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RESUMO

A utilizacdo massiva de fertilizantes quimicos na agricultura tem efeitos perniciosos
ao ambiente. As bactérias do género Azospirillum sio amplamente estudadas, pois sdo
capazes de promover o crescimento vegetal. Essa caracteristica lhes confere potencial para
serem utilizadas na agricultura como uma alternativa ecologicamente compativel. Embora
a espécie Azospirillum amazonense seja menos conhecida, o estudo de sua biologia
molecular poderia contribuir para a elucidacdo dos mecanismos envolvidos na promogao
do crescimento vegetal.

Na primeira parte deste trabalho, foram descritas ferramentas genéticas que podem
facilitar o estudo da biologia molecular de 4. amazonense. Métodos de conjugacdo e
eletroporagdo foram otimizados utilizando vetores com origens de replicagdo de amplo
espectro (pVS1 e pBBRI1). Além disso, mutantes para o gene g/nK foram gerados
utilizando o sistema do vetor pK19MOBSACB. Finalmente, um protocolo de andlise de
promotores baseado na expressao de proteinas fluorescentes foi desenvolvido para permitir
estudos de regulagdo génica.

Na segunda parte do trabalho, uma analise abrangente das caracteristicas do draft do
genoma de A. amazonense foi realizada. Essa espécie apresenta um repertorio versatil de
genes, crucial para seu modo de vida na rizosfera. Genes putativos relacionados com
metabolismo de nitrogénio e de carbono, producdo de energia, producdo de fitormdnio,
transporte, quorum sensing, resisténcia a antibidticos, sintese de bacteriofitocromo,
quimiotaxia e motilidade foram identificados. Os genes da fixacdo do nitrogénio e da
nitrilase poderiam estar diretamente relacionados com a promog¢ao do crescimento vegetal.
A identificacdo de genes da RubisCO sugere que A. amazonense seja capaz de fixar
carbono, caracteristica do seu metabolismo antes desconhecida. Outro aspecto relevante ¢
que alguns genes de 4. amazonense, como os da nitrogenase e da RubisCO, sdo mais
proximos filogeneticamente aos genes de membros da ordem Rhizobiales do que dos de

espécies do mesmo género.



ABSTRACT

The massive use of chemical fertilizers in agriculture has harmful effects to the
environment. Bacteria from the Azospirillum genus are widely studied, since they are able
to promote plant growth. This feature gives them the potential to be used in agriculture as
an ecologically compatible alternative. Although the Azospirillum amazonense is a lesser-
known species, the study of its molecular biology could contribute to a better
understanding of the mechanisms implicated in plant growth.

In the first part of this study, genetic tools that can support the study of the molecular
biology of A. amazonense were described. Conjugation and electrotransformation methods
were established utilizing vectors with broad host-replication origins (pVS1 and pBBR1).
Furthermore, g/nK-specific A. amazonense mutants were generated utilizing the
pK19MOBSACB vector system. Finally, a promoter analysis protocol based on fluorescent
protein expression was optimized to aid genetic regulation studies on this bacterium.

In the second part of this study a comprehensive analysis of the genomic features of
this species was presented. The species A. amazonense presents a versatile repertoire of
genes crucial for its plant-associated lifestyle. Genes of A. amazonense related to
nitrogen/carbon metabolism, energy production, phytohormone production, transport,
quorum sensing, antibiotic resistance, chemotaxis/motility and bacteriophytochrome
biosynthesis were identified. Noteworthy genes were the nitrogen fixation genes and the
nitrilase gene, which could be directly implicated in plant growth promotion, and the
carbon fixation genes, which had previously been poorly investigated in this genus. One
important finding was that some 4. amazonense genes, like the nitrogenase genes and
RubisCO genes, were closer phylogenetically to genes from Rhizobiales members than to

those from species of its own order.
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INTRODUCAO

Fertilizantes quimicos

As plantas necessitam de elementos quimicos para sua adequada nutri¢do.
Deficiéncias na disponibilidade desses elementos podem afetar o crescimento vegetal e,
por conseguinte, a produtividade agricola. Portanto, a utilizacdo de fertilizantes quimicos
foi um dos alicerces do aumento expressivo na produtividade agricola mundial, que se
iniciou por volta da metade do século passado (HUANG et al, 2002). O aumento
populacional progressivo e a consequente demanda por produtos de origem agricola sdo os
principais responsaveis pelo consumo cada vez maior de fertilizantes. Em relacdo a
quantidade utilizada desses compostos, os fertilizantes nitrogenados compdem a parcela
majoritaria (cerca de 100 milhdes de toneladas ao ano) (HTTP://www.fertilizer.org), j4 que
normalmente a escassez de nitrogénio no solo ¢ o principal fator limitante do crescimento
vegetal (RAVEN et al., 2001).

Embora necessario, o uso continuo e elevado de fertilizantes inorgéanicos tem
consequéncias perniciosas para o meio-ambiente. Tendo em vista que esses efeitos sdo
oriundos principalmente da utilizacdo de fertilizantes nitrogenados, os exemplos
subsequentes se referem aqueles causados por esses compostos. Segundo Sutton et al.
(2011), os principais sdo:

- a diminuicdo da biodiversidade dos ecossistemas, no qual o fendmeno de
eutrofizacdo (multiplicag@o excessiva de algas) exerce papel principal;

- o risco a saude humana, pois o consumo de 4gua com altas concentragdes de nitrato
aumenta a chance de desenvolvimento de cancer de intestino e que a exposicao a 6xidos de
nitrogénio por via aérea causa doencas respiratorias e cardiovasculates;

- ¢ 0 aumento da concentracao de gases do efeito estufa na atmosfera.

Esses problemas ambientais t€ém consequéncias econdmicas elevadas. Por exemplo,
estima-se que o excesso de nitrogénio no ambiente custe & Unido Européia entre 70 e 320
bilhdes de euros ao ano (SUTTON et al., 2011). Portanto, em virtude dos problemas
causados pela utilizagdo de fertilizantes quimicos, hd uma preocupacio crescente em se
utilizar métodos que promovam uma agricultura sustentavel, menos adversa ao ambiente.

Nesse sentido, o uso de bactérias promotoras de crescimento vegetal (RPCVs) se destaca



como uma alternativa ecologicamente compativel. Portanto, diferentes laboratérios do
mundo vém estudando esses organismos, tendo como objetivo final seu emprego na

agricultura para reduzir o consumo de fertilizantes quimicos.

Rizobactérias promotoras de crescimento vegetal (RPCV’s)

Rizobactérias promotoras de crescimento vegetal (RPCVs, ou PGPR, do inglés plant
growth promoting rhizobacteria) sdo bactérias de vida livre que exercem um efeito
benéfico sobre o crescimento de plantas (ANTOUN & PREVOST, 2005; KLOEPPER et
al., 1989). Visando a sistematizacdo de seu estudo, essa defini¢do originalmente ndo
contemplaria bactérias simbidticas que produzem nodulos radiculares na planta hospedeira,
como os rizobios e espécies do género Frankia (ANTOUN & PREVOST, 2005).
Entretanto, como nao hd homogeneidade na literatura referente a essa defini¢do, ao longo
do texto desta tese, sempre que se fizer meng¢do ao acronimo RPCVs, o conceito original
devera ser considerado.

As RPCVs ocupam a rizosfera, a camada de solo influenciada pela raiz, atraidas por
exsudatos que contém metabolitos vegetais que podem ser utilizados como nutrientes
(KLOEPPER et al., 1989). Em contrapartida, as RPCVs exercem efeitos benéficos sobre o
crescimento vegetal, que podem ser diretos, através da sintese de substancias estimuladoras
para a planta, ou indiretos, pela protecdo da planta contra doengas provenientes do solo,
normalmente causadas por fungos (LUGTENBERG & KAMILOVA, 2009; VERMA et
al., 2010). Dentre os mecanismos diretos de promocao do crescimento vegetal, destacam-
se a fixacdo bioldgica do nitrogénio, a sintese de fitormonios, a inibicdo da sintese de
etileno e o aumento da disponibilidade de nutrientes para a planta. (FUENTES-RAMIREZ
& CABALLERO-MELLADO, 2005).

A utilizagdo de RPCVs como inoculantes agricolas possui muitas vantagens em
comparagao com fertilizantes e pesticidas quimicos (BERG, 2009), ja que:

- s30 mais seguros;

- demonstram reduzido dano ambiental e menor risco potencial a saide humana,;

- sdo eficazes em pequenas quantidades;

- sdo capazes de se multiplicar, mas sdo controlados tanto pela planta quanto pelas
populagdes microbianas nativas;

- ¢ decompoem-se mais rapidamente do que os pesticidas quimicos convencionais.
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Os géneros mais conhecidos de RPCVs incluem: Azospirillum, Azotobacter, Bacillus,
Burkholderia, Enterobacter, Klebsiella e Pseudomonas. Alguns géneros possuem espécies
endofiticas, como Herbaspirillum seropedicae, Azoarcus spp. € Gluconacetobacter
diazotrophicus, que sdo capazes de invadir os tecidos vegetais e por isso, estabelecer uma
interagdo mais intima com a planta (FUENTES-RAMIREZ & CABALLERO-MELLADO,
2005). Como o organismo de interesse neste trabalho ¢ a bactéria Azospirillum
amazonense, os topicos seguintes se deterdo na caracterizacao do género e da espécie em

questao.

0 género Azospirillum

O género Azospirillum pertence a classe a-Proteobacteria e compreende bactérias
Gram-negativas de vida livre, flageladas e fixadoras de nitrogénio. Esses microrganismos
tém distribuicdo mundial e sdo normalmente encontrados na rizosfera e nas raizes de
diferentes tipos de plantas. Geralmente, os Azospirilla apresentam um metabolismo do
nitrogénio e do carbono versatil, que confere adaptabilidade ao competitivo ambiente da
rizosfera (STEENHOUDT & VANDERLEYDEN, 2000). Além do mais, essas bactérias
sdo capazes de acumular granulos de polihidroxibutirato, que em condi¢des adversas
podem servir como fonte de carbono e energia (TAL & OKON, 1985).

Muitos estudos demonstraram que as bactérias do género Azospirillum exercem
efeitos benéficos sobre espécies vegetais. No entanto, apesar de mais de trés décadas de
estudo intensivo terem decorrido, ainda nao se sabe o modo exato de acao dessas bactérias
sobre as plantas. Entretanto, at¢é o momento, segundo Bashan & de-Bashan (2010), os
resultados indicam que:

- a maioria das linhagens de Azospirillum pode fixar nitrogénio, mas somente uma
fragdo dele, se alguma, ¢ transferida para planta;

- a maioria das linhagens sintetiza fitormonios, no entanto a transferéncia para planta
¢ provavelmente limitada;

- o efeito mais perceptivel ¢ a modificacdo na arquitetura radicular da planta, que
confere maior absor¢do de agua e nutrientes. Entretanto, apesar desse fendmeno ser
atribuido a agdo de fitormonios bacterianos, ainda ndo se sabe se um conjunto desses

elementos ou se um Unico esta envolvido no processo;
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Em virtude das discussoes existentes em relagdo a fixa¢ao do nitrogénio e a produgao
de fitormonios, mecanismos alternativos de promocgao do crescimento vegetal também tém
sido estudados. Existem resultados promissores em relagdo a solubilizacdo de fosfatos, a
reducdo de estresses abidticos e ao controle bioldgico de patogenos. Entretanto, as
evidéncias ainda sdo insuficientes para se chegar a uma conclusdo definitiva da
importancia desses mecanismos na estimulacdo do crescimento de plantas (BASHAN &
DE-BASHAN, 2010).

Em contrapartida, a existéncia de uma miriade de mecanismos possiveis de promog¢ao
do crescimento vegetal através da inoculagdo com Azospirillum, levou a Bashan & de-
Bashan (2010) a propor a Hipotese dos Mecanismos Multiplos. Essa conjectura se baseia
na premissa de que ndo haveria um unico mecanismo envolvido, mas uma combinacdo de
poucos ou mais mecanismos na estimulacdo do crescimento vegetal. Os mecanismos
poderiam variar em relagdo as espécies vegetais, as linhagens de Azospirillum e as
condi¢des ambientais prevalentes durante a interagdo. Em outras palavras, esse ponto de
vista holistico preconiza que seria precipitado atribuir os efeitos da inoculagdo a um unico
mecanismo, pois sem a acdo de outros mecanismos, talvez eles fossem parciais ou até
mesmo nao ocorressem.

Seria importante ressaltar que a maioria dos resultados obtidos ¢ decorrente de
estudos realizados com a espécie Azospirillum brasilense (TARRAND et al., 1978),
considerada como organismo-modelo do género. Até o momento, outras quinze espécies
de Azospirillum foram descritas: A. amazonense (MAGALHAES et al, 1983),
Azospirillum canadense (MEHNAZ et al., 2007), Azospirillum doebereinerae (ECKERT et
al., 2001), Azospirillum formosense (LIN et al., 2011), Azospirillum halopraeferens
(REINHOLD et al., 1987), Azospirillum irakense (KHAMMAS et al., 1989), Azospirillum
largimobile (DEKHIL et al., 1997), Azospirillum lipoferum (TARRAND et al., 1978),
Azospirillum melinis (PENG et al., 2006), Azospirillum oryzae (XIE & YOKOTA, 2005),
Azospirillum palatum (ZHOU et al., 2009), Azospirillum picis (LIN et al., 2009),
Azospirillum rugosum (YOUNG et al., 2008), Azospirillum thiophilum (LAVRINENKO et
al., 2010) e Azospirillum zeae (MEHNAZ et al., 2007). Portanto, fica claro que a
diversidade bioldgica do género vem sendo pouco explorada, bem como o seu potencial

biotecnoldgico.
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Figura 1. Filogenia de Azospirilla e espécies relacionadas baseada no rDNA 16S.

Esta figura é uma reprodug@o da analise realizada por Lin ef al. (2011). O tamanho dos ramos ¢é proporcional
a distancia evolutiva. Valores de bootstrap (1000 réplicas) acima de 50% estdo representados adjacentes aos
nos.

Além disso, estudos independentes, através da analise filogenética do rDNA 16S
(Figura 1), demonstraram que o genéro Azospirillum nao ¢ um grupo natural
(monofilético), mas na verdade um grupo parafilético. Apesar de A. amazonense e A.
irakense pertencerem ao género Azospirillum, sdo mais proximos filogeneticamente de
espécies dos géneros Rhodocista e Skermanella do que de outros Azospirilla propriamente
ditos (Figura 1). Por esta razdo, estudos concernentes a essas espécies de Azospirillum sao

relevantes, pois podem existir diferengas significativas no modo de acdo e na eficacia

dessas bactérias sobre o desenvolvimento vegetal.
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A espécie Azospirillum amazonense

A espécie A. amazonense, alvo do presente trabalho, foi originalmente isolada de
gramineas forrageiras da regidio Amazdnica (MAGALHAES et al, 1983). Estudos
subsequentes demonstraram sua ampla distribuicdo ecologica, mostrando sua associagao
também com arroz, sorgo, milho, cana-de-aglicar e outras gramineas (BALDANI &
BALDANI, 2005).

