. OBJETIVOS

2.1. Objetivo geral
Esse trabalho teve como objetivo contribuir, através da analise comparativa de dados
gendbmicos de diferentes linhagens de Bradyrhizobium elkanii, para um melhor

entendimento em relacéo a regulacdo dos genes nod nessa especie.

2.2. Objetivos especificos

- Anotacdo dos genes envolvidos no processo de nodulacdo (genes nod e nol) nos
genomas de diferentes linhagens de B. elkanii, disponiveis nos bancos de dados, a fim de
comparar a organizacao destes em diferentes linhagens dessa espécie;

- Analisar as regifes reguladoras dos genes nodD;, hodD,, nolA e nodVW, buscando
por motivos de ligacdo de proteinas ativadoras ou repressoras;

- Comparar as proteinas NodD; e NodD, em relacdo as suas homologias, aos seus

dominios funcionais e as suas estruturas terciarias.
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3. MANUSCRITO
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Abstract

Many species of legume plants and a group of soil bacteria, collectively called
rhizobia, are able to engage in a particular type of symbiotic relationship. In this symbiosis,
plant supplies bacteria carbohydrate demands enabling them to fix nitrogen inside a new
formed organ — the nodule, which further provides this nutrient to the plant. Establishment
of a successful mutualistic relationship requires the products of bacterial structural nod
genes expression, which encodes for the synthesis of lipochitooligosaccharide nodulation
signal molecules, known as Nod Factors (NFs). B. diazoefficiens USDA 110 (former B.
japonicum USDA 110) possesses a wide nodulation gene repertory to undertake NFs
assembly and modification, and the transcription of nodYABCSUIJNoIMNO operon in this
strain depends upon transcriptional activators, i.e. products of regulatory nod genes
responsive to signaling molecules exuded by roots of host plants, usually flavonoid
compounds. Central to this regulatory circuit of nod genes expression are NodD proteins,
members of the LysR-type regulator family. As the major source for soybean [Glycine max

(L.) Merr.] inoculant industry, strains of B. japonicum and B. elkanii species dramatically
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differ in their physiology and have been shown differential competitive fitness. In this
study, we compare public available B. elkanii sequenced genomes with the close relative B.
diazoefficiens USDA 110 reference genome, aiming to get some insights on B. elkanii
mechanisms of nod gene expression, especially concerning to nod operon and nod regulon.
The results obtained allowed to add important aspects in the regulatory model presented to
the reference strain that could be extended to strains of B. elkanii.

Keywords: Bradyrhizobium, NodD; protein, nod genes, nod box.

Introduction

Soybean symbiotic partners mainly belong to the genus Bradyrhizobium, initially
proposed as a group of slow-growing, alkaline producing root nodule, nitrogen-fixing
bacteria (Hollis et al., 1981, Somasegaran et al., 1994). Additional genetic and
physiological information, including biochemical profile, DNA homology, and
phylogenomics were and are still being employed to clarify differences between isolates,
supporting taxonomic classification to over 25 species into the Bradyrhizobium genus to
date (Jordan, 1982, Garrity et al., 2004, Rivas et al., 2009). Among those species,
considerable research efforts have been focused on B. japonicum and B. elkanii due to their
commercial use as source for inoculant formulations, with many effective long-term
programs for elite strains identification and selection being carried out in different
countries (Campos et al., 2001, Kober et al., 2004, Hungria et al., 2006, Melchiorre et al.,
2011).

Characterization of symbiosis itself is not an easy task since it shows a high degree
of specialization in a way that a restrict group of rhizobial species/strains interacts with
only a select range of plant species/varieties and vice-versa. Moreover, specificity may
occur at distinct stages of the interaction, from the very beginning bacterial contact with
the plant root to late nodule development and nitrogen fixation, resulting in a sort of
biological nitrogen fixation (BNF) outcome patterns according to host-microsymbiont
combinations (Schumpp et al., 2010, Wang et al., 2012). In view of that, symbiosis can be
conceived as a complex framework promoted by strong evolutionary forces that involves a
stringent initial molecular dialogue and signal exchange between the symbiotic partners.
Establishment of a successful mutualistic relationship requires the products of the bacterial
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structural nod genes expression, which encodes for the synthesis of
lipochitooligosaccharide (LCOs) nodulation signal molecules, also known as Nod factors
(NFs). Next, recognition of symbiotic NFs by the plant triggers a signaling cascade, which
ultimately allows bacterial infection and induces de novo organogenesis of the nodule to
accommodate the symbiont and further support the nitrogen fixation process (Loh et al.,
2003, Téth et al., 2015). B. diazoefficiens USDA 110 (former B. japonicum USDA 110)
possesses a wide nodulation gene repertory to undertake NFs assembly and modification.
In several species of rhizobia nod genes are frequently organized in an operon (nod
operon), suggesting that the regulation of their expression integrates common mechanisms
(Denarie et al., 1993). Indeed, transcription of nodYABCSUIJnolIMNO operon in B.
diazoefficiens USDA 110 depends upon transcriptional activators, i.e. products of
regulatory nod genes responsive to signaling molecules exuded by roots of host plants,
usually flavonoid compounds (Luka et al., 1993, Loh et al., 2003). Central to this
regulatory circuit of nod genes expression are NodD proteins, members of the LysR-type
regulator family. Upon activation by a particular flavonoid ligand NodD proteins are able
to bind to specific DNA motifs upstream of the nod operon, the so called nod boxes, and
selectively control the expression of the structural nod genes in the early stages of plant-
bacteria interaction (Hong et al., 1987, Henikoff et al., 1988, Denarie et al., 1992, Goethals
et al., 1992). Although multiple isoforms of NodD proteins have been identified in distinct
rhizobial species, even suggesting a role in broadening plant host spectrum for those
symbionts, only two were found in B. diazoefficiens USDA 110 genome, NodD; and
NodD,, products of nodD; and nodD; genes, respectively (Gottfert et al., 1989). These two
proteins show distinct expression patterns and play different functional roles in the
regulation of structural nod gene expression. Active NodDy, i.e. in the presence of the
ligand flavonoid molecule (e.g. genistein in soybean root exudates), operates as a positive
transcriptional regulator of nod operon in B. diazoefficiens. Unique for this organism when
compared to other known rhizobial species, NodD; is not constitutively expressed; instead
it is induced by flavonoid compounds and shows autoregulation (Banfalvi et al., 1988).
Although nodulation requires nod gene induction by flavonoids in most diazotrophs,
efficiency of this process depends on quantitatively, spatially and temporally suitable

expression of those genes. Hence it is not surprising that, in addition to positive
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transcriptional regulators, nod genes are also under control of repressor elements, as is the
case for NodD protein, that acts as a negative regulator of nod operon (Loh et al., 2003).

In B. diazoefficiens USDA 110 the core regulatory mechanism involving NodD;
and NodD, is extended with additional regulators that act synergistically with NodD
proteins to modulate the expression of nod genes. Of these, it is noteworthy to mention the
role of NolA, a MerR-type regulator encoded by nolA, and NodVW, product of nodvW,
which comprises a two-component regulatory system. Initially identified as a soybean
genotype-specific nodulation factor, NolA was later proved to be an activator of nodD,,
therefore taking part in negative regulation with NodD2, both playing together the
feedback and quorum regulation of nod genes (Sadowsky et al., 1991, Garcia et al., 1996,
Loh et al., 2003). On the other hand, the NodVW two-component regulatory system
provide an alternative flavonoid responsive pathway for nod gene activation, which
explains the residual nodulation of soybean plants in NodD; mutants (Géttfert et al., 1990,
Loh et al., 1997).

As the major source for soybean inoculant industry, strains of B. japonicum and B.
elkanii species dramatically differ in their physiology and have been shown differential
competitive fitness (Minamisawa, 1989, Teaney et al., 1993, Vasilas et al., 1993, Dobert et
al., 1994). Such differences prove the need for identify and characterize the genetic nature
of specificity in the symbiotic relationship as a crucial step to develop guided strategies to
enhance soybean inoculants effectiveness, given that BNF ultimately provides a mean
resource for more sustainable agricultural systems. While there is a relatively great deal of
knowledge regarding the genetics and molecular mechanisms of the soybean symbiont B.
diazoefficiens, including the complete genome sequence, information about B. elkanii
genetics is still restrict mainly to research focused on specific features. Despite a few draft
genome releases and genomic data availability for this organism, comparisons between
species are poorly explored. In this study, we compare public available B. elkanii
sequenced genomes with the close relative B. diazoefficiens USDA 110 reference genome
(Kaneko et al., 2002), aiming to get some insights on B. elkanii mechanisms of nod gene
expression, especially concerning to nod operon and nod regulon, thus providing a more
comprehensive understanding in molecular dynamics and complexity of mechanisms

involved in fine-tuning signal communication between this symbiont and its host plants.
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Material and Methods
Strains and genomic data

Genomic data consisting of complete genome from Bradyrhizobium diazoefficiens
USDA 110 (reference genome) and draft genomes from B. elkanii strains SEMIA 587,
CCBAU 05737, CCBAU 43297, USDA 94, USDA 3254 and USDA 3259 were obtained
from the public available database of The National Center for Biotechnology Information
(NCBI) at http://www.ncbi.nlm.nih.gov. Genome features and accession numbers are
described in Table 1. Type-strain taxonomy of organism’s genomes was confirmed by 16S
rRNA sequence analysis using RDP SeqMatch k-nearest-neighbor (k-NN) classifier (Wang
et al., 2007), and checked with Basic Local Alignment Search Tool (BLAST) searches and
pairwise global sequence alignments implemented in EzTaxon server database (Kim et al.,
2012).
Annotation of genomes

Functional annotation was performed with the Rapid Annotation using Subsystem
Technology (RAST) server (Aziz et al., 2008), with Glimmer set for gene calling (Salzberg
et al., 1998), allowing frameshift correction, backfilling of gaps, and automatic fixing
errors. Assigned functional features were triple-checked with InterProScan (Zdobnov et
al., 2001) by signature-recognition method in InterPro database (Hunter et al., 2009),
ScanProsite (de Castro et al., 2006) for protein signature matches in PROSITE database
(Sigrist et al., 2010), and BLASTp against UniProtKB database (Magrane et al., 2011). An
inventory of genes involved in nodulation (structural- and regulatory-nod/nol genes) for
each genome in this study is listed in Supplementary Table 1. B. diazoefficiens USDA 110
genome (Kaneko et al., 2002) was taken as reference, and missing nod/nol genes were
searched for in other genomes with BLASTn using homologous nucleotide sequence of the
closely related reference species. Possible frameshift annotation errors in assigned genes
were corrected, and Open Reading Frames (ORFs) checked with the Expert Protein
Analysis System (ExPASYy) translate tool (Gasteiger et al., 2003) in contrast to respective

reference.
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Table 1. Characteristics of analyzed genomes.