As principais caracteristicas distintivas dessa espécie em comparacdo com A.
brasilense, conforme Magalhaes et al. (1983) e Fu et al. (1989) , sdo as seguintes:

- 0 menor tamanho celular;

- a multiplicagdo preferencial em pH entre 5,8 e 6,8 ¢ a sensibilidade a pH alcalino;

- a utilizacao de sacarose como fonte de carbono;

- a auséncia do sistema DraG/DraT de controle pos-traducional da dinitrogenase
redutase;

- a auséncia de flagelos laterais.

Embora a bactéria tenha sido descrita em meados dos anos 80, trabalhos sobre sua
fisiologia, genética e atividade como RPCV ainda sdo fortuitos. Recentemente, estudos
preliminares tém demonstrado que A. amazonense contribui significativamente para o
conteudo de nitrogénio de gramineas de importidncia econdmica, sendo essa qualidade
atribuida a sua capacidade de fixar nitrogénio (REIS JUNIOR et al., 2008; RODRIGUES
et al., 2008). Entretanto, estudos adicionais sdo fundamentais para confirmar esses
resultados, para identificar outros mecanismos de acdo e para avaliar se a utilizacdo de 4.

amazonense como inoculante seria uma pratica ecoldgica e economicamente viavel.

Aspectos gerais da genética molecular de Azospirillum

Diferentes grupos de pesquisa tém feito esfor¢os na investigagdo de genomas de
Azospirillum, ja que eles poderiam fornecer informagdes relevantes sobre a biologia desses
organismos.

As bactérias desse género possuem genomas relativamente complexos, visto que sao
grandes e sdo constituidos por multiplos replicons. O tamanho, o nimero e a estrutura dos
replicons variam conforme as linhagens (MARTIN-DIDONET et al., 2000). Entre as

espécies avaliadas, A. irakense possui 0 menor genoma, com 4,8 Mpb distribuidos em
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quatro replicons (MARTIN-DIDONET et al., 2000). Em contraposi¢do, 0 maior genoma,
pertencente a bactéria A. lipoferum Sp59b, possui 9,7 Mpb distribuidos em oito replicons
(MARTIN-DIDONET et al., 2000). Apesar do genoma de A. amazonense Y2 ser também
constituido por quatro replicons como A. irakense, possui menor tamanho, totalizando
cerca de 7,3 Mpb (MARTIN-DIDONET et al., 2000). Essa complexidade estrutural dos
genomas de Azospirillum somada a presenca de um nimero elevado de sequéncias que
codificam transposases sdo fatores que dificultam projetos genoma envolvendo essas
bactérias (VALVERDE et al., 2006). De fato, o unico genoma totalmente finalizado do
género foi o da linhagem Azospirillum sp. B510, cuja sequéncia foi publicada recentemente
(KANEKO et al.,, 2010). Esse genoma ¢ composto por sete replicons de diferentes
tamanhos que totalizam cerca de 7,6 Mpb. Além disso, uma caracteristica relevante ¢ a
existéncia de 387 sequéncias codificantes de transposases (base de dados do KEGGQG)
dispersas nos replicons, observag¢ao que ilustra a abundancia de sequéncias repetitivas nos
genomas de Azospirilla.

Recentemente, também foi publicado o genoma da espécie Rhodospirillum centenum
(também conhecida como Rhodocista centenaria) (LU et al., 2010), filogeneticamente
proxima a A. amazonense ¢ A. irakense (Figura 1). Em comparagcdo com o genoma de
Azospirillum sp. B510, o genoma de R. centenum ¢ menos complexo, sendo composto por
apenas um replicon de 4,35 Mpb e possuindo apenas 38 sequéncias codificantes de
transposases.

O genoma draft de A. brasilense Sp245 também foi disponibilizado, constituido por
7,5 Mpb divididos em 66 contigs (http://genome.ornl.gov/microbial/abra/19sep08/).
Entretanto, por enquanto, uma anélise abrangente desses dados ainda ndo foi publicada.

Embora a disponibilizacdo recente desses genomas tenha sido um progresso
fundamental, os dados gerados ainda foram pouco explorados. Até o momento, a maioria
dos estudos de caracterizacdo génica de Azospirillum foi realizada com genes isolados de
bibliotecas gendmicas, se detendo, principalmente, na anélise daqueles que em principio
pudessem contribuir para a estimulagdo do crescimento vegetal, como os envolvidos na
fixagdo do nitrogénio e¢ na sintese de AIA (4cido indolacético, um tipo de auxina).
Entretanto, grande parte desses estudos foi realizada com a linhagem A. brasilense Sp7,
portanto praticamente nada se sabe nesse sentido sobre outras espécies de Azospirillum,

especialmente 4. amazonense. Consequentemente, seria relevante sequenciar os genomas
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dessas outras bactérias, pois, como relatado anteriormente, a variabilidade interespecifica

pode contribuir para descobertas importantes na area de biotecnologia.

Biologia molecular da fixagdo do nitrogénio

Tendo em vista que o crescimento vegetal parece ser influenciado positivamente por
A. amazonense através da fixacdo do nitrogénio, este tOpico versard sobre as bases
moleculares desse processo.

O nitrogénio ¢ um elemento que constitui uma ampla diversidade de moléculas
biologicas, especialmente proteinas e acidos nucleicos. Embora componha cerca de 80%
da atmosfera como nitrogénio molecular (N;), muitos organismos ndo sdo capazes de
assimila-lo nesta forma. Para isso, o nitrogénio molecular deve ser necessariamente
convertido a amonia, fonte nitrogenada mais reativa e assimilavel. Esse processo
fundamental para a disponibilizagdo de nitrogénio para todos os organismos ¢ denominado
fixagdo do nitrogénio e ocorre através de duas vias principais: a industrial, pelo método de
Haber-Bosch, ¢ a bioldgica, pelos organismos diazotréficos (RUBIO & LUDDEN, 2008).
Como previamente salientado, a fixacdo industrial gera consequéncias adversas ao
ambiente, por isso a fixacdo bioldgica tem sido estudada.

O processo biologico de fixacao ¢ realizado por determinadas espécies procarioticas
através de metaloenzimas conservadas denominadas nitrogenases. O tipo mais estudado
dessas enzimas ¢ a nitrogenase dependente de molibdénio, que possui dois componentes
proteicos principais (RUBIO & LUDDEN, 2008):

- a molibdénio-ferro-proteina ou dinitrogenase, codificada pelos genes nifD e nifK,
que ¢ um complexo heterotetramérico (0p32) contendo um cofator FeMo no sitio ativo de
cada subunidade o (NifD) e um grupamento P em cada interface entre as subunidades o e
p;

- e a ferro-proteina ou dinitrogenase redutase, codificada pelo gene nifH, que ¢ um
complexo homodimérico (y2) contendo sitios de ligagdo a MgATP em cada subunidade e
um Unico grupamento [4Fe4S] na interface entre ambas subunidades.

A dinitrogenase redutase tem a func¢do de reduzir a dinitrogenase, transferindo
elétrons do seu grupamento [4Fe4S] em uma reagdo que depende da hidrolise de MgATP.

O grupamento P da dinitrogenase realiza a transferéncia de elétrons da dinitrogenase
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redutase para o cofator FeMo, onde o dinitrogénio ¢ reduzido a amoénia (BARNEY et al.,
2009). Essa reacao pode ser representada como segue:

N, + 8¢ +16 ATP +8 H" — 2NH; + 16 ADP + 16 Pi + H;

Tanto em Azospirillum spp. quanto em R. centenum, os genes envolvidos na fixagao
do nitrogénio estdo organizados sequencialmente em grandes grupamentos génicos (Figura

2).

Azosplr///um brasilense Sp245 = [ genes hipotéticos conservados
[] gene cysE
DB BEHIIRD OO Somns
Azosplr/llum sp. B510 [ gene fdxB
X34 [ genes nif

kb e nil-hoosiees o

Rhodospiri//um centenum SW
X34

kaelo-D-D DD 220,

Figura 2. Organizacio dos genes envolvidos na fixacio do nitrogénio em Azospirillum spp. e R.
centenum.

As setas representam os genes e sua respectiva orientagdo de transcricdo. A legenda estd representada no
canto superior direito da figura.

Seria relevante destacar que o operon nif da linhagem A. brasilense Sp7 foi o
primeiro operon nif descrito do género (PASSAGLIA et al., 1991; FRAZZON &
SCHRANK, 1998; POTRICH et al., 2001; SPEROTTO et al., 2004; SCHRANK et al.,
1987), apresentando uma organizacdo muito semelhante ao da linhagem A. brasilense
Sp245.

Além dos genes nifHDK, que codificam os componentes principais da nitrogenase,
outros genes presentes nesse bloco sao essenciais para a de fixacdo do nitrogénio. Por
exemplo, os genes nifY, nifENX, nifUSV e nifQ estdo envolvidos na montagem do cofator
Fe-Mo, enquanto que os genes fixABCX, codificam elementos responsaveis pelo transporte
de elétrons para a nitrogenase (RUBIO & LUDDEN, 2008; EDGREN & NORDLUND,
2004).

Tendo em vista que o processo de fixacdo biologica do nitrogénio ¢ energeticamente
dispendioso para célula, existem diferentes mecanismos de controle da expressdo e da
atividade da nitrogenase. A Figura 3 representa de forma esquematizada a cascata de

regulacdo da fixacdo do nitrogénio em A. brasilense.
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LIMITACAO DE NITROGENIO
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Figura 3. Regulacio da fixacio do nitrogénio em A. brasilense.

A legenda esta representada no canto inferior direito da figura. As proteinas PII, GInZ e GInB, tém papel
central na regulacdo do metabolismo . A enzima uridililtransferase (GInD) as modifica pds-traducionalmente
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em fun¢do da disponibilidade de nitrogénio. Em condi¢des de limitacdo de nitrogénio, as proteinas PII sdo
uridililadas, e em condi¢des de suficiéncia de nitrogénio, sdo desuridililadas. Dependendo de seu estado
conformacional, as proteinas PII atuam diretamente e indiretamente na regulagdo de diferentes alvos
proteicos, desde transportadores (AmtB), enzimas (DraG, DraT, NtrB, NifH) e fatores de transcri¢cdo (NtrC e
NifA).

Essa figura demonstra que, uma vez disponivel, a amodnia ¢ incorporada ao
metabolismo através das enzimas glutamina sintetase (GIlnA) e glutamato sintase (GItBD),
que produzem os doadores-chave de nitrogénio para as subsequentes reagdes biosintéticas
(WESTBY et al., 1987). Em niveis baixos de glutamina, ou seja, quando o aporte de
nitrogénio esta reduzido, uma enzima denominada uridililtransferase, codificada pelo gene
glnD, uridilila as proteinas sinalizadoras PII, que tém papel central na regulacao de
diversas proteinas do metabolismo nitrogenado (VAN DOMMELEN et al, 2002;
ARAUIJO et al., 2008). Em A. brasilense, duas proteinas PII paralogas estdo presentes, a
proteina GInB e a proteina GInZ (DE ZAMAROCZY et al., 1996). A proteina GInB
uridililada ativa o fator transcricional NifA, que em baixa tensdo de oxigénio, por
intermédio do fator sigma N (sigma 54), promove a transcri¢do de genes relacionados com
a fixag@o do nitrogénio (ARAUJO et al., 2004; ARSENE et al., 1996; CHEN et al., 2005).
Além disso, a proteina GInB uridililada ¢ incapaz de interagir com a proteina NtrB, que por
sua vez fosforila o fator de transcricdo NtrC, que ativa a transcri¢do de genes importantes
do metabolismo do nitrogénio, como g/nB e ginZ (DE ZAMAROCZY, 1998; HUERGO et
al., 2003). Além disso, GInB uridililada ndo interage com DraT, que desta maneira fica
inativa, ndo interferindo no funcionamento da dinitrogenase redutase (HUERGO et al.,
2006; HUERGO et al., 2009). Ja a proteina GInZ uridililada ativa a proteina DraG, que
remove a ADP-ribose da dinitrogenase redutase, ativando-a (HUERGO et al., 2006;
HUERGO et al., 2009). A GInZ uridililada também libera o transportador AmtB para
conduzir amonia para o interior da célula (DE ZAMAROCZY, 1998).

Em contraposic¢do, niveis altos de glutamina indicam suficiéncia de nitrogénio, entao
a enzima adenilil-transferase (GInE) inativa a enzima glutamina sintetase (VAN
DOMMELEN et al, 2009). Além disso, a glutamina disponivel ativa a atividade
removedora de uridilil da proteina GInD, que entdo remove os grupos uridilil das proteinas
PII (VAN DOMMELEN et al, 2002; ARAUJO et al, 2008). Consequentemente, a
proteina NifA fica inativa e os genes da fixagdo do nitrogénio nao sdo transcritos.
Adicionalmente, a proteina GInB desuridililada promove a atividade de fosfatase de NtrB,

que por sua vez remove o fosfato de NtrC, inibindo a transcricdo de genes do metabolismo
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do nitrogénio (DE ZAMAROCZY, 1998). Além disso, GInB ndo-uridililada ativa DraT,
que por sua vez inativa a dinitrogenase redutase por ADP-ribosilagcdo, impedindo que a
fixagdo do nitrogénio ocorra (HUERGO et al., 2006; HUERGO et al., 2009). J4 a proteina
GInZ nao-uridilada interage com AmtB, impedindo o transporte de amoénia, e
concomitantemente, sequestra a enzima DraG para a membrana celular, impedindo que a
dinitrogenase redutase seja reativada (HUERGO et al., 2006; HUERGO et al., 2007).

No entanto, seria pertinente ressaltar que em A. amazonense o sistema DraG-DraT
ndo esta presente (FU et al., 1989; HARTMANN et al., 1986). Consequentemente, a sua
capacidade de fixagdo do nitrogénio ¢ pouco afetada pela presenca de amonia,
caracteristica favoravel para a utilizagdo desse microrganismo como inoculante
(HARTMANN et al., 1986).