B. diazoefficiens B. elkanii B. elkanii B. elkanii B. elkanii B. elkanii B. elkanii
USDA 110 SEMIA 587 CCBAU 05737 CCBAU 43297 USDA 94 USDA 3254 USDA 3259
Geographic USA Brazil China China USA USA USA
location
Number 1* 2431 751 654 174 87 102
of contigs
Size
Mb) 9.11 8.68 9.77 9.35 9.56 8.98 8.72
Av. read - 32x 100x 120x NA** NA NA
coverage
?ES) - 6,929 25,010 25,032 138,573 249,311 245,986
g/;)c 64.1 63.6 635 63.8 63.7 63.8 63.9
Number 3 rRNA 3 rRNA 3 rRNA 3 rRNA 3 rRNA 3 rRNA 3 rRNA
RNA calls 49 tRNA 40 tRNA 47 tRNA 48 tRNA 47 tRNA 47 tRNA 47 tRNA
Number 8648 8236 9396 8928 9122 8565 8310
CDS calls
’E\;'i%;'lmple GCF000011365.1  SAMNO2471378  SAMNO2469485  SAMNO2469464  SAMNO2584917  SAMNO02441448  SAMNO02440775
'E\;'i%E:Oject PRINAL7 PRINA86995 PRINA77219 PRINA77219 PRINA165317 PRINA165319 PRINA162999
g'cii:ofsemb'y GCA_000011365.1 GCA _000257685.1 GCA_000261505.1 GCA_000261525.1 GCA_000519225.1 GCA_000472765.1 GCA_000473005.1

*chromosome fully sequenced
**NA = not available
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Prediction of subcellular localization of proteins in cells was performed with
sequence-based tools in a coordinate fashion (Emanuelsson et al., 2007). Initially,
prospection for the presence and location of signal peptide cleavage sites characteristic of
secretory proteins was carried out in amino acid sequences using SignalP 4.1 (Petersen et
al., 2011), followed by ab initio prediction of non-classical protein secretion, i.e. not
triggered by signal peptide, with SecretomeP 2.0 (Bendtsen et al., 2004). Lipoprotein
signal peptides and N-terminal membrane helices prediction was performed using LipoP
1.0 (Rahman et al., 2008), while presence and location of potential twin-arginine
translocation signal peptide cleavage sites was verified with TatP 1.0 (Bendtsen et al.,
2005). Finally, prediction of transmembrane topology in proteins was accessed using a
combined approach based on hidden Markov model (HMM) algorithm implemented in
TMHMM 2.0 server (Krogh et al., 2001) and Phobius (Kall et al., 2004).

Phylogenetic and sequence analysis

Multiple sequence alignment of NodD proteins was carried out by distance
estimation using kmer counting and progressive alignment with log-expectation score, with
subsequent refinement using tree dependent restricted partitioning employed by MUSCLE
(Edgar, 2004). Algorithm was implemented in the Molecular Evolutionary Genetics
Analysis - MEGA 6.0 package (Tamura et al., 2013), and parameters set for Neighbor-
Joining clustering method in all interactions, with -2.9 and 0 for gap opening and gap
extension penalties, respectively (center specified as 0). Subsequent phylogenetic analysis
and tree reconstruction were performed using Neighbor-Joining method in the same
package, with molecular distances of aligned sequences computed according to p-distance
parameters and 1,000 bootstrap replicates and pairwise deletion treatment for gaps. Point
accepted mutations (PAM) 250 calculations have been adopted as substitution matrix
model for scoring sequence alignments in this study (Dayhoff et al., 1978).

Protein structure prediction and alignment

Protein 3D structure prediction was performed by SWISS-MODEL web server
(Biasini et al., 2014) based on evolutionary related structures using amino acid sequence
and protein structure homology. The technique employs HMM sensitive searches against
the SWISS-MODEL template library (SMTL) to generate a structural model of a protein of
interest, and QMEAN potential for model quality estimation with independent accuracy

evaluation by the Continuous Automated Model EvaluatiOn project — CAMEO (Haas et
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al., 2013) based on target sequences pre-released weekly by Protein Data Bank (PDB)
(Berman et al., 2007). Alignment of predicted protein structures was accomplished by
combinatorial extension (CE) algorithm (Shindyalov et al., 1998), implemented in the
Research Collaboratory for Structural Bioinformatics (RCSB) PDB Protein Comparison
Tool at www.rcsh.org (Bernstein et al., 1977, Berman et al., 2007, Goodsell et al., 2015),
with parameters set as 30 for maximum gap size allowed during aligned fragment pairs
(AFP) extension in fragment size m=8, with gap open and gap extension penalties of 5.0

and 0.5, respectively.

Results
nod operon and regulatory genes

B. elkanii genome annotation followed by manual curation revealed a conserved
operon structure and organization of nodKABCSUIJ genes in strains CCBAU 05737,
CCBAU 43297, USDA 94, USDA 3254, and USDA 3259, similar to the organization
presented in B. diazoefficiens USDA 110 nod operon, with substitution of nodY for the
corresponding nodK. Curiously, in B. elkanii SEMIA 587 a distinct pattern for this
“canonical” gene organization was observed, with these nod genes scattered in the
chromosome and organized as nodKABCS, a second sparse block containing nodl, nodJ,
nolO, and nodZ separated by approximately 890 kb from the nod operon, and then nodU,
also at approximately 890 kb of distance from nodZ. nolO and nodZ were also present in
all analyzed genomes, located in the vicinity of each other and physically close to nodJ as
a part of the nod operon, with the exception of SEMIA 587 where they are in the upstream
region of nod operon, near to nodJ. Other structural nol genes such as nolZ and nolMN,
could not be identified in the genomes of any B. elkanii strain, as well as nolY in the
genomes of strains USDA 94, USDA 3254, and USDA 3259 (Fig. 1).

Annotation also highlighted the presence of nodD; and nodD, regulatory genes in
all six B. elkanii genomes analyzed, as well as in B. diazoefficiens USDA 110 genome.
Organization of these two genes for most B. elkanii genomes involved in this study follows
the pattern observed for B. diazoefficiens USDA 110, i.e. they are positioned close to each
other and upstream to the nod operon. The two exceptions of this organization are found in
the genomes of CCBAU 05737 and USDA 3254 strains, in which these genes are located
downstream to the nod operon. Similarly, the presence of nodVW that code for the two-
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component regulatory elements was ubiquitous in all six B. elkanii genomes. nodVW
relative location and distances related to nod operon vary according to each genome, from
a relatively far upstream region in SEMIA 587, CCBAU 43297, and USDA 94 genomes,
to a relatively far downstream region in CCBAU 05737, USDA 3254, and USDA 3259
genomes, compared to their relatively near location in the upstream region (~300 kb) of B.
diazoefficiens USDA 110 nod operon. Conversely, nolA gene apparently shows a
conserved location within B. elkanii genomes, close to nodD,. Exception was for strain
SEMIA 587, were it is located near to nodVW, very distant from nodD, (Fig. 1).

B. diazoefficiens USDA 110

~294 kb
- L A L o2 S A Ou Sl .- | .l
<@QE—— K I DL T L4 4
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B. elkanii SEMIA 587
~204kb ~889kb ~887 kb ~887 kb ‘ .
(3< p—— e e CHE AT
\ ¥ 1 | | { | Y 4
w v A Y U zZ 0 I D2 D1 KAB C S
B. elkanii CCBAU 05737
‘ 1 ~532 kb
- e - @EEHy—— e -
z O J I U SCBAKDI D2 A Y v w
B. elkanii CCBAU 43297
~1138 kb
| | L A A )
# —a—& 4 - -
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Fig. 1 Genetic map with organization of nod/nol genes in B. diazoefficiens USDA 110 (reference
genome) and six B. elkanii genomes. Letters indicate the name of each gene present in the genome. Gene
class is color code assigned, and transcription orientation is arrow oriented. Relative gene distances are
indicated otherwise follows the scale presented.
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Analysis of nodD promoter regions

Analysis of a 250 bp region upstream of nodD; ORFs revealed that all six B. elkanii
genomes, as well as B. diazoefficiens USDA 110 genome, contain one -10/-35 ¢’ potential
promoter TTGCTA-N17-TGGTAAAAT located at 46 bp upstream from nodD; CDS start
site. Additionally, all sequences show two 47 bp nod boxes, one of which corresponding to
a consensus nod box sequence with the respective palindromic structure, located at 11 bp
from nodD; CDS start site that controls the transcription of nod operon. The second one is
a presumptive nod box-like sequence that is located in the upstream region (84 bp) of
nodD; CDS start site (Fig. 2A). Interestingly, the consensus nod box sequence (Box1)
overlaps the sequence of -10/-35 ¢'° putative nodD; promoter, while the presumptive nod
box-like sequence is located at just 6 bp upstream to it (Fig. 2A).

On the other hand, the analysis of the 250 bp region upstream of nodD, revealed
that only B. elkanii SEMIA 587, CCBAU 05737, CCBAU 43297, and USDA 94 genomes
exhibited a -10/-35 ¢ potential promoter with sequence TTGTCG-N13-CTGTAAAAG,
along with a partial nod box-like sequence structure located at 152 bp upstream from the
putative ¢’° promoter. In B. diazoefficiens USDA 110 as well as in B. elkanii USDA 3254
and USDA 3259 genomes any of those elements could be identified in the nodD, promoter
region, i.e. apparently they do not display potential -10/-35 ¢’ promoters neither a partial
(or complete) nod box-like sequence (Fig. 2B).

nolA promoter regions (250 bp) from all genomes included in this study exhibited a
-10/-35 ¢’ potential promoter sequence TTGAAT-Ni;-TTGTAGGCT, except for B.
elkanii SEMIA 587. Additionally, apart from B. elkanii SEMIA 587, nolA promoter
regions display high degree of sequence similarity among genomes (Supp. Fig. 1A).
Potential -10/-35 ¢"° promoter sequences were found in all genomes for nodVW regulatory
gene sequences, although differences in structure and location of these promoters were
observed. In contrast to nolA, promoter regions of nodVW genes were considerably
dissimilar in sequence conservation among genomes (Supp. Fig. 1B). Search for nod box
in nolA and nodVW promoter regions revealed the absence of this regulatory motif in their

respective 250 bp upstream gene sequences for all genomes (Supp. Fig. 1A-B).
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(A) nodD,

10 20 30 40 50 60 70 80 90 100
S P I S PO O [P I I
B. diazoefficiens USDA 110 ATCTGCATACCAACGTTTATCGGGACGCGCTTGGCGTTC---GAACGGCCACGCTTAAGGAGAARACAACAACGCGCG---CCCA---TGGTGCG-~-~--~-~
B. elkanii SEMIA 587 = AGCGTCGCATC--=-=-=-=====—=== GCGTGAGAGTCGCACCTATAACAGGCGCAACGCGCGTGCGGCAGAGATAGCCACTTCGCACACGGATTCGGCAGAT
B. elkanii CCBAU 05737 = AGCGTCGCATC--=-=-=-======== GCGTGAGAGTCGCACCTATAACAGGCGCAACGCGCGTGCGGCAGAGATAGCCACTTCGCACACGGATTCGGCAGAT
B. elkanii CCBAU 43297 -GCGTGAGAGTCGCACCTATAACAGGCGCAACGCGCGTGCGGCAGAGATAGCCACTTCGCACACGGATTCGGCAGAT
B. elkanii USDA 94 -GCGTGAGAGTCGCACCTATAACAGGCGCAACGCGCGTGCGGCAGAGATAGCCACTTCGCACACGGATTCGGCAGAT
B. elkanii USDA 3254 -GCGTGCTCGTCGCACCGGGAAGAGCCGCAATTCGCATGCGACAGCGATATCCGTTTCCCARATTGATTCGGCAGGT
B. elkanii USDA 3259 = AGCGTCACATC--—--=-———====— GCGTGCTCGTCGCACCGGGAAGAGCCGCAATTCGCATGCGACAGCGATATCCGTTTCCCAAAT TGATTCGGCAGGT
110 120 130 140 150 160 170 180 190 200
S O O S I e PO PO [ PO PP [PUPUPU PR (PUPUPU [FRPUPUPR IR IDUPUP [PRPRPIE
B. diazoefficiens USDA 110 -CTCCCACGTCTGGGAGCTCTTCTCTTAGCTCACHIGAACGACCGGARAACCATCGTGGCGCGTCTAATTGCTTITTTCCAAACTYTCAGTTTGCTATCCAAC
B. elkanii SEMIA 587 CCTCGCACGTCCAGGATTTCTTCTCGGAGCCCGCHT--ACGACCAATAGCCATCGTGGCATACCTAATT-CATTTTCCAAACTGATGTTTGCTATCCAAC
B. elkanii CCBAU 05737 CCTCGCACGTCCAGGATTTCTTCTCGGAGCCCGCHT--ACGACCAATAGCCATCGTGGCATACCTAATT-CATTTTCCAAACTGATGTTTGCTATCCAAC
B. elkanii CCBAU 43297 CCTCGCACGTCCAGGATTTCTTCTCGGAGCCCGCHT--ACGACCAATAGCCATCGTGGCATACCTAATT-CATTTTCCAAACTGATGTTTGCTATCCAAC
B. elkanii USDA 94 CCTCGCACGTCCAGGATTTCTTCTCGGAGCCCGCHT--ACGACCAATAGCCATCGTGGCATACCTAATT-CATTTTCCAAACTGATGTTTGCTATCCAAC
B. elkanii USDA 3254 GCCTGCACGTCCAGGAGTCTTTCTCGGAGCCCGCHT--ACGACCAGCAGCCATCGTGG TATGCCTAATT-CATTTTCCAAACTGATGTTTGCTATCCAAC
B. elkanii USDA 3259 GCCTGCACGTCCAGGAGTCTTTCTCGGAGCCCGCT-~ACGACCAGCAGCCATCGTGGTATGCCTAATT-CATTTTCCAAACTGATGTTTGCTATCCAAC
Box 2
210 220 260
P P I N J I IV I
B. diazoefficiens USDA 110 CTCCCCCAGTTTGGTAANAT: GAdrcacTcATCAC
B. elkanii SEMIA 587 AATCCGCAGTTTGGTAAMNAT AGACTCACGAC
B. elkanii CCBAU 05737 AATCCGCAGTTTGGTAAMNAT ATAGACTCACGAC
B. elkanii CCBAU 43297 AATCCGCAGTTTGGTAAMAT IRGACTCACGAC
B. elkanii USDA 94 AATCCGCAGTTTGGTAAMNAT \GACTCACGAC
B. elkanii USDA 3254 ATTCCGCHATTTGGTAAAAT:! JAGACCCACAAC
B. elkanii USDA 3259 ATTCCGCHATTTGGTAAAAT! 21—\TTGTTT£1 RGACCCACAAC
9bp
(B) nodD,
10 20 30 40 50 60 70 80 90 100
FI A T O O P T O o P T I I I IF I IR [P I I |
B._diazoefficiens_USDA 110 ------GGACTGAACGACCCTGCTGCGTGGC-———— CGGCCGGAACCGGCAAGACCAATTAGCTTGGAGCTCCCGACGCTTTCCCGCCGCTGCCGATCGG
B. elkanii SEMIA 587 - ----GCTCGACTAAGTCGAGTTGCGAGAGTGCCGGGHATAGACGAGATACATICAGGT TGGCGCTCCCGACG-GCTCGAGCCGCAGGTCGTCGT
B. elkanii CCBAU 05737 - --GCTCGACTAAGTCGAGTTGCGAGAGT GCCGGGAATUGACGAGATAGATICAGGT TGGCGCTCCCGACG-GCTCGAGCCGCAGGTCGTCGT
B. elkanii CCBAU 43297 ——--——————- GCTCGACTAAGTCGAGTTGCGAGAGTGCCGCCHATUGACGAGATACATCAGCTTGGCGCTCCCGACG-GCTCGAGCCGCAGGTCGTCGT
B. elkanii USDA 94 ——————————- GCTCGACTAAGTCGAGTTGCGAGAGTGCCGCCHATAGACGAGATACATCAGCTTGGCGCTCCCGACG-GCTCGAGCCGCAGGTCGTCGT
B. elkanii USDA 3254 TGCCGGTGGCAATTTGACCAGGT TGAGTTGCGAGTGTGGTCGGAATTGACGGACTCGCTAGGGTTGGCGCTCCC-ACG-GGCCCAGCCGTATGTCGTCGC
B. elkanii USDA 3259 TGCCGGTGGCAATTTGACCAGGTTGAGTTGCGAGTGTGGTCGGAATTiACGGACT?GCTAGGGTTGGCGCTCCC—ACG—GGCCCAGCCGTATGTCGTCGC
9bp
110 120 130 140 150 160 170 180 190 200
FI A T O O P T O R P T I T I IF I I I I I |
B._ diazoefficiens_USDA_110 CTTTCCGC---CTGCTCTCCATTGTTGCGGTCATCTCGCAAGCTTCCTTTCCCGGGCGCAGGAATGAGCCGATGTCCATTGGGGCGGGCCAAGACGATTG
B._elkanii_SEMIA 587 CCCCGAGCGCACTGCGTGCCATT-CTGCGATGCTC-CGCGAGCT--TCTTCGCAATCGCACGAGAGGAACTGAGTTGATTCGCGCGAGCCAATGACACCG
B._elkanii_CCBAU 05737 CCCCGAGCGCACTGCGTGCCATT-CTGCGATGCTC-CGCGAGCT--TCTTCGCAATCGCACGAGAGGAACTGAGTTGATTCGCGCGAGCCAATGACACCG
B._elkanii_ CCBAU 43297 CCCCGAGCGCACTGCGTGCCATT-CTGCGATGCTC-CGCGAGCT--TCTTCGCAATCGCACGAGAGGAACTGAGTTGATTCGCGCGAGCCAATGACACCG
B._elkanii_ USDA_94 CCCCGAGCGCACTGCGTGCCATT-CTGCGATGCTC-CGCGAGCT--TCTTCGCAATCGCACGAGAGGAACTGAGTTGATTCGCGCGAGCCAATGACACCG
B._elkanii_USDA_ 3254 C-—mmmmm CTGCTCGCCATT-CTGCGGTGATC-CGCGAGCTACTTTTCGCGATCACACGGCAGGAACAGAGTCGATTCGGGCGAGCCGATGATACCG
B._elkanii_USDA_ 3259 C-—mmmmm CTGCTCGCCATT-CTGCGGTGATC-CGCGAGCTACTTTTCGCGATCACACGGCAGGAACAGAGTCGATTCGGGCGAGCCGATGATACCG
210 220 230 240 250 260
e e e L I I I
B._diazoefficiens_USDA_110 CTCCAGGCGCTGGCGCCACCGCACGCTAT-TGCGCAGCAACGA-CGTTTGTGCCGGATAGGAAGAG
B. elkanii SEMIA 587 CTTCAGATGCAGCCGTTGTCGCTCATGGTATGCACTGTAAAAGACGAGCGCGTCGGATAATGAGAT
B. elkanii CCBAU 05737 CTTCAGATGCAGCCGTTGTCGCTCATGGTATGCACTGTAAAAGACGAGCGCGTCGGATAATGAGAT
B. elkanii CCBAU 43297 CTTCAGATGCAGCCGTTGTCGCTCATGGTATGCACTGTAAAAGACGAGCGCGTCGGATAATGAGAT
B. elkanii USDA 94 CTTCAGATGCAGCCGTTGTCGCTCATGGTATGCACTGTAAAAGACGAGCGCGTCGGATAATGAGAT
B. elkanii USDA 3254 CTTCAGAAGCAGCCGTTGCCGAACATTGTACGCACCGCGAAGA—-GATCGCGTGGGATAATAAGAT
B. elkanii USDA 3259 CTTCAGAAGCAGCCGTTGCCGAACATTGTACGCACCGCGAAGA—-GATCGCGTGGGATAATAAGAT