Em Azospirllum e outros organismos diazotréficos, o processo de fixagdo do
nitrogénio também ¢ modulado pela disponibilidade de O,, pois os componentes metalicos
da nitrogenase sdao inativados por oxidacdo. Recentemente, um estudo demonstrou a
presenca das proteinas FixLJ e FixK em A. brasilense, envolvidas na percepc¢ao dos niveis
de oxigénio (LI ef al., 2010). A proteina FixL ¢ uma histidina quinase que detecta oxigénio
através de seu grupo funcional heme. Em condi¢des de baixa tensdo de oxigénio, essa
proteina se autofosforila e transfere o grupo fosforil ao fator de transcrigao FixJ. A proteina
FixJ fosforilada ativa a transcri¢do de outro fator transcricional, denominado FixK, que por
sua vez, promove a transcricdo do gene da proteina NifA (LI et al., 2010). Como relatado
anteriormente, a proteina NifA esta envolvida na transcricdo dos genes que codificam os
componentes da nitrogenase, em condigdes de limitagdo de nitrogénio. Nas bactérias
Bradyrhizobium japonicum e H. seropedicae, o fator transcricional NifA também estd
envolvido na percepgdo dos niveis de oxigénio (FISCHER et al., 1988; OLIVEIRA et al.,
2009). Nesses microrganismos € em A. brasilense, essa proteina ¢ composta por trés
dominios principais (DIXON & KAHN, 2004):

- 0 dominio C-terminal hélice-volta-hélice, que reconhece os sitios de ligacdo no
DNA;

- 0 dominio catalitico AAA+, que esta envolvido na abertura do complexo de
transcri¢do por intermédio do fator sigma N acoplado a RNA polimerase;

- ¢ finalmente, o dominio N-terminal GAF, que inibe a atividade do dominio

catalitico em condi¢des inadequadas para fixacao do nitrogénio.
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Apesar de pouco compreendida, a sensibilidade de NifA ao oxigénio ¢ atribuida a
presenca de quatro residuos de cisteina distribuidos no dominio AAA+ e na regido ligadora
desse dominio com o dominio hélice-volta-hélice (FISCHER et al., 1988; OLIVEIRA et
al., 2009). Uma vez que o fator transcricional NifA de 4. brasilense também possui esses
residuos de cisteina conservados, acredita-se que eles estejam envolvidos na sua
sensibilidade ao O, (ARSENE et al., 1996), conforme seus equivalentes em B. japonicum e
H. seropedicae.

A complexidade do sistema de fixacdo de nitrogénio fica evidente pelo numero de
proteinas e interagdes envolvidas nesse processo. Embora os sistemas sejam relativamente
conservados entre as proteobactérias diazotroficas, existem variabilidades espécie-
especificas em seus componentes. Em relagdo a A. amazonense, as caracteristicas basicas
do sistema de fixagdo sdo praticamente desconhecidas. Portanto, estudos que permitam a

elucidagdo das bases moleculares de seu sistema de fixa¢ao do nitrogénio sdo pertinentes.

Ferramentas e técnicas genéticas de manipulagdo

O sequenciamento de genomas teve impacto significativo na area de bacteriologia,
pois tem disponibilizado informacdes relevantes sobre diferentes aspectos da biologia
bacteriana. Em vista disso, uma das preocupagdes atuais € interpretar a quantidade massiva
de dados gerada pelos Projetos Genoma. Portanto, com esse objetivo, ¢ fundamental que
sejam desenvolvidas ferramentas e técnicas genéticas espécie-especificas, como vetores de
clonagem, metodologias de transferéncia de DNA, sistemas-reporter e principalmente,
técnicas de mutagénese sitio-dirigida. Essas tltimas talvez sejam as mais importantes, pois
estudos de fungdo génica dependem da geracdo de mutantes ¢ da avaliagdo dos fendtipos
resultantes (DAVISON, 2002; SCHWEIZER, 2008).

Embora centenas de bactérias j4 tenham sido sequenciadas, a utilizacdo dessas
metodologias estd restrita a um numero pequeno de espécies, destacadamente ao
organismo-modelo Escherichia coli (DAVISON, 2002; SCHWEIZER, 2008). Em relagao
as bactérias do género Azospirillum, existe uma caréncia de ferramentas e técnicas mais
sofisticadas. Dois exemplos ilustram bem esse problema. O primeiro ¢ em relagdo a
metodologia padrao de transferéncia de DNA. Apesar de um protocolo de eletroporagao ter
sido descrito ha mais de 20 anos atrds (VAN DE BROEK et al., 1989), a conjugacdo ¢ a
forma usual de se transferir DNA para Azospirillum (HOLGUIN et al., 1999).

24



O segundo exemplo se refere as metodologias de mutagénese sitio-dirigida. Em geral,
a maioria dos mutantes de 4. brasilense foi gerada pela inser¢ao disruptiva de um cassete
de resisténcia no gene-alvo (exemplos podem ser encontrados em (XIE et al, 2010;
LERNER et al., 2009; LERNER et al., 2009), artificio que pode causar efeitos polares nas
regides adjacentes a insercdo (LINK ez al, 1997). A auséncia de metodologias mais
elaboradas tem como consequéncia a falta de eficiéncia na manipulacdo genética das
espécies de Azospirillum, o que afeta diretamente a produtividade no estudo dessas
bactérias.

Existem caracteristicas intrinsecas de cada espécie (ou até mesmo de cada linhagem)
que tém de ser consideradas ao se desenvolver as metodologias de manipulacdo genética.
Diferencas na susceptibilidade a antibidticos e na competéncia de transformacdo sao
alguns exemplos (DAVISON, 2002). Portanto, as técnicas e ferramentas genéticas devem
ser otimizadas exclusivamente para uma espécie ou linhagem determinada, para que se
tenha agilidade na obtencao dos resultados experimentais.

Portanto, com a disponibilizacdo do genoma de 4. amazonense, o estabelecimento de
técnicas e ferramentas especificas se tornou imprescindivel para aproveitar toda
informagdo provida pelas sequéncias, tendo em vista que é uma espécie menos conhecida e

que a quantidade de recursos para seu estudo ¢ muito limitada.

Objetivo geral

Tendo em vista o escasso conhecimento da biologia molecular de 4. amazonense, os
objetivos principais deste estudo foram:

- Otimizar ferramentas genéticas para o estudo de 4. amazonense;

- Identificar aspectos genéticos gerais da biologia de A. amazonense.

Objetivos especificos
- Otimizar metodologias de transferéncia de DNA para A. amazonense;
- Otimizar uma metodologia de mutagénese sitio-dirigida para 4. amazonense;
- Otimizar um sistema-reporter para A. amazonense;

- Sequenciar e anotar o genoma de 4. amazonense;
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- Identificar e analisar genes potencialmente envolvidos na fixacdo de nitrogénio em
A. amazonense;

- Verificar a historia filogenética dos genes nif de 4. amazonense;

- Desenvolver um modelo do metabolismo do nitrogénio de A. amazonense;

- Identificar genes no genoma de A. amazonense potencialmente fundamentais a seu

modo de vida adaptado a interagdo com plantas.
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CAPITULO 1

Artigo publicado na revista BMC Microbiology (Fator de impacto: 2,96)

Tools for genetic manipulation of the plant growth-promoting bacterium
Azospirillum amazonense

Fernando H Sant'Anna, Diecime S Andrade, Débora B Trentini, Shana S Weber &
Irene S Schrank.

BMC Microbiol. 2011; 11: 107

O material suplementar desse trabalho foi removido da versdo final do artigo, por
isso ndo ha mengdo sobre ele no manuscrito. Entretanto, ele foi agregado ao final desse

capitulo a fim de facilitar o entendimento do trabalho.
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Tools for genetic manipulation of the plant
growth-promoting bacterium Azospirillum

amazonense

Fernando H Sant’Anna’, Dieime S Andrade', Débora B Trentini’, Shana S Weber' and Irene S Schrank®

Abstract

appropriate genetic tools for the study of this species.

regulation studies on this bacterium.

growth promotion.

Background: Azospirillum amazonense has potential to be used as agricultural inoculant since it promotes plant
growth without causing pollution, unlike industrial fertilizers. Owing to this fact, the study of this species has
gained interest. However, a detailed understanding of its genetics and physiology is limited by the absence of

Results: Conjugation and electrotransformation methods were established utilizing vectors with broad host-
replication origins (pVS1 and pBBR1). Two genes of interest - ginK and g/nB, encoding Pl regulatory proteins - were
isolated. Furthermore, ginK-specific A. amazonense mutants were generated utilizing the pK19MOBSACB vector
system. Finally, a promoter analysis protocol based on fluorescent protein expression was optimized to aid genetic

Conclusion: In this work, genetic tools that can support the study of A amazonense were described. These
methods could provide a better understanding of the genetic mechanisms of this species that underlie its plant

Background
Many of the negative ecological impacts of agriculture
originate from the high input of fertilizers. The increase
of crop production in the future raises concerns about
how to establish sustainable agriculture; that is, agricul-
tural practices that are less adverse to the surrounding
environment [1,2]. The use of microorganisms capable
of increasing harvests is an ecologically compatible strat-
egy as it could reduce the utilization of industrial fertili-
zers and, therefore, their pollutant outcomes [1,3].
Azospirillum is a well-known genus that includes bac-
terial species that can promote plant growth. This
remarkable characteristic is attributed to a combination
of mechanisms, including the biosynthesis of phytohor-
mones and the fixation of nitrogen, the most intensively
studied abilities of these bacteria [4]. The species Azos-
pirillum amazonense was isolated from forage grasses
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and plants belonging to the Palmaceae family in Brazil
by Magalhées et al. (1983) [5], and subsequent works
demonstrated its association with rice, sorghum, maize,
sugarcane, and Brachiaria, mainly in tropical countries
[6]. When compared with Azospirillum brasilense, the
most frequently studied species of the genus, A. amazo-
nense has prominent characteristics such as its ability to
fix nitrogen when in the presence of nitrogen [7] and its
better adaptations to acidic soil, the predominant soil
type in Brazil [5,8]. Moreover, Rodrigues et al. (2008)
[8] reported that the plant growth promotion effect of
A. amazonense on rice plants grown under greenhouse
conditions is mainly due to its biological nitrogen fixa-
tion contribution, in contrast to the hormonal effect
observed in the other Azospirillum species studied.
Despite the potential use of A. amazonense as an agri-
cultural inoculant, there is scarce knowledge of its
genetics and, consequently, its physiology. Currently, the
genome of A. amazonense is being analyzed by our
group and its completion will be forthcoming; therefore,
the development of specific genetic tools is crucial for
taking full benefit of the data. that will be generated.

© 2011 Sant’Anna et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommaons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Hence, in this work we describe methods for the genetic
manipulation of A. amazonense: DNA transfer meth-
odologies (conjugation and electroporation), reporter
vectors, and site-directed mutagenesis. In order to
demonstrate the applicability of the optimized techni-
ques, we show the results obtained in the study of the
PII signaling proteins of A. amazonense, starting from
their gene isolation.

Results and Discussion

Isolation of ginB and ginK genes from A. amazonense

The PII proteins are pivotal regulators of the nitrogen
metabolism, controlling the activities of transporters,
enzymes and transcriptional factors implicated in this
process [9,10]. These proteins are highly conserved and
are widely distributed throughout prokaryotes [11]. In
Proteobacteria in particular, there are two main types of
PII proteins, GInB and GInK. In this work, two PII pro-
tein encoding genes from A. amazonense were isolated.
Southern blot analysis utilizing a PCR-generated glnB
fragment as the probe revealed two distinct signals in
the genomic DNA of A. amazonense digested with Sall:
the strongest at the ~2 kb DNA fragments and the
weakest at the ~3 kb DNA fragments (data not shown).
Based on these results, a genomic library enriched with
2-3 kb Sall fragments was constructed. The library was
partially sequenced and a PII protein homolog was iden-
tified. The deduced amino acid sequence of this gene
was found to be highly similar to that of the GInZ pro-
teins (GInK-like homologs) from A. brasilense and Azos-
pirillum sp. B510 (75% identity and 86% similarity), and
Rhodospirillum. centenum (73% identity and 86% simi-
larity). Arcondéguy et al. (2001) [12] suggested that the
glnZ genes should be termed glnK, since their deduced
proteins are highly similar to the GInK proteins.
Furthermore, there is a functional correspondence
between these proteins, as both regulate the uptake of
ammonium through the AmtB transporters [13-15].
Therefore, we adopted the gluK designation for this A.
amazonense homolog, mainly because this nomenclature
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could facilitate comparisons between other bacterial
systems.

The glnK gene from A. amazonense is flanked by the
aat gene in the downstream region, which codes a puta-
tive aspartate aminotransferase and the ubiH gene in
the upstream region, which codes an enzyme implicated
in ubiquinone biosynthesis (Figure 1). This genetic orga-
nization resembles that found in other species from the
Rhodospirillales order, namely A. brasilense, Azospiril-
lum sp. B510 and R. centenum.

Since the glnB gene was not found in the genomic
library, the Inverse PCR methodology was carried out to
isolate this gene. A ~2 kb amplicon that contained the
glnB gene was obtained (data not shown). It was found
that the protein of this gene displays 92% identity and
98% similarity to the GInB proteins from Azospirillum
sp. B510 and A. brasilense, and 96% identity and 98%
similarity to the GInB protein of R. centenum. The ginB
gene is located upstream of the glnA gene (glutamine
synthetase), the same genetic context observed in these
bacteria (Figure 1).

In A. brasilense, glnB has a key role in nitrogen fixa-
tion because its protein product regulates the activity of
NifA, the transcriptional factor of nitrogen fixation
[16,17].

Furthermore, both of the GInZ (GInK-like homolog)
and GInB proteins are also implicated in the DraT/
DraG system, which regulates dinitrogenase reductase
activity by covalent modifications [15]. However, Fu et
al. [18] verified that A. amazonense does not have the
DraT/DraG system. Hence, in the near future, the inter-
action targets of the PII protein in A. amazonense
should be determined to better understand their roles in
the nitrogen metabolism of this microorganism.

Antibiotic minimum inhibitory concentration

Most DNA manipulation is dependent on the use of
vectors containing resistance markers to antibiotics
[19,20]. In a previous work using antibiotic susceptibility
test discs, Magalhdes et al. (1983) [5] showed that A.
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Figure 1 Physical maps of the ginK and ginB regions of A. Amazonense. Genes are represented by the large arrows; ginA, ubiH and fiskK
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amazonense is sensitive to kanamycin and gentamicin,
tolerant to tetracycline, and resistant to penicillin. In
this work, we determined the minimum inhibitory con-
centrations of A. amazonense to antibiotics that are nor-
mally used to provide a selective pressure for vectors.

The susceptibility of A. amazonense to kanamycin and
gentamicin was confirmed, since no growth was
observed in concentrations of these antibiotics of 0.25
pg/mlL; therefore, vectors that contain selection markers
for these compounds are appropriate for use.