Figure 2. Alignment of the ~250 bp upstream region from nodD ORFs in Bradyrhizobium genomes.
(A) The nodD; nod box sequences are boxed, showing a consensus nod box sequence near the nodD,
ORF start codon (Box1), and a presumptive nod box-like sequence (Box2) upstream with conserved
residues highlighted in grey; (B) nodD, partial nod box sequence structure found in some B. elkanii
genomes is boxed. Inner boxes denote the putative nod box motifs ATC-Ng-GAT with their respective
palindromic structure. Yellow dashed sequences show a -10/-35 ¢'° potential promoter. Sequences read 5’
to 3’ from right to left, with last nucleotide in the sequence representing that immediately prior to ATG
from nodD; (A) or nodD, (B) CDS start site.

Regulatory Nod proteins sequence analysis

All B. elkanii analyzed genomes display NodD; open reading frames (ORFs) of 314
amino acid residues, in agreement with NodD; protein of B. diazoefficiens USDA 110.
Conversely, NodD, ORFs size show discreet variation among the organisms, with ORFs
consisting of 330 amino acid residues in B. diazoefficiens USDA 110, 331 residues in B.
elkanii strains SEMIA 587, CCBAU 05737, CCBAU 43297, and USDA 94, and 329
residues in B. elkanii strains USDA 3254 and USDA 3259 (Supp. Table 1).
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NodD; and NodD, exhibit a relatively high degree of conservation, although some
dissimilarity between organisms ultimately clusters each B. elkanii protein set into two
groups (Fig. 3). Indeed, PAM250 matrix shows that B. elkanii strains SEMIA 587,
CCBAU 05737, CCBAU 43297, and USDA 94 share 100% global sequence similarity
among themselves for both NodD; and NodD,; consequently, each protein set of these
strains group together. The same was noticed between USDA 3254 and USDA 3259,
although sequence similarity decreases 7% for NodD; and 12% for NodD, compared to
their respective homologs from other strains within the same species. NodD regulator
proteins from B. elkanii strains are still conserved when contrasted to B. diazoefficiens
USDA 110 orthologs, especially NodD; which exhibited at least 93% sequence similarity,
while for NodD;, no less than 73% was observed (Supp. Fig. 2A-B). Additionally,
conservation plots of NodD; and NodD, proteins from B. elkanii analyzed genomes
revealed lower conservation at the carboxy-terminus region of proteins, especially for
NodD,, when compared to the reference genome of B. diazoefficiens USDA 110 (Supp.
Fig. 3A-B).
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Figure 3. Evolutionary relationship of nod regulatory proteins NodD; and NodD, from B. elkanii
strains analyzed. Included curated reference proteins NodD; (spP50323) and NodD, (spP50324) from B.
elkanii. The evolutionary history was inferred using the Neighbor-Joining method. Optimal tree with the
sum of branch length = 0.63145170 is shown, with the percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) shown next to the branches. The
tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to
infer the phylogenetic tree, which were computed using the p-distance method and are represented in the
units of the number of amino acid differences per site. All ambiguous positions were removed for each
sequence pair and there were a total of 331 positions in the final dataset.
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All analyzed sequences belong to the LysR family of transcriptional regulators, and
exhibited a 57-amino acid helix-turn-helix (HTH) LysR-type domain located at position 6-
63. These domains also contain a 20-amino acid HTH DNA-binding motif from residue
23-42 at the amino-terminus region of both NodD; and NodD, proteins. NodD; DNA-
binding motif from B. elkanii strains SEMIA 587, CCBAU 05737, CCBAU 43297, and
USDA 94 is highly conserved, and shares 100% identity for the sequence
LTAAARQINLSQPAMSAAIA (Fig. 4A). Curiously, B. elkanii USDA 3254 and USDA
3259 share 100% identity with B. diazoefficiens USDA 110 NodD; DNA-binding motif
LTAAARKINLSQPAMSAAIA, where a single amino acid substitution takes place at
position 29, changing a glutamine (Q) for a lysine (K) amino acid residue (Fig. 4A).
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Figure 4. Multiple sequence alignment (MSA) of Bradyrhizobium elkanii NodD HTH LysR-type
domain alignment and sequence logo showing HTH DNA-binding motif conservation. HTH DNA-
binding sequence conservation among organisms is red boxed. Showing in (A) NodD,; domain sequence
and (B) NodD, domain sequence.
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Likewise, B. elkanii NodD, DNA-binding motif also split into two groups, with
strains SEMIA 587, CCBAU 05737, CCBAU 43297, and USDA 94 showing 100%
identity for the sequence LTAAARKINLSQPAMSAAVA, while for strains USDA 3254
and USDA 3259 a serine (S) replaces the threonine (T) at position 24 of NodD, resulting
in the DNA-binding motif LSAAARKINLSQPAMSAAVA (Fig. 4B). Comparing NodD
from Bradyrhizobium species, B. diazoefficiens USDA 110 shows higher similarity to B.
elkanii strains USDA 3254 and USDA 3259, although an additional amino acid residue
divergence at position 25 could be observed, with replacement of an alanine (A) in B.
elkanii  for a serine (S) in B. diazoefficiens, providing the sequence
LSSAARKINLSQPAMSAAVA (Fig. 4B).

In silico analysis of subcellular localization of NodD; and NodD, proteins did not
predict the presence of any significant ordinary signal peptide cleavage site in amino acid
sequences, as well as any twin-arginine signal peptide cleavage site. Lipoprotein signal
peptides and non-classical protein secretion patterns were also not identified. In
accordance, additional protein topology and signal peptide examination did not point out
for the presence of transmembrane helices. Ultimately, calculations using an integrative
approach algorithm indicate NodD; and NodD;, likely as cytoplasmic components and less
probable as membrane-bound proteins.

Regulatory Nod proteins structure analysis

Global protein structure alignment of NodD; from B. elkanii strains exhibits high
identity and similarity to NodD; protein from reference genome B. diazoefficiens USDA
110. Particularly, genomes of B. elkanii strains USDA 3254 and USDA 3259 which
display values of 92.62% and 97.65% for NodD; structural identity and similarity
compared to orthologous protein from B. diazoefficiens USDA 110, respectively. Despite
slightly lower, NodD; from genomes of B. elkanii strains SEMIA 587, CCBAU 05737,
CCBAU 43297, and USDA 94, still conserve considerable structural identity and similarity
to NodD; from B. diazoefficiens USDA 110, in the order of 91.61% and 95.97%,
respectively. Comparing NodD; structural alignments, it seems that higher identity and
similarity observed for B. elkanii strains USDA 3254 and USDA 3259 to B. diazoefficiens
USDA 110 resides mainly in the HTH motif of the DNA-binding domain (Supp. Fig. 4A-
F). Conversely, NodD; global protein structure alignment from B. elkanii SEMIA 587,
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CCBAU 05737, CCBAU 43297, and USDA 94 genomes demonstrate higher identity
(75.17%) and similarity (84.56%) to ortholog NodD, from B. diazoefficiens USDA 110
than B. elkanii strains USDA 3254 and USDA 3259 genomes, for which identity and
similarity no higher than 74.16% and 82.89% was observed, respectively (Supp. Fig. 5A-
F). Additionally, even though substantial identity and similarity could be observed for
structural alignment of NodD, between Bradyrhizobium species, values were lower
compared to structural alignments showed for NodD; proteins.

Interestingly, when global structural alignment of proteins NodD; versus NodD, is
performed within each genome, identity and similarity still can be considered relatively
significant. In B. elkanii strains USDA 3254 and USDA 3259 genomes for example,
NodD; versus NodD, structural alignment achieve 70.47% identity and 81.88% similarity,
while for B. elkanii strains SEMIA 587, CCBAU 05737, CCBAU 43297, and USDA 94
genomes, identity and similarity attained values of 69.46% and 81.54%, respectively. The
reference genome of B. diazoefficiens USDA 110 display the more dissimilar structural
alignment of NodD; versus NodD,, and consequently shows the lowest identity (63.76%)
and similarity (80.54%) values (Supp. Fig. 6A-F). However, taking into account only the
57-residue protein segment corresponding to the DNA-binding domain containing the
HTH motif, NodD; versus NodD, structural alignment values are considerably higher in all
genomes, being identical in B. elkanii strains USDA 3254 and USDA 3259 genomes, i.e.
reaching 100% of identity and similarity. B. elkanii strains SEMIA 587, CCBAU 05737,
CCBAU 43297, and USDA 94 genomes also showed better structural alignment of amino-
terminus region that accommodates the DNA-binding domain for NodD; versus NodD,
comparison, with 91.38% identity and 98.28% similarity, as well as in B. diazoefficiens
USDA 110, with no less than 81.03% and 93.10% for identity and similarity, respectively

(Fig. 5).
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(A)

© D)

Figure 5. Structural alignment of NodD; and NodD, proteins within each Bradyrhizobium genome
using Combinatorial Extension (CE) algorithm. Global NodD;-NodD, protein structure alignment
from B. diazoefficiens USDA 110 (A) and B. elkanii SEMIA 587 (B). Structural alignment of NodD;-
NodD, 57-residue HTH domain in B. diazoefficiens USDA 110 (C), B. elkanii SEMIA 587 (D), B. elkanii
CCBAU 05737 (E), B. elkanii CCBAU 43297 (F), B. elkanii USDA 94 (G), B. elkanii USDA 3254 (H),
and B. elkanii USDA 3259 (1). Orange colour residues represent NodD,, superimposed by light-blue
residues representing NodD,.

Discussion
nod operon/regulon in Bradyrhizobium genomes

Lipochitooligosaccharides (LCOs), resulting of the action of the bacterial
nodulation (nod, nol, noe) gene products, are key signal molecules in Bradyrhizobium-
legume symbiosis establishment that triggers formation of a new organ (i.e. the nodule)
within which biological nitrogen fixation occurs (Day et al., 2000). Both, B. diazoefficiens
and B. elkanii are able to nodulate soybean plants. Despite this common ability, refined
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genetic and biochemical studies involving different Bradyrhizobium species have shown
distinct physiological profiles that ultimately can affect their symbiotic behavior, including
nodulation capacity, nitrogen fixation efficiency and competitive ability for nodule
formation (Kober et al., 2004). Most of the structural and regulatory nod/nol genes with
known function seem to be conserved between B. diazoefficiens USDA 110 and B. elkanii
genomes. Moreover, the presence of the structural nodY/KABCSUIJnolOnodZ genes,
disposed in an operon organization for B. diazoefficiens and most B. elkanii genomes, may
indicate that similar qualitative LCO outcome patterns can be expected for these
organisms, depending primarily upon particular operon regulation in each genome.
Organization of nod genes in clusters/operons is a common and often conserved feature
among various rhizobia genomes, many of them, as in the case of B. diazoefficiens, located
on the chromosome, thus facilitating coordination of the expression of these respective
genes (Schlaman et al., 1998). Although the operon organization of nod genes in
Bradyrhizobium is frequent, it is not a fixed pattern, as can be observed for B. elkanii
SEMIA 587 genome which shows the reduced nodKABCS operon with additional nod/nol
genes scattered along the chromosome. Interestingly, the separation of the genes from this
operon may result on differences in regulation of nod genes, ultimately providing an
altered qualitative LCO pattern for this strain compared to other B. elkanii genomes, even
though this is not set as mandatory for divergent nod gene arrangement (Vazquez et al.,
1991). As in most rhizobia, expression of nod/nol operon in Bradyrhizobium is dependent
on distinct flavonoid compound cocktails produced and secreted by each leguminous host
plant, with quantity and spectrum of these molecules varying according to the age and
physiological state of the plant (Phillips et al., 1995, Loh et al., 2003, Hassan et al., 2012).

Regulation of nod/nol operon in B. diazoefficiens and B. elkanii is essentially under
control of the same elements, i.e. the nod regulon, consisting on nodD;, nodD,, nolA and
nodVW genes, all of them present in the genomes of both species. The pattern of gene
organization observed for nodD; and nodD,, which are invariably located in the close
vicinity of each other right upstream of and divergent from the nod operon in
Bradyrhizobium genomes, reinforces their importance as key components in the core
regulatory mechanism of operonic nod gene expression. Indeed, products of nodD genes
are assumed as central to the coordination of structural nod genes in many symbionts,

including Bradyrhizobium species (Mulligan et al., 1989, Honma et al., 1990, Loh et al.,
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2003, del Cerro et al., 2015). For instance, in B. diazoefficiens products of nodD; and
nodD, regulatory genes orchestrate nodYABCSUIJnolOnodZ operon expression by its
activation or repression, respectively (Loh et al., 2003). Such regulatory system suggests a
common mechanism that may apply for B. elkanii genomes with conserved nod gene
organization. Besides their divergent transcription orientation, components of the LysR-
type transcriptional regulator (LTTR) family, such as NodD; and NodD;, also exhibit
another characteristic feature, i.e. the property of autoregulation (Maddocks et al., 2008),
which ultimately indicates that expression of its associated operon largely depends on the
regulation of these regulatory genes themselves. Since B. diazoefficiens nodD mutants
maintain at least a marginal ability to nodulate soybean plants, alternative transcriptional
activators were proposed to take part in the process. In fact, identification a of two-
component regulatory system consisting of NodV and NodW, products of nodVWw,
respectively, shed some light on this paradox, providing a suitable explanation. In such a
system, the sensor kinase component NodV can detect the environmental stimulus (e.g. a
specific isoflavone) resulting on its autophosphorylation and subsequent signal
transduction by transfer of the phosphoryl group to its cognate response regulator protein
NodW, which in turn is then able to activate its target nod operon (Loh et al., 1997).
Further evidence that Bradyrhizobium nodVW products are essential for efficient
nodulation of mung bean [Vigna radiata (L.) Wilezek], cowpea [Vigna unguiculata (L.)
Walp.], and siratro [Macroptilium atropurpureum (Moc. & Sessé ex DC.) Urb.], but are
not required for soybean, point towards a host-specificity role of these proteins, probably
by recognition of specific flavonoid inducers produced by these host plant species by the
correlate sensor component NodV (Géttfert et al., 1990, Sanjuan et al., 1994). Here we
could identify the presence of the same system in B. elkanii genomes, suggesting that both
species possess an alternative pathway for nod operon activation and may provide a
strategy to broaden their respective host ranges.

Whereas successful soybean nodulation depends on proper structural nod gene
expression timely, at the right place, and in suitable amounts, it is reasonable to assume
that negative regulation also takes place in addition to their activation. Although this
negative control in B. diazoefficiens is mediated by the product of nodD, that operates as a
nod operon repressor as mentioned before, this process is assisted by nolA gene product,

which set-up an additional level of regulation by inducing nodD, expression under
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appropriate conditions. In other words, the product of nolA acts as an transcriptional
inducer of the repressor nodD; (Garcia et al., 1996). As already mentioned, NolA is
assigned as a member of the MerR family of transcriptional regulators that activates
transcription upon binding to specific DNA motifs and consequently induces a DNA
bending leading to its appropriate alignment for RNA polymerase positioning and resulting
In transcription activation (Ansari et al., 1992, Philips et al., 2015). Moreover, nolA has the
peculiar feature to encode for the three distinct proteins NolA;, NolA;, and NolAs,
originated from three in-frame ATG start codons, with NolA; controlling the expression of
the other two and being the one involved in activation of nodD, (Loh et al., 1999). This
mechanism is also shared with high homology by B. elkanii genomes, and for the most it
shows a very similar gene organization and transcription orientation together with nodD;
and nodD», as previously demonstrated (Dobert et al., 1994), thus pointing to integrate nod
gene regulation in such species as well.
cis-regulatory nod elements and trans-acting factors

Considering the nature of genomic elements present in the nod operon and
especially in the nod regulon from B. diazoefficiens and their markedly similarity with
those in B. elkanii genomes, both in terms of structure and organization, we could
hypothesize that major phenotypic differences in LCOs production and secretion patterns
in these two species are given at some transcriptional or post-transcriptional regulatory
level. Accordingly, in the presence of the correspondent flavonoid compounds, activated
NodD proteins specifically bind to conserved cis-regulatory elements on bacterial DNA,
the nod boxes. These regulatory structures basically consist of a 47 bp conserved region
containing the nod box consensus sequence with the palindromic ATC-Ng-GAT motif,
being located upstream to nod operon and controlling its expression (Rostas et al., 1986,
Nieuwkoop et al., 1987, Goethals et al., 1992). Conservation of such cis-regulatory
element and its essentiality in many rhizobia species studied so far strongly suggests
NodD; as central in nod operon gene expression for those species, including
Bradyrhizobium (Spaink et al., 1987). nod operon activation by NodD; in B. elkanii
genomes are not an exception to this rule, and seem to be under a similar if not identical
regulatory mechanism, since the same genetic features are observed in this context, highly

conserved according to B. diazoefficiens USDA 110.
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Besides activation of nod gene expression, an autoregulatory function unique to
Bradyrhizobium is assigned for nodD; by its own product NodD; upon binding the same
isoflavone inducing molecules that activate nod operon. Due to divergent transcription
orientation, nod box sequences are in the upstream region from both, the nod operon
containing the structural nod genes, as well as nodD; and nodD, regulatory genes. This
location of nod boxes in between nod operon and nodDi/nodD; within the genome makes
it more difficult and complex to analyze their regulation. Although autoregulation
performed by NodD; is also accomplished by a DNA-binding mechanism, it is claim to be
achieved by binding to an alternative presumptive nod box-like sequence, located upstream
to the consensus nod box in B. diazoefficiens USDA 110 (Banfalvi et al., 1988, Wang et
al., 1991). Indeed, conservation of this regulatory sequence in B. elkanii genomes reinforce
its proposed function, which is also supported by the close proximity of this additional cis-
regulatory region to a -10/-35 ¢’ potential promoter. Despite similarities such as high
sequence conservation and location in the genome, a few differences still exist from
presumptive nod box-like sequences in distinct Bradyrhizobium species (e.g. a slightly
smaller size and some nucleotide divergence in B. elkanii genomes compared to B.
diazoefficiens), which ultimately may affect the DNA-binding process itself.