High concentrations of ampicillin (128 ug/mlL) were
required for complete growth inhibition, showing that
A. amazonense is also resistant to this beta-lactam
antibiotic.

It is worth noting that the growth of A. amazonense
was absent in a relatively high concentration of tetracy-
cline (32 pg/mL), indicating that this species is, in fact,
resistant to this antibiotic, instead of tolerant, as pointed
out by Magalhées et al. [5]. These findings about the lat-
ter two antibiotics are relevant because they could be
used in counter-selection procedures in conjugation
experiments, as there is a variety of E. coli strains that
are susceptible to them.

Conjugation

Conjugation mediated by E. coli is the standard DNA
transfer technique of the Azospirillum genus [21].
Therefore, in this work the conjugation ability of A.
amazonense was evaluated.

Unlike A. brasilense, A. amazonense cannot grow in
LB medium. Furthermore, E. coli cannot grow in M79
medium; therefore, the first concern was to establish a
medium that provided appropriate growth conditions
for the donor and recipient strains. Hence, different
medium compositions, containing distinct ratios of M79
and LB media (varying from 1:1 to 9:1), were prepared.
The medium mixture of M79:LB at a proportion of 8:2
was the most suitable for culturing both bacteria and it
was designated as MLB medium.

Another requisite for the conjugation procedure is to
select vectors that contain proper selection markers that
are mobilizable and able to replicate inside the receptor
cell [19,20]. Therefore, the pHRGFPGUS (pBBR1 repli-
cation origin) and the pPZPLACEYFP (pVS1 replication
origin) plasmids were tested by tri-parental conjugation.
These plasmids are mobilizable broad-host vectors har-
boring kanamycin resistance markers and fluorescent
protein coding genes, which could promptly report
achievement of the DNA transfer. The transconjugants
exhibited kanamycin resistance and fluorescence. The
conjugation frequencies were 3.8 x 10°® per recipient
cell for the pHRGFPGUS vector and 3.8 x 107 for the
pPZPLACEYFP vector.

Page 3 of 11

Different ratios of recipient to donor and helper
strains (1:1:1, 5:1:1, 10:1:1 and 20:1:1) were also tested.
The best efficiencies were obtained with the ratios
10:1:1 and 5:1:1; however, no obvious differences
between these latter ratios were observed (data not
shown).

In conclusion, conjugation is an appropriate method
for DNA transfer to A. amazonense. Although only tri-
parental mating was tested in this work, it is important
to mention that bi-parental conjugation could be an
alternative test, due to the possibility of increasing the
conjugation efficiencies.

Electrotransformation

Since suitable vectors for A. amazonense were defined
and since conjugation is a time-consuming procedure,
the transformation of A. amazonense via electroporation
was tested.

The eletrocompetence of the cells is greatly influenced
by the growth phase [22]. Therefore, A. amazonense
cells were harvested at different growth phases to evalu-
ate their effect on electroporation efficiency. Cells from
the late-log phase (ODggo 1) and the stationary phase
(ODggp 2) were not electrocompetent. Electroporation
utilizing cells from the early-log growth phase (ODgqq
0.12) generated a significant number of transformants.
Therefore, all subsequent tests were performed utilizing
cells cultivated at this growth phase.

In the electrocompetent cell preparation, the cells
were harvested and washed continuously until the solu-
tion had a low-ionic strength. The MgCl, HEPES-
sucrose buffer was found to be the most suitable solu-
tion for the preparation of A. amazonense electrocompe-
tent cells. Although 10% glycerol solution is commonly
used for electrocompetent cell preparation in a diverse
number of species (including A. brasilense), it was not
appropriate for A. amazonense, as no transformants
were obtained when this solution was used.

Different electroporation parameters were tested. The
increase in electrical field strength had a positive effect
on electroporation efficiency (Figure 2A). The highest
electrical field strength tested was 12.5 kV/cm, and this
condition was found to be the most efficient, generating
about 8000 transformants/ug of pHRGFPGUS (Figure
2A). The effect of pulse length on electroporation effi-
ciency was also investigated (Figure 2B). A pulse length
of 4.3 ms (electroporation apparatus set at 200Q)) was
the most efficient. The pulse lengths of 7.3 ms (400 Q)
and 10.5 ms (600 Q) had a dramatic negative effect on
transformation efficiency, where only few transformants
were obtained (Figure 2B). These conditions are in
agreement with the general parameters of bacterial elec-
troporation [22-24].

30



Sant'’Anna et al. BMC Microbiology 2011, 11:107 Page 4 of 11
http://www biomedcentral.com/1471-2180/11/107

9000 9000+
& 8000 & 8000
3 3
& 7000 2 70001
[T [N
& s000] & s000
I I
& 50001 - 50001
[-] o
£ ao00 £ 4000
= =]
S 30001 5 30001
g )
5 20001 5 20001
(] (1)
£ 1000 £ 1000
w w

0 T Ty T T T 1 0 T T T T T 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12

Field strength (kV/cm) Pulse length (ms)

Figure 2 Electrical parameters tested for the A. amazonense electroporation. A - Effect of electrical field strength on the transformation
efficiency of A amazonense. Competent cells were electroporated at the electric field strengths indicated with the pHRGFPGUS vector, with the
GenePulser apparatus set at 200 O and 25 yF. B - Effect of the pulse length on the transformation efficiency of A amazonense. Competent cells
were electroporated with different pulse lengths, using 50 ng of the pHRGFPGUS vector and with the GenePulser apparatus set at 12.5 kvV/cm
and 25 uF. The pulse lengths 2.2 ms, 4.3 ms, 7.3 ms and 10.5 ms are obtained setting the GenePulser apparatus at 100 Q, 200 O, 400 O and 600

0, respectively.

In conclusion, the transfer of DNA to A. amazonense by
means of electroporation was demonstrated. Although the
efficiency of electrotransformation was far from desirable,
this result is supported by previous works showing that
bacteria closely related to A. amazonense, such as A. brasi-
lense [25], R. rubrum [26] and Magnetospirillum gryphis-
waldense [27], are recalcitrant to electrotransformation.
Nonetheless, this technique is an easy and a rapid method
of DNA transfer to the cells of A. amazonense.

Site-directed mutagenesis

Site-directed mutagenesis is a fundamental tool for corre-
lating cellular functions with specific regions of the DNA.
Therefore, once DNA transfer techniques were estab-
lished for A. amazonense, the next step was to determine
a site-directed mutagenesis protocol for this species.

Most of the A. brasilense mutants have been generated
by the disruptive insertion of an antibiotic resistance
cassette into the target gene [14,28-30]. This approach
is not recommended when the target gene composes an
operon, since the resistance cassette could introduce a
polar effect on the expression of the surrounding genes
and, consequently, make it difficult to assign a mutant
phenotype to the disrupted gene [31].

Therefore, in this work, a site-directed mutagenesis
methodology that generates in-frame mutants without the
disruptive insertion of a resistance cassette was evaluated.
The glnK gene was selected for this methodology because
subsequent studies of our laboratory will aim to determine
the role of the PII proteins in A. amazonense metabolism.

The mutagenesis methodology is depicted in Figure
3A. Firstly, an amplicon containing an in-frame deletion

of the glnK gene was generated through Crossover PCR,
and it was subsequently cloned in the suicide replace-
ment vector pKI9MOBSACB, generating the pKAK
plasmid. This vector contains a kanamycin resistance
gene (positive selection marker) that allows the selection
of bacteria that would have integrated the plasmid into
the chromosome. This vector was delivered to A. ama-
zonense by means of conjugation (the carbon source uti-
lized was maltose instead of sucrose) and one colony
resistant to kanamycin was obtained, suggesting that the
integration of the plasmid was successfully accom-
plished. The sacB gene (negative marker selection) of
the vector is lethal in the presence of sucrose; therefore,
the merodiploid strain (containing both wild-type and
mutant alleles) was unable to grow in M79 (containing
10 g/L of sucrose). Subsequently, expecting that a
recombination event could replace the wild-type allele,
the merodiploid strain was cultured for many genera-
tions in M79 containing maltose instead of sucrose.
Finally, this culture was plated in M79 containing
sucrose to eliminate the bacteria that did not accom-
plish the second recombination event. Seven sucrose-
resistant/kanamycin-sensitive colonies were chosen for
PCR evaluation of the substitution of the mutant allele
for the wild-type gene. Four colonies presented a band
of 121 bp, indicating that the wild-type glnK was suc-
cessfully substituted, whereas three colonies presented
the 361 bp band, corresponding to the wild-type allele
(Figure 3B). Furthermore, an additional PCR with pri-
mers flanking the recombination sites was performed,
and it also demonstrated a reduction of the amplicon
sizes originated from the g/nK mutants in relation to the
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Figure 3 ginK gene mutagenesis. A - Schematic diagram depicting the mutagenesis procedure (modified from Clerico et al, 2007 [42]). The
vector pKAK (pKT9MOBSACB derivative) harbors the flanking regions of the glnK gene (red). This suicide plasmid was delivered by conjugation

to A amazonense and integrated in the target site (orange) by homologous recombination, generating a merodiploid strain (containing both,
wild-type and mutant alleles) that was selected by kanamycin since there is a resistance marker (white) present in the vector. The black box
represents the region deleted. Subsequently, the merodiploid strain was cultivated and the cells that underwent a second recombination event
were selected by sucrose, since the sacB marker present in the vector is lethal in the presence of this substance. The kanamycin-sensitive/sucrose
resistant colonies were evaluated by PCR. B - Identification of the mutant strains by PCR using primers that flank the deletion site. The primers
glnK_Ndel_up and ginK_BamHI_do utilized in this procedure are represented by the small green arrows in Figure 3A. NC - negative control, WT
- wild type, MER - merodiploid, numbers - strains tested. C - Verification of the mutant strains by PCR using primers that flank the recombination
sites. The primers conf_ginK_up and conf_gInK_do are represented by the small black arrows in Figure 3A. NC - negative control, WT - wild
type, numbers - strains tested.
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wild type strain (Figure 3C). This latter result demon-
strates that recombination occurred in the target site.

Altogether, these results show that an in-frame ginK
gene mutant strain of A, amazonense was successfully
generated by this mutagenesis system.

Reporter gene system
The study of promoters is fundamental to elucidation of
the genetic regulatory mechanisms of bacterial species.
Up until now, there has been neither a report of hetero-
logous gene expression in A. amazonense, nor a reporter
system designed for this species. In this work, a reporter
system based on expression of the Enhanced Yellow
Fluorescent Protein (EYFP) was developed to analyze
the regulatory regions of A. amazonense genes in vivo.

In silico analysis using a Sinorhizobium meliloti sigma
70 promoter weight matrix revealed that the genes aat,
glnK, and ginB of A. amazonense have putative promo-
ter sequences in their upstream regions (Figure 4). In E.
coli, sigma 70 is considered to be the vegetative sigma
factor, as it is responsible for the expression of the
majority of genes [32,33]. Therefore, one could expect
that these putative A. amazonense sigma 70 promoters
could act under standard laboratory growth conditions
(aerobic environment, 35°C and M79 medium). Conse-
quently, different vectors were constructed to determine
the activity of the upstream regulatory sequences of A.
amazonense genes in the expression of EYFP.

The lac promoter was utilized as a positive control
since there is a report showing that this promoter has
high activity in A. brasilense [34]. Two different vectors

Promoter Sequence
S. meliloti CTTGACWNNNNNNNNNNNNNNNNNCTATATC

lac CTTTACACTTTATGCTTCCGGCTCGTATGTT 8.77
ginK  CTTGTGAATACGG-CACGCTTCTTGAAGAAC 6.24
aat CTTGTGGGGGCGGGGCCCGGCGGCTAATATC 5.83
ginKk  GTTAACCAGGCCT-GGATTGCCTATAATTTA 5.74
aat CTTGTGGGGGCGG-GGCCCGGCGGCTAATAT 5.55
aal ATCGAGTTTCTAAGCATTTAGGGGCAAATCC 5.39
ginB  CCTGCCCCGTCAAGCATTCTGATAAAATAAT 5.35
aatl  ATCGAGTTTCTAA-GCATTTAGGGGCAAATC 5.19
lac GTTGTGTGGAATT-GTGAGCGGATAACAATT 5.14
ginK  CTTGTCCAGTGCCACGCTCATGCCTGTTAAC 4.89
W/P  CTTGTCCAGATAGCCCAGTAGCTGACATTCA 4.59

Figure 4 In silico sigma 70 promoter analysis. The upstream
sequences of the genes were analyzed by Patser software using an
S. meliloti sigma 70 factor weight matrix [33]. gat - upstream region
of the agat gene; ginB - upstream region of the ginB gene; gink -
upstream region of the ginK gene; lac - lac promoter;, W/P -
negative control, 500 bp upstream of the eyfp gene of the plasmid
PHREYFP. The S. meliloti promoter consensus is the first sequence.
Nucleotides that match the S. melifoti consensus are in red, and
those that match the most conserved residues of the S. meliloti
promoter consensus (relative frequencies above 0.8) are in bold.
Gaps were inserted to preserve the alignment at the regions of the
promoters.
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Figure 5 Analysis of EYFP expression controlled by different A.
amazonense promoters. WT- A amazonense without plasmid; W/P
- negative control, A. amazonense harboring the pHREYFP vector
(without promoter); P ginK - A. amazonense harboring the
PHRPKEYFP vector (promoter of ginK gene); P ginB - A amazonense
harboring the pHRPBEYFP vector (promoter of ginB gene); P aat - A
amazonense harboring the pHRAATEYFP vector (promoter of gat
gene); P lac (Z) - A. amazonense harboring the pPZPLACEYFP vector
(fac promoter), P lac (H) - A. amazonense harboring the pHRLACEYFP
vector (lac promoter). The error bars represent the confidence
interval of 95%, calculated from seven independent experiments
(excepting the P Jac (H), where four experiments were performed).
Asterisks indicate activities that do not differ statistically in the Tukey
L HSD test (P < 0.07).

were constructed with the lac promoter, one derived
from pPZPLACEYFP (pVS1 replicon) and the other
derived from pHRGFPGUS (pBBR1 replicon). The
upstream regions of the genes glnB, glnK, and aat were
cloned into the pHRGFPGUS derivative.

The lac promoter had the best score in the in silico
analysis from among the promoters detected, and, as
expected, the highest fluorescence levels were observed
in the lac constructions (Figure 5). The difference in
the fluorescence levels between the pHRLACEYFP and
pPZPLACEYFP transformants could be a product of
the difference in the copy number between these
vectors.

Although the in silico analysis revealed that the glnK
promoter had a higher score than the aat and ginB pro-
moters, its in vivo activity under the conditions tested
did not differ significantly from the negative controls
(without promoter and without plasmid) (Figure 5). One
of the possible reasons for this is that this gene was
repressed under these conditions. The reporter gene
analysis also demonstrated that the aat and glnB pro-
moters were active under the conditions tested, although
the aat promoter showed a higher activity than the glnB
promoter.

These observations show that a reporter system based
on EYFP can be used for in vivo promoter analyses in
A. amazonense.
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Conclusions

Genetic manipulation is fundamental for taking full
advantage of the information generated by DNA
sequences [20]. Thus, in the present work, we described
a series of tools that could assist genetic studies of the
diazotrophic bacteria A. amazonense, a microorganism
presenting potential for use as an agricultural inoculant.

Methods

Bacterial strains, plasmids, and growth conditions

The strains and plasmids utilized in this work are listed
in Table 1.

Table 1 The strains and plasmids utilized in this work
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Azospirillum amazonense was cultured in M79 med-
ium (10 g/L of sucrose as the carbon source, 0.1 g/L of
K,HPO,, 0.4 g/L of KH,PO,, 0.2 g/L of MgCl,.7H,0,
0.1 g/L of NaCl, 0.4 g/L of yeast extract, pH 6.5) [35] at
35°C (unless stated otherwise). The M79 agar plates
contained 2.5 mg/L of Bromothymol Blue. Escherichia
coli XL1-Blue was cultured in LB medium at 37°C [36].

DNA techniques

Standard DNA techniques such as PCR, plasmid extrac-
tion, DNA restriction and modification, gel electrophor-
esis, and E. coli transformation were carried out as

Bacterial strains Genotype Reference
Escherichia coli recAl, endAl, gyrA96, thi-1, hsdR17(rK-, mK+), supE44, relAl, lac, [F, proAB, laclqZ/mMi5: Stratagene
XL1-Blue Tn10(et)]

Azospiriflum wild type EMBRAPA-
amazonense Y2 RJ
Azospiriflum Y2 derivative, AginK This work

amazonense delK

Plasmids Relevant characteristics Reference Purpose
puC18 doning vector, amp', lacZex Clontech  cloning procedures
PAAGLNK pUC18 derivative containing the Sall genomic fragment of the glnK region This work  ginK isolation
pGLNBA pUC18 derivative containing the amplification product generated from the This work  ginB-glnA intergenic region
revsf_glmBint and gln_AA_do primers and partial glnA isolation
pRK2013 ColE1 ori, kan', mob, tra [45] helper plasmid for
conjugation experiments
pHRGFPGUS PBBR1 ori, kan', mob, gfpmut3 [46] DNA transfer evaluation,
reporter vectors construction
pPZP201BK pVST ori, ColET o, kan', mob 47] construction of
pPZPLACEYFP
pEYFP pUC ori, eyfp, amp’ Clontech  contruction of reporter
plasmids
pPZPLACEYFP Pvull-EcoRl fragment from pEYFP (containing the lac promoter-eyfp gene fusion) This work  DNA transfer evaluation,
cloned into the EcoRV-EcoRI sites of pPZP201BK positive control in the
reporter assay
pKTOMOBSACB Integration vector, kan', ColE1 replication origin, mob, sacB, lacZa. 48] ginK mutagenesis
PKAK pKTIMOBSACB derivative containing the flanking regions of the ginK gene joined by  This work  ginK mutagenesis
Crossover PCR
PAATEYFP PEYFP derivative containing the Bglll-Ncol fragment of pAAGLNK cloned into its Ncol-  This work — construction of pHRAATEYFP
BamH| sites
pPBEYFP PEYFP derivative containing the intergenic region between the bcr protein This work — construction of pHRPBEYFP
superfamily gene and the g/inB gene cloned into its Ncol-BamHI sites
pPKEYFP PEYFP derivative containing the intergenic region between the ubiH and the ginK This work  construction of pHRPKEYFP
genes cloned into its Ncol-BamH| sites
pHRAATEYFP Hindlll-EcoRI fragment from pAATEYFP (containing the gat promoter-eyfp gene fusion) This work — promoter evaluation
joined with the 5.8 kb Hindlll-EcoRI fragment of pHRGFPGUS
pHRLACEYFP Pvull-EcoRI fragment from pEYFP (containing the lac promoter-eyfp gene fusion) This work — promoter evaluation
joined with the 74 kb EcoRV-EcoRI fragment of pHRGFPGUS
pHRPBEYFP Hindlll-EcoRl fragment from pPBEYFP (containing the glnB promoter-eyfp gene fusion) This work  promoter evaluation
joined with the 5.8 kb Hindlll-EcoRI fragment of pHRGFPGUS
pHRPKEYFP Hindlll-EcoRl fragment from pPKEYFP (containing the ginK promoter-eyfp gene fusion)  This work  promoter evaluation
joined with the 5.8 kb Hindlll-EcoRI fragment of pHRGFPGUS
pHREYFP Hindlll-EcoRI fragment from pEYFP (containing the eyfp gene) joined with the 58 kb This work  promoter evaluation

Hindlll-EcoRl fragment of pHRGFPGUS
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described in Sambrook and Russell (2001) [36]. The
total DNA extraction of A. amazonense was performed
as described by Wilson (1997) [37]. The primers used
for PCR are listed in Table 2. All of the restriction and
modification enzymes utilized in this work were pur-
chased from New England Biolabs. The Taq DNA poly-
merase was provided by CenBiot Enzimas (Centro de
Biotecnologia, UFRGS).

Isolation of ginB and ginK genes from A. amazonense

The genomic library enriched with 2-3 kb Sall DNA
fragments was constructed as follows: the genomic DNA
was digested with Sall and subsequently separated in
agarose gel by electrophoresis. The 2-3 kb fragments
were excised from the agarose gel and purified. Finally,
these fragments were cloned in the pUC18 plasmid.
This genomic library was partially sequenced and the
glnK gene was identified using BLAST searches.

Inverse PCR for ginB isolation was performed accord-
ing to Sambrook and Russell (2001) [36]. Azospirillum
amazonense genomic DNA was digested with Sall and
subsequently circularized. The PCR was performed with
the glnB_sfint and revsf_glnBint primers (Table 2) and
the circularized Sall DNA as a template. The 5’ portion

Table 2 Primers utilized in this work
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of the glnA gene was isolated by PCR with the
revsf_glnBint and glnA_aa_do primers (Table 2) and the
genomic DNA as a template.

The DNA sequencing was performed using a MEGA-
BACE automated platform (Centro de Biotecnologia,
UFRGS). Sequences were assembled using the Staden
software package [39]. Gene annotation was carried out
by Artemis software version 12.0 [40] along with BLAST
software using the NCBI database http://blast.ncbi.nlm.
nih.gov/Blast.cgi. Both sequences were deposited in the
NCBI nucleotide database under the following access
numbers: gluB region [GenBank:HM161849] and glnK
region [GenBank:HM161850].

Antibiotic minimum inhibitory concentration test

The minimum inhibitory concentration of A. amazo-
nense to the antibiotics (gentamicin, kanamycin, tetracy-
cline, and ampicillin) was basically evaluated as
described in Andrews (2001) [41]. The antibiotics were
serially diluted in 1 mL of M79 medium at concentra-
tions from 256 pg/mL to 0.5 pg/mL. An overnight cul-
ture of A. amazonense was diluted to 4 x 10* cells/mL.
One milliliter of this dilution was added to one milliliter
of M79 medium containing the appropriate antibiotic

Primers Sequence Annealing Amplicon length Purpose
temperature (bp)
gInB_sfint CGCCGCGATACAGCTCGGTATG 57°C 2108 ginB region isolation
revsf_glnBint GATGGACGATCAGTTGGTCGA 57°C 2108 ginB region isolation
glnA_aa_do ACGGTCGGCACTTCCTTCAG 53°C 1621 ginB region isolation
pglinB_up_BamHl  CGGGATCCTCGTCGAAGCTGAAGGTCAT 55°C 727 ginB promoter
amplification
pglnB_do_Ncol GATC CCATGGCTTACGGC 55°C 727 ginB promoter
amplification
pgInK_up_BamHl  CGGGATCCTTGTCCAGTGCCACGCTCAT 55°C 328 ginK promoter
amplification
pglnK_do_Ncol CACGAGCTCCATGGGTAGTCC S55@ 328 ginK promoter
amplification
Kglndel_A _EcoRl  ATGAATTCCAATGCACAGGGTGCGTA BT 574 (AB) and 1111 glnK mutagenesis
(AD)
Kglndel_B CCCATCCACTAAACTTAAACACGCCACCACGAGCTTCAT  55°C 574 ginK mutagenesis
Kglndel_C TGTTTAAGTTTAGTGGATGGGATGACCATCGCCGACGCG 55°C 558 ginK mutagenesis
Kgindel_D_BamHI CGGGATCCCGATGGTGGGCGGATATTTG GEHE 558 (CD) and 1111 glnK mutagenesis
(AD)
glnK_Ndel_up GGACTACATATGAAGCTCGTGGTG 60°C 361 (wt) or 121 ginK mutagenesis
(mut) verification
glnK_BamHI_do  CGTCACGGGATCCTCATAAGGC 60°C 361 (wt) or 121 ginK mutagenesis
(mut) verification
conf_gInK_up GCCCCCTCCAGGATCTTC 55(C 1522 (wt) or 1282  ginK mutagenesis
(mut) verification
conf_ginkK_do GGGTAAAATGCCCTTGTCCA 55°C 1522 (wt) or 1282  glnK mutagenesis
(mut) verification

Underline - restriction sites; Bold - sequence tag; wt - wild-type; mut - mutant; AB - amplification using the primers KglndelA_EcoRI and KgindelB; AD -
amplification using the primers Kglndel_A_EcoRI and Kgindel_D_BamHI; CD - amplification using the primers KglndelC and Kglndel_D_BamHI
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concentration. The cells were cultivated in a rotary sha-
ker at 150 rpm for 40 h at 35°C.

Conjugation

Conjugation was basically carried out as described by
Clerico et al. (2007) [42]. However, some modifications
were made as follows: overnight cultures of A. amazo-
nense Y2 (receptor), E. coli XL1-Blue containing the
plasmid pRK2013 (helper), and E. coli XL1-Blue con-
taining the appropriate plasmid (donor) were used.
Approximately 1 mL of the A. amazonense culture with
an ODggo = 2 (1.3 x 10” cfu/ml) was mixed with 1 mL
of each helper and donor cultures with an ODggp = 0.2
(2 x 10® cfu/mL) (ratio 10:1:1), unless stated otherwise.
This mixture was harvested by centrifugation at 6000 g
for 2 min and then resuspended in 100 uL. of MLB med-
ium (LB and M79 mixture at a proportion of 8:2), and
this volume was then spotted onto MLB agar and incu-
bated for 20 h at 35°C. Following this, the cell mass was
resuspended in 200 pL of M79 medium and plated on
M?79 medium containing the appropriate antibiotic.

Electroporation

The preparation of cells was based on the protocol
described by Schultheiss and Schiiler (2003) [27]. A 3
mL overnight culture of A. amazonense was inoculated
in 250 mL of M79 and the cells were cultivated to an
ODggp of ~0.12 (early-log growth phase), unless stated
otherwise. From this point, all manipulations were con-
ducted on ice. The cells were incubated in ice for 30
min and then harvested by centrifugation at 5000 g for
20 min at 10°C. The cells were resuspended in 100 mL
of electroporation buffer (pH 6.5 HEPES 1 mM, MgCl,
1 mM, and sucrose 200 mM) and again harvested by
centrifugation (20 min at 5000 g). Subsequently, the
cells were resuspended in 40 mL of electroporation buf-
fer and again harvested by centrifugation. At the end,
the cells were resuspended in 250 pL of electroporation
buffer (final concentration of ~10'° cfu/mL), distributed
in aliquots of 40 pL, and frozen in liquid nitrogen. Cell
electroporation was carried out as follows: the 40 pL ali-
quot was mixed with 50 ng of the pHRGFPGUS vector
and electroporated through a Gene Pulser apparatus
(Bio-Rad Laboratories Inc.) with 12.5 kV/cm, 25 pF and
200 Q, unless stated otherwise. After electrical dis-
charge, the cells were resuspended in 500 pL of M79
medium and incubated at 35°C for 3 h in a rotary sha-
ker at 150 rpm. Subsequently, the cells were plated on
solid M79 medium containing 20 ug/mL of kanamycin
and incubated for 2 days at 35°C.

Gene mutagenesis
Site-directed mutagenesis was based on a protocol
described by Eggeling and Reyes (2005) [43]. In
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summary, the flanking regions of the ginK gene were
amplified using the primers KglndelA_EcoRI/KglndelB
and KglndelC/KglndelD_BamHI (Table 2). These ampli-
fication products were joined by Crossover PCR [31]
using the primers KglndelA_EcoRI/KglndelD_BamHI
(Table 2) and cloned in pKI9MOBSACB digested with
EcoRI and BamHI, generating the plasmid pKAK (Table
1). Subsequently, the vector pKAK was transferred to A.
amazonense by conjugation, as previously described,
except that the medium utilized was MLB containing
maltose instead of sucrose (10 g/L) and ampicillin (100
pug/mlL) for the counter-selection of E. coli. A kanamy-
cin-resistant colony was isolated and cultured overnight
in 3 mL of M79 (containing 10 g/L of maltose instead
of sucrose). The culture was serially diluted and plated
on M79 medium (containing 10 g/L of sucrose). Fifty
sucrose-resistant colonies were replica plated onto both
kanamycin-containing and pure M79 agar plates. Seven
kanamycin-sensitive/sucrose-resistant colonies were sub-
mitted to Touchdown-PCR to identify those that had
replaced the wild-type glnK gene with the mutant allele.
The Touchdown-PCR was performed using the primers
glnK_Ndel_up and glnK_BamHI_do (Table 2) under the
following conditions: an initial denaturing step of 94°C
for 5 min; 15 cycles of 94°C for 30 s, 60°C-56°C for 30 s
(for each three cycles one degree was decreased), and
72°C for 30 s; 15 cycles at 94°C for 30 s, 55°C for 30 s,
and 72°C for 30 s. The PCR utilizing the primers Con-
f glnK_up and Conf gInK_do (Table 2), which flank the
recombination sites of the gluK region, was carried out
in the same way as standard PCR procedures [36].

Gene reporter system

The upstream sequences of the genes utilized in this
work were analyzed by Patser (available on the RSAT
webserver) [44] with an S. meliloti sigma 70 factor
weight matrix [33].