Based on nodD; and nodD, sequence-homology and their resulting description as
members of LysR-type regulators, it is wise at least to consider a potential autoregulatory
role also for NodD,, akin to what can be observed for NodD;. Previous work on Rhizobium
japonicum USDA 191 scanning its DNA sequences for the presence of a nod box, revealed
that only nodD; promoter region show a high homology sequence to other nod boxes,
while no extensive similar motifs were identified upstream to nodD,, even though several
alignments of up to four homologous base pairs could be observed (Appelbaum et al.,
1988). Although none complete nod box has been found in the promoter region of nodD,
from Bradyrhizobium genomes, a remarkable conserved sequence containing only one
copy of the palindrome ATC-Ng-GAT, characteristic of a nod box sequence structure, was
identified in some B. elkanii genomes. Curiously, only the same genomes that contain this
palindromic sequence displayed a potential -10/-35 ¢’° binding site. Since it was not
reported before, the concrete biological significance of such genomic signature is still
unclear and may represent another mechanism in addition to NolA, by which nodD,

transcription is regulated in this species, an issue that certainly deserve some further
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investigation. Nowadays, the proposed model for nodD, expression in B. diazoefficiens
essentially considers induction of transcription by NolA upon binding to a putative NolA
binding-site present upstream to nodD, (Garcia et al., 1996, Loh et al., 2003). Sequence
homology shows that NolA is a member of the MerR transcriptional regulator protein
family, which is known to activate suboptimal ¢’°-dependent promoters through protein-
dependent DNA distortion that ultimately provides an appropriate alignment of -10/-35 ¢"°
and the correct positioning of RNA polymerase to contact the respective promoter (Brown
et al., 2003). Surprisingly, in the present work, a preliminary screening for potential NolA
binding site upstream to nodD, was not able to identify any correspondent conserved cis-
element in this region according to current literature, revealing a lack of further
information to carry out exhaustive exploratory analysis in greater detail.
NodD protein sequences and structure conservation

In addition to cis-regulatory regions in the bacterial genome, many aspects
regarding to the biochemical nature of trans-acting factors can affect transcriptional
regulation. The high degree of protein conservation observed for NodD; and NodD, among
Bradyrhizobium genomes provides concise evidence about the evolutionary importance of
the mechanism whereupon these regulators operate. In fact, NodD amino acid sequence
can display a wide range of conservation, with values higher than 90% of sequence
similarity when comparing NodD proteins from organisms of the same genus, to lower
than 50% for comparison of NodD sequences from distant related organisms that possess
these proteins (Gottfert et al., 1992). Although NodD global sequence similarity can vary
considerably among different organisms, a general feature is the high-to-low conservation
in amino acid sequence within the protein from the amino to the carboxy-terminus of the
polypeptide, respectively. This structural pattern can be observed in many rhizobia species
and is consistent with the function addressed to each domain of the protein (Burn et al.,
1987, Horvath et al., 1987, Burn et al., 1989). The N-terminus region, the most conserved
part of the protein, anchors the HTH DNA-binding motif responsible for the recognition of
the nod box cis-elements in bacterial DNA. Despite this higher conservation in sequence
similarity, subtle amino acid substitutions observed among B. elkanii genomes apparently
occurs, which ultimately may modify the affinity of such motif for the DNA, enhancing or
even reducing the pattern of binding and consequent activity of these regulators. On the

other hand, NodD C-terminus region is believed to be primarily involved in protein
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oligomerization, an important aspect since it is strongly accepted that NodD; is active in its
tetrameric form that arises from their cognate homodimers (Peck et al., 2013). In this
context, it is suggested that multiple weak interactions of non-specific amino acids residues
in this region of NodD proteins take place, contributing to oligomerization itself (Ezezika
et al., 2007, Peck et al., 2013). As observed in other rhizobia, NodD C-terminus region is
also clearly less conserved in B. elkanii genomes. Even though this lower sequence
similarity did not affect in great extent the protein structure, it may play a role in the
oligomerization process, depending on the variability in qualitative and quantitative terms,
and thus conferring distinct patterns of oligomerization.

Taking into account all the available information of the reference genome from B.
diazoefficiens USDA 110, the similarities between B. diazoefficiens and B. elkanii, and the
results obtained from this comparative genomic analysis, an extension in the model of nod
gene regulation proposed for B. diazoefficiens can be applied to B. elkanii with some new
added potential features (Fig. 6). Besides the activity of all known elements in the core
mechanism of nod operon regulation by the already discussed nod regulon, the presence of
a partial nod box sequence upstream to nodD, may suggests a putative NodD; binding site
in this region with a possible regulation effect on nodD; as a transcriptional activation. We
can speculate that such mechanism may acts under higher concentrations of NodD; as a
consequence of autoregulation of nodD; expression by its respective product. Under those
conditions, a surplus of NodD; may be “trapped” by this partial nod box sequence, which
probably show lower affinity to the regulator protein relative to the conserved consensus
nod box sequence, and ultimately activate transcription of the repressor protein NodD; to
balance the expression of nod operon. Additionally, prediction of highly conserved NodD
protein structure patterns between NodD; and NodD, and their structural alignment led to
another hypothesis regarding to the potential NodD;-NodD; heterodimers formation, since
their protein structures are very similar and no specific amino acid residues responsible for
oligomerization could be identified in experiments carried out to date. If that is the case
and NodD;-NodD; heterodimers may be formed in Bradyrhizobium, they can affect the
regulation driven by NodD; in this symbiont, also interfering in nod operon gene
expression. Although data may enable inferences on these events, these are not conclusive
evidences and experimental confirmation of such mechanisms should be performed to

prove the validity of this model.
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Figure 6. Model illustrating nod gene expression modulation in Bradyrhizobium elkanii. Expression of
nod operon containing the structural nod genes is regulated by regulatory nod genes, i.e. nod regulon, in the
presence of the respective inductor isoflavone. Transcription activation of nod operon is mediated by NodD,
and NodVW, resulting in biosynthesis of lipochitooligosaccharides. Negative regulation of nod operon is due
to action of NodD, and indirectly by NolA. Based on Loh et al., 2003.

Knowledge about the genetic control of nodulation and the understanding of
mechanisms involved in early events of symbiotic relationship establishment undoubtedly
evolved by far in the last two decades. Even though a general framework of this process do
not apply yet for all diazotrophic microorganisms given its genetic and consequent
phenotypic diversity, comparative studies may help to clarify such processes and provide
some useful preliminary evidences for further experimental design. As microbial genome
sequencing projects are quickly delivering an ever increasing amount of data, resolution of
such comparative analysis of cis-elements and their cognate trans-acting factors could lead

to new insights in their activation and/or repression regulatory mechanisms of nod gene
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expression. Our work has enabled to draw a general framework of several similarities
between B. elkanii genomes and the close relative B. diazoefficiens, from which it was
possible to infer correlate functional mechanisms and key elements that play an essential
role in the regulation of nod gene expression. Besides, it revealed new genomic features
that were not clearly explored before, some of them unique for some B. elkanii genomes,

raising new interesting questions for further research.
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Supplemental material

Supplementary Table 1. Bradyrhizobium nod operon/regulon gene inventory

Organism Gene
1D Coordinates nt aa
nodw= BA000040.2_1878986_1879579 594 197
nodV* BA000040.2_1882335_1879666 2670 889
nolz BA000040.2_2175594_ 2175821 228 75
nolY BA000040.2_2175928 2176656 729 242
nolA* BA000040.2_2179134 2179706 573 190
nodD2* BA000040.2_2180766_2181758 993 330
nodD1* BA000040.2_2182392_2183336 945 314
nodY BA000040.2_2183450_2184088 639 212
o nodK - - -
B(;?;Z%r:f'f?ggﬁsm nodA BA000040.2_2184130_2184762 633 210
USDA 110 nodB BA000040.2_2184963_2185416 453 151
nodC BA000040.2_2185433_2186890 1458 485
nods BA000040.2_2186919_2187446 528 175
noduU BA000040.2_2187460_2189169 1710 569
nodl BA000040.2_2189186_2190091 906 301
nodJ BA000040.2_2190095_2190883 789 262
nolM BA000040.2_2190916_2191089 174 57
nolN BA000040.2_2191127 2191522 396 131
nolO BA000040.2_2191558 2193165 1647 548
nodZ BA000040.2_2193331_ 2194443 1113 370
nodw= AJJK01000027.1_118833_119536 704 233
nodv* AJJK01000029.1_119623_ 122295 2673 890
nolz - - -
nolY AJJK01000096.1_326076_326309 234 77
nolA* AJJK01000095.1_321036_321522 487 162
nodD2* AJJK01002387.1_8523194 8524189 996 331
nodD1* AJJK01002387.1_8524830_8525774 945 314
nodY - - -
nodK AJJK01002387.1_8526308_8526585 278 91
Bradyrhizobium elkanii ~ nodA AJJK01002387.1_8526625_8527257 663 210
SEMIA 587 nodB AJJK01002387.1_8527458 8527913 456 151
nodC AJJK01002387.1_8527930_8529303 1374 457
nods AJJK01002387.1_8529419_8529946 528 175
nodU AJIK01000365.1_1215479_1216615 1137 378
nodl AJJK01000616.1_2107854_2108629 776 257
nodJ AJJK01000616.1_2106915 2106706 792 263
nolM - - -
nolN - - -
nolO AJJK01000616.1_2104611_2106371 1761 586
nodZ AJJK01000616.1 2103328 2104320 993 330
nodw* AJPV01000599.1_9181873_9182704 832 277
nodv* AJPV01000599.1_9178877_9181549 2673 890
nolz - - -
nolY AJPV01000548.1_8647548_ 8647781 234 77
nolA* AJPV01000548.1_8642134 8642706 573 190
nodD2* AJPV01000548.1_8640072_8641067 996 331
nodD1* AJPV01000548.1_8638487_8639431 945 314
nodY - - -
nodK AJPV01000548.1_8637677_8637953 277 91
Bradyrhizobium elkanii ~ nodA AJPV01000548.1_8637004_8637636 633 210
CCBAU 05737 nodB AJPV01000548.1_8636348_ 8636803 456 151
nodC AJPV01000548.1_8634958 8636331 1374 457
nods AJPV01000548.1_8634315_8634842 528 175
noduU AJPV01000548.1_8632591 8633781 1191 396
nodl AJPV01000548.1_8631669_8632589 921 306
nodJ AJPV01000548.1_8630874_8631665 792 263
nolM - - -
nolN - - -
nolO AJPV01000548.1_8628570_8630597 2028 675
nodZ AJPV01000548.1_8627315_8628279 965 321
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Supplementary Table 1. (continued)

Organism Gene
ID Coordinates nt aa
nodwW* AJPW01000165.1 2853646 2854325 678 225
nodVv* AJPW01000165.1_2850986_2853649 2664 887
nolz - - -
nolY AJPW01000249.1_ 3991990 3992223 234 77
nolA* AJPW01000249.1 3997065 3997637 573 190
nodD2* AJPW01000249.1 3998704 3999699 996 331
nodD1* AJPW01000249.1_4000340_4001284 945 314
nodY - - -
nodK AJPW01000249.1_4001692_4002094 403 133
Bradyrhizobium elkanii nodA AJPW01000249.1_4002135_4002767 633 210
CCBAU 43297 nodB AJPW01000249.1_4002968_4003423 456 151
nodC AJPW01000249.1_4003440_4004813 1374 457
nodS AJPW01000249.1_4004929 4005456 528 175
nodU AJPW01000249.1_4005471_4007180 1710 569
nodl AJPW01000249.1_4007182_4008102 921 306
nodJ AJPW01000249.1_4008106_4008897 792 263
nolM - - -
nolN - - -
nolO AJPW01000249.1_4009174_4011201 2028 675
nodZ AJPW01000249.1 4011492 4012485 994 330
nodwW* JAFC01000092.1_6221570_ 6222249 678 225
nodVv* JAFC01000092.1 6218910 6221573 2464 887
nolz - - -
nolY - - -
nolA* JAFC01000072.1_8259046 8259618 573 190
nodD2* JAFC01000072.1_8260685_8261680 996 331
nodD1* JAFC01000072.1_8262321 8263265 945 314
nodY - - -
nodK JAFC01000072.1_8263673_8264076 403 133
Bradyrhizobium elkanii nodA JAFC01000072.1_8264116_ 8264748 633 210
USDA 94 nodB JAFC01000072.1_8264949 8265404 456 151
nodC JAFC01000072.1_8265421 8266794 1374 457
nodS JAFC01000072.1_8266910_ 8267437 528 175
nodU JAFC01000072.1_8267971_ 8269161 1191 396
nodl JAFC01000072.1_8269163 8270083 921 306
nodJ JAFC01000072.1_8270087_8270878 792 263
nolM - - -
nolN - - -
nolO JAFC01000072.1_8271155 8273182 2028 675
nodZ JAFC01000072.1 8273471 8274465 995 331
nodW* AXAHO01000065.1_7903638_7903988 351 116
nodV* AXAH01000065.1_7900642_7903314 2673 890
nolz - - -
nolY - - -
nolA* AXAHO01000041.1_6058297_6058869 573 190
nodD2* AXAH01000041.1 6056239 6057228 990 329
nodD1* AXAH01000041.1 6054783 6055619 837 278
nodY - - -
nodK AXAHO01000041.1_6054210_6054472 263 86
Bradyrhizobium elkanii nodA AXAH01000041.1_6053183_6053815 633 210
USDA 3254 nodB AXAHO01000041.1_6052527_6052982 456 151
nodC AXAH01000041.1_6051120 6052509 1386 461
nodS AXAHO01000041.1_6050494 6051021 528 175
nodU AXAH01000041.1_6048771_6050480 1710 569
nodl AXAHO01000041.1_6047849 6048769 921 306
nodJ AXAH01000041.1_6047054_6047845 792 263
nolM - - -
nolN - - -
nolO AXAHO01000041.1_6044746_6046773 2028 675
nodZ AXAH01000041.1 6043471 6044465 995 331
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Supplementary Table 1. (continued)

Organism Gene
ID Coordinates nt aa
nodwW=* AXAWO01000069.1 7664909 7665259 351 116
nodVv* AXAWO01000069.1 7661913 7664585 2673 890
nolz - - -
nolY - - -
nolA* AXAWO01000040.1 5585979 5586551 573 190
nodD2* AXAW01000040.1 5587618 5588609 992 329
nodD1* AXAWO01000040.1 5589229 5590065 837 278
nodY - - -
nodK AXAWO01000040.1_5590375_ 5590638 264 88
Bradyrhizobium elkanii nodA AXAWO01000040.1_5591033 5591665 633 210
USDA 3259 nodB AXAWO01000040.1_ 5591866 5592321 456 151
nodC AXAWO01000040.1_5592339 5593728 1386 461
nodS AXAWO01000040.1_5593827_5594354 528 175
nodU AXAWO01000040.1_5594368 5596077 1710 569
nodl AXAWO01000040.1_5596079 5596999 921 306
nodJ AXAWO01000040.1_5597003 5597794 792 263
nolM - - -
nolN - - -
nolO AXAWO01000040.1_5598075_ 5600102 2028 675
nodZ AXAWO01000040.1 5600383 5601377 995 331

*regulatory nod genes

nodD; and nodD,, the core regulatory genes in nod regulon are highlighted in grey
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GAACATACCGGGCTCTTGGCCGCATCGGAGCGCACAGACGGCGGTCACCGGA -
GAACATACCGGGCTCTTGGCCGCATCGGAGCGCACAGACGGCGGTCACCGGA -
GAACATACCGGGCTCTTGGCCGCATCGGAGCGCACAGACGGCGGTCACCGGA -~
GAACACACGGGTCTCTTAGCCGCATCAGAGCGTACGGACGGCGGCCACCGGA -~
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-AGCGATGCGCAAAAGCGGACGTTTCAGCTTCGACTAAAGTCG-CGTCAGCGACACCTACTG-AAGGTTTAGGACAAATATA
-CAGTGAAAGAAAACAGACATCTGAGCCTCGATTGTACGCA-CGTCGGCGCGCCATTTGGAAAGGTTTAGAACAACTATA
CTGCCAAAGGGCTATCG----CAGTGAAAGAAAACAGACATCTGAGCCTCGATTGTACGCA-CGTCGGCGCGCCATTTGGAAAGGTTTAGAACAACTATA
AATTCGATGCCATGTTCTATGCTGTGCAGG-———-———————======~ CGATCGAGCTCATCGCGGGCGCAACA-———————====————, AACATTACA
AATTCGATGCCATGTTCTATGCTGTGCAGG-———-———————======~ CGATCGAGCTCATCGCGGGCGCAACA-———————===—————, AACATTACA
~AGCAATATAGT---CAGCGAAGGAAAGCGGACATCTCAGCCTCGGTCGTACGCA-TGTCAGCGCGCCATAATGAAAGGTTTAGGACAACTATA
~AGCAATATAGT---CAGCGAAGGAAAGCGGACATCTCAGCCTCGGTCGTACGCA-TGTCAGCGCGCCATAATGAAAGGTTTAGGACAACTATA
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CTTCTTGCTCTCAACGGG-
CTTCTTGCTCTCAACGGG-

CCTA-CGTT ATGCGCCTTTCTTCGGCACGTGCTGA-——

CCTA-CGTT ATGCGCCTTTCTTCGGCACGTGCTGA--~— --GTTCAGCCGCAAG- CAATTGA-CCGGAACCGAAGGCGAG
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CGCTATCATGCGGACCCAAGTGTTCAAGATTGCCTCATTTTTG--——————--— CCTAAAATGCTATAGCTCTCCCGCCGGATAACAGGCCGGACGGTCT

CGTG-- -GAGCG--GA----AAGAATTGCCCCATTTTTG— -CCTAAAATGTTATAACTCTCCCGCCGGAGAA-AGGCCGGACGGTCC

CGTG-- -GAGCG--GA----AAGAATTGCCCCATTTTTG— -CCTAAAATGTTATAACTCTCCCGCCGGAGAA-AGGCCGGACGGTCC
CGCGGACAACCGACCT--GACGCCCGGTATTGTCCCGGCTTTATGAGTACGCGCCCTAAAATCTTATAGCTCTCCCGCCGGAGAATAGGCCGGACGTATC
CGCGGACAACCGACCT--GACGCCCGGTATTGTCCCGGCTTTATGAGTACGCGCCCTAAAATCTTATAGCTCTCCCGCCGGAGAATAGGCCGGACGTATC
TGCGTCCCTCAGGGCC--GG----AAGGGTTGCCCCATTTTCG-—————————— CCTAAAATGTTATAGCTCTCCCGCCGGAGAA-AGGCCGGACGGTCC
TGCGTCCCTCAGGGCC--GG----AAGGGTTGCCCCATTTTCG-—————————— CCTAAAATGTTATAGCTCTCCCGCCGGAGAA-AGGCCGGACGGTCC

Supplementary Figure 1. Alignment of 250 bp upstream ORF region from nolA (A) and nodVW (B)
genes. Yellow dashed sequences show a -10/-35 o'’ potential promoter. Putative nod box motifs ATC-N,-

GAT were not found in these promoter regions. Last nucleotide in the sequence represents that

immediately prior to ATG from CDS start site.
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Supplementary Figure 2. Global similarity of NodD regulator proteins in B. elkanii strains using
Percent Accepted Mutations (PAM250) matrix. From dark- to light gray shaded boxes are the higher-
to lower sequence similarities, respectively. Analysis was performed for NodD; (A), and NodD, (B)
protein sequences.
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Supplementary Figure 3. Conservation plot from the multiple sequence alignment (MSA) of NodD regulator
proteins from genomes of different B. elkanii strains in contrast to reference B. diazoefficiens USDA 110.
Global protein alignment was performed using MUItiple Sequence Comparison by Log-Expectation (MUSCLE)
algorithm for NodD; (A), and NodD, (B) protein sequences.
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Supplementary Figure 4. NodD; global protein structure alignment from B. elkanii strains against B.
diazoefficiens USDA 110 using Combinatorial Extension (CE) algorithm. Orange colour residues represent
NodD, from B. diazoefficiens USDA 110, superimposed by light-blue residues representing NodD; from B.
elkanii SEMIA 587 (A), B. elkanii CCBAU 05737 (B), B. elkanii CCBAU 43297 (C), B. elkanii USDA 94 (D),
B. elkanii USDA 3254 (E), and B. elkanii USDA 3259 (F).
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Supplementary Figure 5. NodD, global protein structure alignment from B. elkanii strains against B.
diazoefficiens USDA 110 using Combinatorial Extension (CE) algorithm. Orange colour residues
represent NodD, from B. diazoefficiens USDA 110, superimposed by light-blue residues representing NodD,
from B. elkanii SEMIA 587 (A), B. elkanii CCBAU 05737 (B), B. elkanii CCBAU 43297 (C), B. elkanii
USDA 94 (D), B. elkanii USDA 3254 (E), and B. elkanii USDA 3259 (F).
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Supplementary Figure 6. NodD;-NodD, global protein structure alignment within each
Bradyrhizobium genome using Combinatorial Extension (CE) algorithm. Orange colour residues
represent NodDj, superimposed by light-blue residues representing NodD,. Genomes represented are B.
elkanii SEMIA 587 (A), B. elkanii CCBAU 05737 (B), B. elkanii CCBAU 43297 (C), B. elkanii USDA 94
(D), B. elkanii USDA 3254 (E), B. elkanii USDA 3259 (F), and B. diazoefficiens USDA 110 (G).
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4. CONSIDERACOES FINAIS E PERSPECTIVAS