A series of reporter vectors was developed to evaluate
the activity of different promoters (Table 1). The
upstream regions of the glnB and ginK genes were
amplified utilizing the primers listed in Table 2. Subse-
quently, these amplicons were cloned into the pEYFP
vector at the Ncol and BamHI sites, generating
pPBEYFP and pPKEYFP plasmids, respectively. After
evaluation of the integrity of these amplicons by auto-
mated sequencing, the HindIII-EcoRI fragment, contain-
ing the promoter-eyfp fusion, was transferred to the
HindIII-EcoRI fragment of pHRGFPGUS, which con-
tains the replication origin, the mobilization site, and
the kanamycin resistance marker, generating the
pHRPBEYFP and pHRPKEYFP plasmids, respectively.

The pHRAATEYFP plasmid was constructed in the
following way: the Ncol-Bglll fragment of pAAGLNK,
containing the upstream region of the aat gene, was

36



Sant’Anna et al. BMC Microbiology 2011, 11:107
http://www biomedcentral.com/1471-2180/11/107

transferred to pEYFP, generating the plasmid pAA-
TEYFP. The HindIII-EcoRI fragment from this plasmid
was transferred to the HindIII-EcoRI fragment of
pHRGFPGUS, generating pHRAATEYFP.

The negative control plasmid, which did not contain a
promoter, was constructed as follows: the Ncol-BamHI
fragment of pEYFP was transferred to the HindIII-EcoRI
fragment of pHRGFPGUS, forming the plasmid
pHREYFP.

The positive control plasmid pHRLACEYFP is a fusion
of the major EcoRI-EcoRV fragment of pHRGFPGUS
with the Pvull-EcoRI fragment of pEYFP.

All of the plasmids were transferred to A. amazonense
by tri-parental mating or electroporation. The promoter
activity assay was basically performed as described in
MacLellan et al. (2006) [33]. Azospirillum amazonense
containing the reporter vectors was cultivated in M79
medium overnight in a rotary shaker at 35°C. The cells
were washed in sterile saline solution (0.85% NaCl) and
resuspended in this same solution to an ODggyq of
between 0.06-0.39. Two hundred microlitres of the cell
suspensions were deposited on black microtiter plates
and fluorescence was measured with an excitation wave-
length of 488 nm and an emission wavelength of 527
nm. The optical densities of the cell suspensions were
measured at 600 nm on clear microtiter plates. Specific
fluorescence was obtained by dividing the fluorescence
by the optical density. Statistical analysis was performed
using SAS JMP8 software: the specific fluorescence data
was subjected to the natural logarithm to homogenize
the variances (tested by Levene’s test) and subsequently
submitted for ANOVA/Tukey HSD tests (P < 0.01).
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Figure S1 - Identification of PII gene homologs in the A. amazonense genome by Southern
Blot
Hybridization pattern utilizing a radioactive g/nB probe over 4. amazonense total DNA digested

with different restriction enzymes: 1 - Sall, 2 - Ncol, 3 - Pstl, and 4 - Hincll

4361 bp -

2322 bp -
2027 bp -

Figure S2 - Isolation of the g/nB region by Inverse PCR.
Agarose gel electrophoresis of Inverse PCR amplification products

NC - negative control, 1 - Ncol circularized DNA, 2 - Sall circularized DNA
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pHRGFPGUS Azospirillum amazonense pPZPLACEYFP

/ X

W/

Figure S3 - Fluorescence detection of the A. amazonense transconjugants

Wild-type 4. amazonense is in the middle. 4. amazonense bearing the pHRGFPGUS

plasmid is on the left. 4. amazonense bearing the pPZPLACEYFP plasmid is on the

right.
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Figure S4 - Physical maps showing the primer binding sites at the g/lnK and ginB regions
of A. amazonense
Genes are represented by the large arrows. The small arrows represent the primer binding sites.

Restriction sites are indicated by capital letters: S- Sall, B - BglIl and N- Ncol.
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Figure S5 - Schematic diagrams showing the construction of the reporter vectors

The constructions are depicted in Table 1. aph - kanamycin resistance cassette, bla — ampicillin
resistance cassette, eyfp — enhanced yellow fluorescent protein gene, gfp — green fluorescent
protein, LB — left border, mob — mobilization, RB — right border, rep — replication, uid4 - beta-

glucuronidase (GUS) gene.
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O seguinte trabalho foi resultado de um esfor¢o em conjunto do nosso laboratério
com o Laboratorio Nacional de Computacdo Cientifica (LNCC, Petropolis, RJ). Ao
ultimo laboratério coube o sequenciamento, montagem e anotacdo automatica das
sequéncias. O nosso laboratorio foi responsavel pela validagdo manual das ORFs e pela
analise dos resultados. Participei de praticamente todas as etapas do trabalho, entretanto,
intensivamente das partes que se referem ao metabolismo do nitrogénio e do carbono,

quorum sensing € taxonomia.
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Abstract

Background: The species Azospirillum amazonense belongs to a well-known genus of plant growth-promoting
bacteria. This bacterium is found in association with several crops of economic importance; however, there is a lack
of information on its physiology. In this work, we present a comprehensive analysis of the genomic features of this
Species.

Results: Genes of A amazonense related to nitrogen/carbon metabolism, energy production, phytohormone
production, transport, quorum sensing, antibiotic resistance, chemotaxis/motility and bacteriophytochrome
biosynthesis were identified. Noteworthy genes were the nitrogen fixation genes and the nitrilase gene, which
could be directly implicated in plant growth promotion, and the carbon fixation genes, which had previously been
poorly investigated in this genus. One important finding was that some A. amazonense genes, like the nitrogenase
genes and RubisCO genes, were closer phylogenetically to Rhizobiales members than to species of its own order.

lifestyle.

Conclusion: The species A. amazonense presents a versatile repertoire of genes crucial for its plant-associated

Background
The genus Azospirillum (o-proteobacteria class) encom-
passes free-living bacteria that can improve the growth
of many economically important plants, mainly cereals
(for an extensive review, see [1]). Therefore, these
microorganisms are considered as plant growth-promot-
ing rhizobacteria (PGPR). Species of this genus are
widely distributed in nature, living in soils of tropical,
subtropical and temperate regions all over the world.
Several aspects of their physiology seem to be related to
a plant stimulatory effect, notably their ability to synthe-
size phytohormones. Although these microorganisms
are able to fix atmospheric nitrogen, the exact contribu-
tion of this process to plant growth is still disputable
[1-3].

So far, fifteen species of the Azospirillum genus have
been described ([4] and references therein). However,
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most research efforts have been dedicated to the species
Azospirillum brasilense, neglecting the potential offered
by the biological diversity of this genus.

The bacterium A. amazonense, the focus species of
this study, was initially isolated from forage grasses
grown in the Amazon region. Further studies revealed
its broad ecological distribution, as it is also found in
association with the roots of gramineous plants like rice,
maize, sugarcane and sorghum [5,6]. This species is phy-
logenetically closer to Azospirillum irakense and Rhodos-
pirillum centenum (also known as Rhodocista
centenariag) than to A. brasilense. Unlike the latter, A.
amazonense can use sucrose as a sole carbon source
and is better adapted to acid environments [6].

In order to access the valuable information that geno-
mic sequences can provide on the physiology of azospir-
illa, there have been independent efforts by research
groups in sequencing their genomes. Currently, the gen-
omes of three members of the Azospirillum-R. centenum
group are available: Azospirillum sp. B510 [7], A. brasi-
lense Sp245 [8] and R. centenum SW [9]. Although

© 2011 Sant’Anna et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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many years have passed since the discovery of A. ama-
zonense, there is scarce information about this species.
Nevertheless, a recent study under greenhouse condi-
tions showed that especially A. amazonense Y2 (wild-
type strain) contributed to the growth of rice plants by
means of biological nitrogen fixation [10], showing its
potential for use as an agricultural inoculant. Therefore,
the objective of our study was to sequence the A. ama-
zonense Y2 genome and to analyze specific regions that
could exert fundamental roles in its survival in the soil
and in its ability to promote plant growth.

Results and Discussion

General features of the A. amazonense draft genome
database

The A. amazonense Y2 presents four replicons with the
following estimated sizes: 2.7 Mbp, 2.2 Mbp, 1.7 Mbp
and 0.75 Mbp [11] The genomic G+C content of A.
amazonense Y2 is 66.89%. The draft genome sequence
consists of 7.044.835 bp divided in 1617 contigs. The
average gene length is 1080. Currently, there are 3319
predicted CDS, where 2299 have sequence similarity to
known genes, 501 are homologs to genes of unknown
function and 519 are hypothetical genes exclusive to A.
amazonense.

Taxonomic features of A. amazonense

In this study, a phylogenetic tree was constructed using
the 16S rDNA sequences from microorganisms belong-
ing to the orders Rhodospirillales and Rhizobiales (Fig-
ure 1). The resulting phylogenetic tree clearly shows a
split between these orders. The outermost clade con-
taining all the Azospirillum species divides in two main
subclades: one containing A. amazonense, A. irakense,
Rhodocista pekingensis and R. centenum, and another
containing the other Azospirillum species. This result is
in agreement with previous studies, showing the close
evolutionary relationship between A. amazonense and R.
centenum [12-14], and is also supported by the greater
number of A. amazonense genes (22%) with best BLAST
hits (KEGG Database) to R. centenum genes.

Another relevant feature of the 165 rDNA phyloge-
netic reconstruction is that R. centenum does not cluster
with other Rhodospirillum species, suggesting that the
genus nomenclature of R. centenum is not appropriate,
as has been pointed out by previous publications [13,15].

Carbon metabolism

Azospirilla display versatile carbon metabolism in order
to support their lives in the soil. A. amazonense is cap-
able of growing on various disaccharides, hexoses and
pentoses and a previous study suggested that A. amazo-
nense is able to catabolize carbohydrates exclusively
through the Entner-Doudoroff pathway (ED pathway)
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[16]. The genes encoding the key enzymes of this path-
way, 6-phosphogluconate dehydratase and 2-dehydro-3-
deoxy-phosphogluconate aldolase (KDPG aldolase)
(Additional file 1), were found in the A. amazonense
genome and seem to be organized as an operon. This
same study also suggested that the glycolysis pathway
(Embden-Meyerhof-Parnas pathway) was inoperative in
A. amazonense, because no activity of 6-phosphofructo-
kinase and fructose bisphosphate aldolase was detected
in crude extracts [16]. However, predicted genes encod-
ing those enzymes were found in the A. amazonense
genome (Additional file 1). Therefore, although the
genomic approach indicates that most probably A. ama-
zonense is also able to consume carbohydrates via glyco-
lysis, this catabolic feature should be experimentally re-
tested.

As stated previously, one of the main differences
between A. amazonense and A. brasilense is that A.
amazonense is capable of consuming sucrose as the sole
carbon source [6]. In the genome of A. amazonense, a
predicted gene that codes for a putative a.-glucosidase
was identified (Additional file 1). This enzyme converts
sucrose to glucose and fructose, substrates that can be
promptly consumed by catabolic pathways.

The A. amazonense genome also harbors homologs of
the genes salB and salA of A. irakense (Additional file
1). These genes encode f-glucosidases, enzymes impli-
cated in the acquisition of glucose by means of the
hydrolysis of aryl-B-glucosides, such as salicin [17].

Bacteria of the genus Azospirillum produce high levels
of poly-p-hydroxybutyrate (PHB), the energy and carbon
storage source utilized under nutritional stress condi-
tions [2,18]. The essential genes for PHB biosynthesis
are present in the A. amazonense genome: phbA (-
ketothiolase), phbB (aceto acetyl coenzyme A reductase)
and phbC (PHB synthase) (Additional file 1). Further-
more, the phaZ gene that encodes a PHB depolymerase
(Additional file 1), the first enzyme of the PHB degrada-
tion pathway, was also found in its genome.

One of the most surprising features of the A. amazo-
nense genome is the presence of a gene cluster impli-
cated in carbon fixation (the Calvin-Benson-Basham
cycle) (Figure 2 and Additional file 1). The main genes
of this cluster are the genes chbL and ¢bbS, and they
encode, respectively, the large and small subunits of
ribulose-1,5-bisphosphate carboxylase (RubisCO). This
enzyme is responsible for the incorporation of carbon
dioxide in a molecule of ribulose-1,5-bisphosphate,
generating two molecules of 3-phosphoglycerate, which
can subsequently be used in biosynthetic pathways. A
phylogenetic analysis of the concatenated RubisCO
small and large subunits of A. amazonense revealed
that they belong to the Form IC of RubisCOs (Figure
3). This type of enzyme is commonly found in a-
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Proteobacteria and it is adapted to environments with
medium to high CO, and the presence of O, (in gen-
eral, RubisCOs also have affinity to O, and high levels
of this molecule can inhibit CO, fixation) [19]. So far,
there have been no reports showing that A.

amazonense has autotrophic behavior. However, from
the Azospirillum group, at least R. centenum and A.
lipoferum are known to be capable of growing autotro-
phically by means of RubisCO [9,20], unlike Azospiril-
lum sp. B510 and A. brasilense Sp245, which do not
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contain Form I or II of RubisCOs ("true” RubisCOs)
encoded in their genomes.

The RubisCO phylogenetic reconstruction also indi-
cated the close relationship of the A. amazonense
enzyme with those from members of the family Bradyr-
hizobiaceae (order Rhizobiales) (Figure 3), namely Rho-
dopseudomonas palustris and Bradyrhizobium spp. In
fact, the genetic organization of the carbon-fixation
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cluster of A. amazonense resembles that found in Bra-
dyrhizobium sp. BTAil, contrasting with the genetic
organization of R. centenum. These incongruities, ie. the
genetic organization and phylogenetic relationship closer
to Bradyrhizobiaceae members than to R centenum,
suggests that horizontal gene transfer may be an impor-
tant driving force in the evolution and dispersion of
RubisCOs in Proteobacteria.

Nitrogen metabolism

Azospirillum species are able to utilize distinct nitrogen
sources, including ammonia, nitrate, nitrite, dinitrogen
and amino acids [3,21]. The A. amazonense species has
several genes implicated in nitrogen metabolism, which
encode transporters, enzymes and regulatory proteins
(Additional file 1).

Ammonia is the central compound of nitrogen meta-
bolism and the preferred nitrogen source of many
microorganisms. In general, nitrogen sources other
than ammonia are converted into it to be assimilated
[22]. The A. amazonense genome contains genes that
are implicated in this conversion of alternative nitro-
gen sources, like nitrate/nitrite, urea and dinitrogen
(Additional file 1). Once available, ammonia can be
incorporated into the metabolism by the glutamine
synthetase (GS)/glutamine:oxoglutarate aminotransfer-
ase (GOGAT) pathway, the genes for which are also
encoded in the A. amazonense genome (Additional file
1).
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Overall, the conversion of nitrogen compounds to
ammonia expends some energy and, therefore, the meta-
bolic pathways implicated in this process are strictly
regulated to minimize energy waste. The central regula-
tors of nitrogen metabolism are the PII proteins [22,23].
Three PII homolog genes (glnB, glnK and ginK2) were
found in the A. amazonense genome (Additional file 1).
The glnK gene and the glnB gene have ortholog coun-
terparts in Azospirillum sp. B510, A. brasilense Sp245
and R. centenum. The ginK gene is upstream of the aat
gene (aminotransferase) and the g/nB is upstream of the
glnA gene (glutamine synthetase) [24]. The third gene,
glnK2, which is located downstream of the amtB gene,
is absent in A. brasilense Sp245, Azospirillum sp. B510
and R. centenum, although this genetic association is
frequently found in diverse prokaryotes [25].

The PII protein interactions with transporters, tran-
scription factors and regulatory enzymes are well-estab-
lished in the literature (for a review, see [22,23]) and the
potential interaction targets found in the A. amazonense
genome will be briefly discussed. One putative target is
the glnD gene that codes for an uridilyl-transferase, an
enzyme that uridylylates the PII proteins under nitro-
gen-limiting conditions [23]. Other potential targets
found in the A. amazonense genome are two ammo-
nium transporters, encoded by the amtB genes, which
in the presence of high nitrogen levels are inhibited by
PII proteins [26]. The adenylyltransferase enzyme
(encoded by the ginE gene, Additional file 1) which reg-
ulates glutamine synthetase via covalent modifications
[27] could also interact with PII proteins [28].

The analysis of the A, amazonense genome revealed
the presence of the NtrBC and NifA systems (Additional
file 1), which are PIl-regulated signal transduction sys-
tems responsible for the coordination of genes impli-
cated in the scavenging of alternative nitrogen sources
[23]. Both NtrC and NifA rely on the presence of the
sigma N factor (also known as RpoN, or sigma 54) to
activate the transcription of specific genes [29], which is
also present in the A. amazonense genome (Additional
file 1).

One of the main characteristics of the Azospirillum
species is that they are able to fix nitrogen, i.e. convert
N, to ammonia, by means of the nitrogenase enzyme
complex. The main genes implicated in this process are
known as nif genes, and they are highly conserved
among nitrogen-fixing proteobacteria [30].

A preliminary BLAST analysis showed that the A.
amazonense nif genes exhibit high similarity with genes
of some species of the order Rhizobiales (Additional file
1). Since these observations were unexpected, the phylo-
genetic history of nifH was reconstructed utilizing
sequences from species of the orders Rhodospirillales
and Rhizobiales. The resulting nifH tree (Figure 4) was
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clearly incongruent to the 16S rDNA tree (Figure 1): in
the nifH tree, A. amazonense and A. irakense grouped
with Bradyrhizobium sp. BTAil, Xanthobacter diazotro-
Phicus and Azorhizobium caulinodans, instead of group-
ing with other Azospirillum species.

The genetic organization of the nif genes between the
Rhodospirillales and Rhizobiales bacteria is somewhat
homogeneous (Figure 5). As demonstrated in Figure 5,
some features of the nif cluster of A. amazonense are
exclusively similar to the homolog cluster of the species
Bradyrhizobium sp. BTAil, such as the presence of
three conserved hypothetical genes that are indicated by
the numbers 2, 5 and 6. On the other hand, Azospiril-
lum sp. B510 and A. brasilense have the aerC gene
between the nifHDK and nifENX operons and the draG
and draT genes in the upstream region of the nifH
gene, features not shared with the nif cluster of A. ama-
zonense. The genes draG and draT code for a post-
translational control system of the nitrogenase, which
are not present in A. amazonense and R. centenum
[9,31].

The domain composition of the deduced NifE and
NifU proteins is also evidence that the nitrogenase com-
plex of A. amazonense is more distantly related to Azos-
pirillum spp. (with the exception of A. irakense) than to
some Rhizobiales species (i.e. those from the genus Bra-
dyrhizobium, Xanthobacter and Azorhizobium). The
NifE protein of A. amazonense (like the Bradyrhizobium,
Xanthobacter and Azorhizobium proteins NifE) has a
bacterioferritin-associated ferredoxin [2Fe-2S] binding
domain (BFD), not present in the NifE protein from A.
brasilense Sp245 and Azospirillum sp. B510, and R.
palustris (Rhizobiales) (Additional file 2). Furthermore,
its NifU protein is smaller than those of A. brasilense
Sp245, Azospirillum sp. B510 and R. palustris CGA009
because it does not contain the BFD and an N-terminal
NifU domain, which are present in the NifU protein of
the latter species (Additional file 2).

Therefore, taken together, these results indicate that
complex events occurred in the evolution of the nitro-
genase system in these bacteria, for instance, horizontal
gene transfers and/or gene duplication followed by dif-
ferential gene loss, culminating in the current distribu-
tion of the nif genes among the members of these
taxonomic orders.

Nitrogen fixation is a very energy-demanding process
and it is not surprising that the nitrogenase system is
elaborately regulated. In all diazotrophic species of the
Proteobacteria examined so far, the transcriptional acti-
vator NifA and the sigma N alternative RNA polymer-
ase-associated factor are the master regulators of
nitrogen fixation genes [32]. Sequence motifs similar to
the consensus region of sigma N and NifA binding sites
are present upstream of the nifH gene, the homolog of
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“orf2“ (indicated by the number 7 in Figure 5) of the
orf2nifUSVorf4 cluster from A. brasilense [33] and the
nifB gene (Additional file 3).

Energy production and conversion for nitrogen fixation
Nitrogen fixation demands the systematic action of dif-
ferent genes. The fix genes are essential for this process,
and they encompass different functional categories.
These genes were found in the A. amazonense genome
divided into three main clusters, namely fixABCX, fixL]-
fixK and fixNOQP-fixGHIS.

The fixABCX genes from A. amazonense, responsible
for electron transfer to nitrogenase, are located down-
stream of the nifW gene (Figure 5). As seen in Figure 5,
this genetic cluster is highly conserved among the ana-
lyzed species, and it is tightly associated with the nif
cluster. Putative NifA and sigma N binding sites were
found upstream of the operon fixABCX from A.

amazonense (Additional file 3), indicating that these
transcription factors could be key elements for the
expression of this operon. This evidence is corroborated
by reports showing that the operon fixABCX is regulated
by the NifA protein in A. brasilense and Rhizobium spp.
[34-36].

The A. amazonense genome also possesses a gene
cluster including fixLJ and fixK. In symbiotic diazo-
trophs, the transcription of fix genes involves the oxy-
gen-responsive FixL] two-component system. The FixL
protein, in the absence of oxygen, autophosphorylates
and transfers the phosphate group to Fix]. Finally, the
phosphorylated Fix] activates the expression of FixK,
which activates the transcription of genes required for
microaerobic growth [32].

Molecular nitrogen reduction requires high levels of
energy under microaerobic conditions. The fixNOQP
and fixGHIS genes encode membrane-bound
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cytochrome ¢ oxidase and the redox process-coupled
cation pump, respectively, which are intimately impli-
cated in respiration under microaerobic conditions, sup-
plying energy for nitrogen fixation [37,38]. These
clusters were found in tandem in the A. amazonense
genome (Additional file 1), and they show identical
organization in many diazotrophic a-Proteobacteria, like
R. centenum, A. brasilense Sp245, R. palustris and Bra-
dyrhizobium spp.

Nitrogen fixation forms molecular hydrogen (H,) as a
byproduct. Therefore, diazotrophic bacteria have several
hydrogenase systems that are responsible for oxidizing
molecular hydrogen to recover part of the energy
expended during nitrogenase activity. Genes encoding
for an uptake NiFe hydrogenase (hupSL) were identified
in A. amazonense (Figure 6). Furthermore, the accessory
proteins required for maturation of the subunits [39,40],
encoded by the hup and hyp genes, are situated down-
stream of the genes encoding hupSL (Figure 6). This
organization resembles that found in members of the
order Rhizobiales, where, in general, the hup and hyp
genes are clustered (Figure 6), although their ordering is
quite heterogeneous among the species. In contrast with
this observation, comparisons with closely-related spe-
cies showed that Azospirillum sp. B510 and A. brasilense

Sp245 have their susp and hyp genes scattered across the
genome. Moreover, the bacteria R. centenum does not
have the hydrogenase gene cluster.

An integrated model relating the components dis-
cussed in this section with nitrogen metabolism is
depicted in Figure 7, taken into consideration the simi-
larity of A. amazonense genes to those from other well-
known bacterial systems.

Phytohormone production

Species of the Azospirillum genus can positively influ-
ence plant growth and crop yield by the biosynthesis
and secretion of indole-3-acetic acid (IAA) [2,41]. How-
ever, although A. amazonense strains are able to synthe-
size IAA [10], very little is known about the molecular
mechanisms responsible for this process.

In A. brasilense, at least three pathways for IAA bio-
synthesis exist, two tryptophan-dependent pathways
(indole-3-acetamide pathway (IAM) and indole-3-pyru-
vate pathway (IPyA)) and one tryptophan-independent
pathway [3,42]. Similarly, the genome of Azospirillum
sp. B510 contains genes responsible for the IAM path-
way [7]. However, the iaaM, iaaH and ipdC genes,
related to the IAM or IPyA pathways, were not located
in the A. amazonense genome. Further analysis of the
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genome sequence of A. amazonense revealed a gene
encoding a protein with about 70% similarity to nitri-
lases from plant species, like Arabidopsis thaliana and
Zea mays, which catalyze the conversion of indole 3-
acetonitrile to IAA [43,44]. Future studies may verify if
this gene is implicated in IAA biosynthesis in A.
amazonense.

Quorum sensing and biofilm formation

Quorum sensing is an intercellular signaling process
implicated in the regulation of several traits of bacteria,
notably antibiotic biosynthesis and biofilm formation.
The archetype for quorum sensing regulation is the
LuxIR system, which involves an acyl-homoserine lac-
tone (AHL) synthase (LuxI homolog) and an AHL-
dependent transcriptional regulator (LuxR homolog)
[45]. The quorum sensing phenomenon of Azospirillum
species is strain-specific and seems to regulate functions
linked to rhizosphere competence and adaptation to
plant roots [46].

The acyl-homoserine lactone (AHL) biosynthesis abil-
ity of forty Azospirillum strains (including A. amazo-
nense Y2) was previously investigated, and only four A.
lipoferum strains seemed of being capable of synthesiz-
ing these compounds [47]. However, the genome analy-
sis of A. amazonense revealed the presence of genes
encoding for LuxIl and LuxR homologs proteins (Addi-
tional file 1). Therefore, these results indicate that A.
amazonense Y2 could synthesize AHLs and respond to
its presence in the environment. The genome of A.
amazonense also presents a Klebsiella pneumoniae ahlK
homolog [48], a predicted gene that codes for a putative
homoserine lactonase (Additional file 1) implicated in
AHL degradation. Since bacterial plant pathogens rely
on quorum sensing mechanisms to infect plants [45], a
study of A. amazonense homoserine lactonase activity
on the deleterious activities of these pathogens would be
relevant.

Extracellular polysaccharides are loosely bound to the
cell surface and play an important role in bacterium-
plant interactions through the firm and irreversible
anchoring of cells to the plant roots [3]. In the A. ama-
zonense genome, two genes, noe/ (mannose-6-phosphate
isomerase, Additional file 1) and noel (GDP-mannose
4,6-dehydratase, Additional file 1), which are related to
extracellular polysaccharide biosynthesis and biofilm for-
mation, were also found [49].

Chemotaxis/Motility

Different species of Azospirillum attach to and colonize
plant root surfaces and these processes depend on che-
motaxis. Azospirilla exhibit chemotaxis towards sugars,
amino acids, organic acids and root exudates [50]. This
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ability offers the bacteria the advantage of moving
towards favorable nutrient conditions.

Genes encoding for the central signal transduction
pathway for chemotaxis (che) are present in nearly all
motile bacteria. This signal transduction system is com-
posed of the conserved cheAWYBR genes and a group
of transmembrane chemoreceptors (known as MCPs or
methyl-accepting proteins) that perceive environmental
signals. Homologs of the cheAWYBR and MCP genes
were identified in the A. amazonense genome (Addi-
tional file 1), and some che genes display similar organi-
zation to those found in the model organism
Escherichia coli [51].

The A. amazonense Chel gene cluster (cheAWYBR)
revealed a conserved organization with the major che-
motaxis gene cluster from A. brasilense Sp245, which
modulates cell length and clumping behavior [52].
Apparently, this gene cluster also affects the production
of exopolysaccharide and flocculation of A. brasilense.
Other che-like genes (Che2 and Che3, Additional file 1)
are present in the A. amazonense genome, probably
encoding parallel signal transduction pathways that
could have distinct functions, similar to those found in
R. centenum [53,54].

It is also worth noting that genes encoding MCP
domain proteins are spread throughout the A. amazo-
nense genome. Some of them were classified accordingly
to their similarities to E. coli chemoreceptors. All five
types of E. coli MCP receptors were found in the A.
amazonense genome (Additional file 1), and it is prob-
able that some of them are related to cell motility by
regulating the histidine kinase CheA that phosphorylates
a response regulator, which in turn controls the rota-
tional direction of the flagellar motor [55].

The flagellum is a key structure for the chemotactic
response. In the A. amazonense genome, 39 flagellar
genes were identified, and the majority of them are dis-
tributed among different gene clusters (Additional file
1). The reduced flagellar gene number in A. amazonense
compared to those of the closely-related A. brasilense
(79 annotated genes) and R. centenum (72 genes) species
is in agreement with previous evidence indicating that
A. amazonense synthesizes only the polar flagellum for
swimming motility [56].

Homologs of the A. brasilense and R. centenum genes
fliFHN-motA-flbD-flhAF-fleN [9,57] are present in A.
amazonense (Additional file 1). The A. amazonense gen-
ome also contains other flagellar genes that display simi-
lar organization to those found in Azospirillum spp. and
R. centenum (Figure 8).

Previous studies demonstrated that the transcription
factor FIbD is related to the biosynthesis of lateral fla-
gella in A. brasilense and the polar flagella in R.
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FLAGELLAR GENE CLUSTER

Azospirillum amazonense Y2

G-t

Rhodospirillum centenum SW

Azospirillum brasilense Sp245

Azospirillum sp. B510

Caria

[] che genes

[] flaA gene

[] fig genes

[] finB gene

[ fli genes

[] Not related to motility
[ Unkown function

PO

22kb

H3/fasciclin.