Como mencionado na Introducdo desse trabalho, a imensa quantidade de
informacdo gerada pelas metodologias de sequenciamento de alto rendimento tornou-se um
desafio para os cientistas que buscam interpretar e dar um significado bioldgico para esse
conjunto de dados. Para se ter uma ideia dessa quantidade, até 0 momento em que esse
trabalho foi redigido cerca de 30.000 genomas bacterianos estavam disponiveis nos bancos
de dados, seja na forma de genomas completos (fechados) ou de rascunhos (ou drafts,
distribuido em vérios contigs). Apenas em relagdo a espécies do género Bradyrhizobium,
foco desse trabalho, 88 genomas podiam ser facilmente acessados. Entretanto, para a
maioria desses genomas a anotacdo dos genes e das proteinas correspondentes é
incompleta ou mesmo inexistente, o que dificulta imensamente analises do tipo das que
foram realizadas na presente dissertacao.

Mesmo que existam 10 genomas de linhagens de B. elkanii disponiveis nos bancos
de dados, decidimos utilizar somente aqueles de linhagens que confirmadamente foram
identificadas como pertencentes a espécie em estudo e que compartilhavam da mesma
metodologia de montagem. Por isso, as analises foram executadas com a utilizacdo de seis
genomas, cujas anotacdes de seus genes e proteinas tiveram que ser realizadas, para a
grande maioria, na sua totalidade. Esse trabalho, embora sendo uma etapa inicial, foi de
fundamental importancia para que pudéssemos elaborar a primeira figura do manuscrito
(Figura 1), onde mostramos, pela primeira vez para a espécie de B. elkanii, uma
comparacdo da organizacdo dos genes envolvidos no processo de nodulagdo (genes nod e
nol) para diferentes linhagens dessa espécie. Surpreendentemente constatamos que em
varios genomas a organizacdo encontrada na especie usada como referéncia (B.
diazoefficiens USDA 110) nédo foi mantida na sua totalidade, ainda que o principal operon
nod tenha sido conservado. Inclusive alguns genes presentes na especie referéncia foram
perdidos nos genomas de B. elkanii (genes nolZ, nolM e nolN, por exemplo), ou mesmo
substituidos, como foi o caso entre os genes nodY (em USDA 110) e nodK (nas linhagens
de B. elkanii). Dentre os seis genomas de B. elkanii analisados, o da linhagem SEMIA 587
foi 0 que mais divergiu em relagdo a organizacao dos genes nod e nol, sugerindo que, no
genoma dessa linhagem, varios eventos de recombinacdo génica devem ter ocorrido e que

culminaram em um maior espagamento dos genes em questio no cromossoma. Essa
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diferenca na organizacao dos genes envolvidos no processo de nodulacdo pode sugerir uma
diferenca na eficiéncia desse processo, ou, entdo, uma mudanca na discriminagédo da planta
hospedeira. Experimentos que testem a especificidade a diferentes hospedeiros (diferentes
variedades de soja ou outras espécies de leguminosas) e a eficiéncia na formacdo de
nodulos poderdo esclarecer essa questdo. Também serd importante realizarmos uma anélise
de sintenia entre os genomas das seis linhagens de B. elkanii, a fim de verificarmos a
existéncia de rearranjos em outras regides do genoma de SEMIA 587 ou se nessa linhagem
ocorreu algum problema no momento da montagem do seu genoma.

Outra observacao interessante foi a presenca, em todos 0s seis genomas analisados,
de duas copias do gene nodD, nodD; e nodD,, com grande similaridade de sequéncia entre
elas. Entretanto, apesar dessa similaridade, verificamos que os motivos de ligacdo ao DNA
hélice-volta-hélice das proteinas correspondentes, NodD; e NodD,, apresentam algumas
variacbes na composicdo de aminoacidos, o que pode evidenciar uma diferenca na
eficiéncia de reconhecimento do nod box. Outras regifes também apresentam algumas
diferencas que podem influir, por exemplo, na dimerizacdo das subunidades para formar o
tetrdmero funcional.

A regulacdo do processo de nodulacdo € extremamente complexa e, em
Bradyrhizobium, envolve ndo sé a acdo das proteinas NodD; e NodD,, mas também de
NolA e NodVW. A fim de contribuirmos com um maior conhecimento desse processo em
B. elkanii, resolvemos investigar as regides a montante do inicio da traducdo de cada um
dos genes codificadores dessas proteinas (250 pb), buscando por regides que fossem
conservadas e por motivos de ligacdo de proteinas que pudessem atuar como ativadoras ou
repressoras da transcricdo dos mesmos. Como foi descrito no manuscrito, dois nod boxes
foram identificados na regido préxima ao inicio da regido codificadora de NodD;, sendo
um deles com sobreposi¢do a possivel regido utilizada para a ligacdo da RNA-polimerase

complexada com o fator ™.

De acordo com dados da literatura, esse nod box
(representado na Figura 2A do manuscrito como Box1) controla a transcri¢cdo dos genes
que estdo presentes no operon nod, cuja transcri¢cdo tem orientacdo divergente a de nodD;.
O outro nod box (representado como Box2 na mesma figura) é descrito como um
“possivel” nod box em trabalhos anteriores e esse deve ser o responsavel pela ativacéo da
transcricdo do gene nodD;. A conservacao de sequéncia na regido de 250 pares de bases

(pb) analisada entre os seis genomas de B. elkanii e com o genoma de B. diazoefficiens
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USDA 110, também chamou nossa atencédo, sugerindo que, nessas espécies, a regulacéo da
transcri¢cdo de nodD; possa ser semelhante.

Em relacdo as sequéncias reguladoras de nodD,, ndo foi encontrado 0 mesmo grau
de conservagdo que encontramos nessa mesma regido de nodD;. Para o gene nodD,, as
sequéncias das linhagens SEMIA 587, CCBAU 05737, CCBAU 43297 e USDA 94
apresentam um nod box parcial e uma sequéncia que pode ser utilizada pela RNA-
polimerase complexada com o fator ¢’ para iniciar a transcricdo desse gene, além de
serem bastante conservadas. J& para as linhagens USDA 3254 e USDA 3259 ndo foi
possivel identificarmos um nod box nem uma sequéncia que poderia ser usada como sitio
para a ligagdo da RNA-polimerase complexada com o fator 6™’ Isso sugere que possa
haver uma diferenca na regulacéo da transcricdo de nodD, entre as linhagens de B. elkanii
e que naquelas onde existe um nod box parcial, as proteinas NodD; e NodD, possam se
ligar para estimular ou reprimir a transcricdo de nodD;, respectivamente. Embora
mencionado na literatura a existéncia de um sitio de ligacdo para a proteina NolA na regido
promotora de nodD,, tal regido ndo foi identificada em nossas analises e, até 0 momento,
ndo somos capazes de confirmar o papel ativador de NolA na transcricdo de nodD,.

As regides reguladoras dos genes nolA (altamente conservadas) e nodVW (nédo
conservadas) ndo apresentaram nod boxes, indicando que outras proteinas, diferentes de
NodD; e NodD,, sejam as responsaveis pela regulacdo da transcricao desses genes.

Quando comparados os modelos propostos para as proteinas NodD; e NodD,
constatamos que a maior similaridade e homologia se encontra na regido que contém o
dominio de ligacdo ao DNA hélice-volta-hélice. Entretanto, mesmo que exista uma grande
similaridade entre essas proteinas dentre as espécies estudadas, as diferencas encontradas
podem refletir uma maior ou menor afinidade pelo nod box ou entre as proteinas para a
formagdo dos dimeros funcionais, como mencionado anteriormente. Essas pequenas
diferencas podem resultar em uma maior ou menor ativacdo dos promotores €, em ultima
instancia, em uma maior ou menor producdo dos fatores Nod, ou a producgdo de fatores
Nod com cadeias laterais diferentes. Estudos dos perfis metabélicos, por espectrometria de
massas, das linhagens de B. elkanii em comparagdo com a linhagem de B. diazoeficiens
USDA 110, sob a inducéo de flavonoides especificos, poderdo esclarecer essa questéo.

Embora tenhamos proposto um modelo para a regulagdo da transcricdo dos genes
nod em B. elkanii com base nas observacdes desse trabalho e com resultados j& descritos
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na literatura, varios experimentos ainda devem ser realizados, a fim de comprovarmos a
veracidade das hipoteses formuladas. Além dos j& mencionados, experimentos de
retardamento em gel serdo necessarios para comprovarmos a ligacdo das proteinas NodD;
e NodD; nos nod boxes identificados nas regides reguladoras dos respectivos genes, bem
como a eficiéncia de cada ligacdo, e ensaios de duplo hibrido poderdo mostrar se essas
proteinas sdo capazes de formar dimeros funcionais. Também serd interessante mapear 0s
aminoacidos essenciais para a dimerizacdo das subunidades e aqueles envolvidos na
ativacdo ou repressdo da transcri¢do. Enfim, esse trabalho é apenas o inicio de uma grande
linha de investigacdo que poderé contribuir, de forma bastante significativa, para um maior
conhecimento do processo de inducdo da nodulacéo de leguminosas que € estimulado pelos

fatores Nod bacterianos.
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