Figure 8 Organization of the flagellar gene cluster across different species. Arrows represent the genes and their respective direction of
transcription. Genes are colored as depicted in the upper box. 1- ATPase involved in DNA repair, 2- glyoxalase/bleomycin resistance protein/
dioxygenase, 3- twin-arginine translocation pathway signal, 4- peptidylprolyl isomerase, 5- RNA polymerase-binding protein DksA, 6- chemotactic
signal-response protein Chel, 7- tetratricopeptide TPR_2 (cell wall/envelope/membrane biosynthesis), 8- chemotaxis MotB protein, 9- PPE-repeat
protein, 10- chemotaxis protein CheZ, a-flaA, 11- transglutaminase-like domain protein, 12- K+ transporter, 13- O-methyltransferase, 14- beta-Ig-

centenum [9,57]. The presence of the fIbD gene in the A.
amazonense genome suggests that it could have a simi-
lar regulatory function as that found in R. centenum.

Transport, antibiotics resistance and lantibiotic
production

Transport systems allow the uptake of nutrients and
ions, excretion of end products of metabolism and com-
munication between cells and the environment.

Several components of the cationic efflux pump, the
ATP-Binding Cassette (ABC) transporter superfamily,
the Major Facilitator Superfamily (MFS) and the TonB-
dependent transporters were identified in the A. amazo-
nense genome.

TonB-dependent transport is a mechanism of active
uptake across the outer membrane normally related to
iron uptake, signal transduction and environmental per-
ception [58,59]. A. amazonense has a high number of
genes encoding TonB receptors (Additional file 1) when
compared with other diazotrophs such as Azospirillum
sp. B510 (9 annotated genes) and R. centenum SW (32
annotated genes). Homology analyses suggest that a set
of putative TonB receptors for specific substrates like
ferrioxamine, cobalamin (B12 vitamin) and heme are
present in this bacterium.

Among the different families of transporters, only two
occur ubiquitously in all kingdoms of life: the Major
Facilitator Superfamily (MFS) and the ATP-Binding

Cassette (ABC) superfamily, representing the largest and
most distributed families of transmembrane proteins.
MES proteins are single polypeptide secondary carriers
that utilize uniport, symport or antiport mechanisms to
transport various small substrates [60]. The ABC trans-
porter proteins utilize energy from adenosine tripho-
sphate (ATP) hydrolysis to carry out the uptake of
essential nutrients and/or the extrusion of toxic sub-
stances [61]. In the A. amazonense genome, several
genes encoding for putative MFS and ABC transporters
were identified, and they could be implicated in the
transport of a wide range of putative substrates (Addi-
tional file 1).

Multidrug resistance (MDR) transporters increase
drug excretion through an efflux pump, which expels a
wide variety of toxic products from the cell, playing a
central role in bacterial drug resistance. The MDR
transporters belong to various transporter families [62].
In E. coli, the transport of diverse substrates out of the
cell by the AcrAB-TolC efflux transporter can confer
broad resistance to antibiotics [63]. The acrA and acrB
genes normally form an operon whose transcription is
regulated by the acrR gene product, and are found in
the A. amazonense genome.

Putative drug resistance transporters of the QacA sub-
family were found in the A. amazonense genome (Addi-
tional file 1), which could confer resistance to
monovalent and bivalent cationic lipophilic antiseptics
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and disinfectants such as quaternary ammonium com-
pounds [64].

Further analysis revealed that, in addition to the MDR
transporters, a set of genes whose products could be
related to specific antimicrobial resistance are present in
the A. amazonense genome. Genes that code for penicil-
lin, glyoxalase/bleomycin and tetracycline resistance are
also present in the A. amazonense genome (Additional
file 1). These findings corroborate the experimental data
that shows that A. amazonense is tolerant to tetracycline
and resistant to penicillin [6].

Lantibiotics are peptide-derived antibacterial sub-
stances produced by some bacteria, and are character-
ized by the presence of unusual amino acids like
lanthionines and dehydrated amino acids [65]. Lantibio-
tic biosynthesis is frequently coregulated as part of a
stress response when cells enter the late-log or station-
ary phase [66]. Most lantibiotics exert their antibiotic
effect by either forming pores in the target cell mem-
brane or by inhibiting cell wall synthesis, and many lan-
tibiotics are bactericidal against a variety of Gram-
positive bacteria [67]. Genes related to lantibiotic synth-
esis were found in A. amazonense genome (Additional
file 1).

The genes implicated in antibiotic resistance and in
lantibiotic production are probably essential for success-
ful establishment of this microorganism in the soil due
to constant contact with niche competitors like fungi
and other bacteria.

Bacteriophytochrome

The A. amazonense genome also harbors a bacteriophy-
tochrome gene (Additional file 1). Similarly, Azospiril-
lum sp. B510 has two genes that code for distinct types
of bacteriophytochromes [7], and Bradyrhizobium sp.
possesses three bacteriophytochrome genes [68]. In
plants, phytochromes regulate the metabolic response to
the light environment, but a variety of functions is
found in other organisms [69]. The bacteriophyto-
chromes in R. palustris regulate the biosynthesis of the
photosynthetic apparatus [70], while in Deinococcus
radiodurans and R. centenum, they regulate pigment
biosynthesis [71]. Subsequent studies must be carried
out to understand the role of the bacteriophytochrome
in A. amazonense physiology.

Conclusion

In order to thrive, bacteria must adapt readily to envir-
onmental shifts by means of a wide variety of genotypic
and phenotypic accommodations [72]. The rhizosphere
is a good example of a dynamic environment, where
fluctuations in its biological and chemical activities
demand an appropriate response from its inhabitants.
The species A. amazonense is a free-living plant growth-
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promoting rhizobacterium that is found in association
with plants of agricultural importance. In this study, we
identified a series of A. amazonense genes that could be
essential for adaptation to the competitive environment
of the rhizosphere. Its wide genetic repertoire confers a
versatile metabolism (e.g. the ability to use different car-
bon and nitrogen sources), as well as different mechan-
isms of perceiving and exploring its surroundings. These
characteristics could directly influence plant growth, for
instance, by providing nitrogen and stimulatory com-
pounds to plants. Another important finding was the
greater similarity of some genes, e.g. nitrogenase and
RubisCO genes, to genes of members of the order Rhi-
zobiales than to genes from other Azospirillum species.
This evidence illustrates the genetic plasticity of this
species and indicates that evolutionary phenomena like
horizontal gene transfer could be fundamental for adap-
tation to its environment.

The major impact of this work will be to guide subse-
quent studies for a better understanding of the potential
of A. amazonense.

Methods

Bacterial strain, culture conditions, and DNA isolation

A. amazonense Y2 (ATCC 35120) was cultured in M79
medium (10 g/L of sucrose as a carbon source, 0.1 g/L
of KHPO,, 0.4 g/L of KH,PO,, 0.2 g/L of MgCl,.7H,0,
0.1 g/L of NaCl, 0.4 g/L of yeast extract, pH 6.5) [73]
with shaking at 150 rpm and 35°C for 18 hours. Geno-
mic DNA was isolated as described by Wilson [74]. The
quality of the isolated genomic DNA was assessed by
agarose gel electrophoresis.

Genome sequencing, assembly, draft annotation

Total genomic DNA was sequenced using the Roche 454
pyrosequencing platform following the manufacturer’s
instructions. The contigs were assembled using Newbler
software version 2.3 with the default parameters. The
estimated coverage of the genome was 35x. Some gaps
present in the genes of interest were filled in by sequen-
cing PCR fragments obtained from genomic DNA.

The annotation and analysis of the sequences were
carried out using the System for Automated Bacterial
Integrated Annotation (SABIA) [75]. This Whole Gen-
ome Shotgun project has been deposited at DDBJ/
EMBL/GenBank under the accession AFBX00000000.
The version described in this paper is the first version,
AFBX01000000.

Phylogenetic analysis

Gene sequences were retrieved from GenBank. Most of
the 16S rDNA sequences were retrieved from the Ribo-
somal Database Project [http://rdp.cme.msu.edu/]
[76,77]. The accession numbers of the sequences utilized
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in the phylogenetic reconstructions are listed in Addi-
tional file 4.

Multiple sequence alignments were performed using
MUSCLE version 3.8 [78] and CLUSTALW (built into
the MEGA 4 software) [79]. Phylogenetic trees were
inferred using the neighbor-joining method (1000 boot-
strap replicates) by the MEGA 4 software [80]. The evo-
lutionary distances were computed using the Maximum
Composite Likelihood method for the nucleotide
sequences and the Jones-Taylor-Thornton (JTT) matrix-
based method for the amino acid sequences. All posi-
tions containing gaps and missing data were eliminated
from the datasets (complete deletion option).

Additional material

Additional file 1: Supplementary table 1. Genes of Azospirillum
amazonense described throughout the study.

Additional file 2: Supplementary Figure 1. Domain composition of the
NifE and NifU proteins among bacteria from the orders Rhodospirillales
and Rhizobiales. The oblong boxes represent protein domains which are
colored according to the description in the legend.

Additional file 3: Supplementary table 2. Putative sigma N and NifA
binding sites occurring upstream of some nif and fix genes.

Additional file 4: Supplementary table 3. Accession numbers of the
sequences utilized in the phylogenetic reconstructions.
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Additional file 1. Supplementary table 1. Genes of 4. amazonense described throughout the study

ORFS
Id Name Product Category Classification
AZA02775 ABC-type transporter, ATPase and permease components ABC transporter
AZA06024 ABC transporter, ATP-binding protein ABC transporter
AZA07069 ABC transporter, ATP-binding protein ABC transporter
AZA09826 ABC transporter, ATP-binding protein ABC transporter
AZA15101 aliphatic sulfonate ABC transporter ATP-binding protein ABC transporter
AZA19151 ABC-type branched-chain amino acid transport ATPase component ABC transporter
AZA21566 ABC-type siderophore export system ABC transporter
AZA21803 ABC transporter related protein ABC transporter
AZA27760 ABC-type sugar transport system, periplasmic component ABC transporter
AZA36299 ABC-type export system, outer membrane channel protein ABC transporter
AZA36319  macB macrolide transport protein ABC-type efflux carrier ABC transporter
AZA36612 ABC transporter, ATP-binding protein ABC transporter
AZA40587 mkl ABC transporter, ribonucleotide transport ATP-binding protein ABC transporter
AZA44644 ABC transporter, permease protein ABC transporter
AZAS53052 utrC urea ABC transporter, permease protein ABC transporter
AZAS55128 ABC transporters with duplicated ATPase domains ABC transporter
AZA62081 ABC transporter related protein ABC transporter
AZA62938 ABC transporter, ATP-binding protein, putative ABC transporter
AZA66683 ABC transporter permease ABC transporter
AZA70834 putative ABC transporter ATP-binding protein ABC transporter
AZAT1708 peptide ABC transporter, periplasmic peptide-binding protein ABC transporter
AZAT6751 ABC transporter, periplasmic substrate-binding protein ABC transporter
AZA83258 ABC-type amino acid transport/signal transduction systems ABC transporter
AZA83819 ABC transporter related protein ABC transporter
AZA87640 putative ABC transporter, ATP-binding protein ABC transporter
AZA88337 ABC transporter ATP-binding protein ABC transporter
AZAB8760 ABC transporter, permease protein ABC transporter
AZAS88809 ABC-type transporter, periplasmic binding protein ABC transporter
AZARRI2S ABC transporter related protein ABC transporter
AZAR9042 ABC transporter, permease protein ABC transporter
AZA89100 ABC transporter, permease protein ABC transporter
AZA89130 glutamine transport system permease protein (ABC family) ABC transporter
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AZAR9131
AZAR9360
AZAR9361
AZAR9586
AZAR9588
AZAR9589
AZAR9605
AZAB9688
AZAB9696
AZAR9734
AZAR9TT73
AZAR9994
AZAB9996
AZA90133
AZA90202
AZA90215
AZA90416
AZA90417
AZA90418
AZA90419
AZA06086
AZA06133
AZA06350
AZA07395
AZA09088
AZA10909
AZA11424
AZA16488
AZA20396
AZA25605
AZA34622
AZA35214
AZA35257
AZA37804
AZA38070
AZA39395
AZA39732

amino acid ABC transporter
sugar ABC transporter, permease protein
sugar ABC transporter, ATP-binding protein
sugar ABC transporter, ATP-binding protein
ycjP ABC transporter permease protein ycjP
sugar ABC transporter, substrate-binding protein
ABC transporter
ABC transporter ATP-binding protein
macrolide ABC transporter ATP-binding/membrane protein
ABC transporter
n peptide/opine/nickel uptake ABC transporter ATP-binding protein
ABC transporter, ATP-binding protein
ABC transporter, permease protein
ABC transporter permease protein, putative
ABC-type nitrate/sulfonate/bicarbonate transport system
ABC superfamily ATP binding cassette transporter

utrA urea ABC transporter, urea binding protein
utrB urea ABC transporter, permease protein UrtB
utrD urea ABC transporter, ATP-binding protein UrtD

urea ABC transporter, ATP-binding protein UrtE
acriflavin resistance protein
acriflavin resistance protein
Beta-lactamase
glyoxalase/bleomycin resistance protein/dioxygenase
multidrug resistance protein
acriflavin resistance protein
drug resistance transporter, EmrB/QacA subfamily
beta-lactamase class C
acyl penicillin amidase
metal-dependent hydrolases of the beta-lactamase superfamily I
metallo-beta-lactamase
cation/multidrug efflux pump
acrB acriflavin resistance protein
acriflavin resistance protein
glyoxalase/bleomycin resistance protein/dioxygenase
mrcA penicillin-binding protein 1A
beta-lactamase, putative

ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
ABC transporter
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance



€9

AZA40019
AZA44895
AZA46788
AZAAT6TS
AZA48055
AZA56169
AZA59089
AZA59335
AZAG62861
AZAG63807
AZAG66998
AZAG67294
AZA68914
AZAT2319
AZAT4640
AZAT4663
AZA75319
AZAT5353
AZAT79411
AZA84109
AZAS5715
AZA87534
AZA8T557
AZAS7630
AZAS7694
AZASTT17
AZA87935
AZAST971
AZA88541
AZA88558
AZAS88732
AZAS8734
AZA89502
AZA89575
AZA89640
AZA89643
AZAB9667

mrdA

yegN

ampC

acrB

proP

mdtN

acrA
mdtA
emrB
emrA

putative metallo-beta-lactamase
acriflavin resistance protein
penicillin-binding protein 2
fusaric acid resistance protein
probable multidrug efflux pump, AcrB/AcrD/AcrF family
beta-lactamase
acriflavin resistance protein
acriflavin resistance protein
penicillin-binding protein, 1A family
putative beta-lactamase precursor (cephalosporinase)
beta-lactamase
drug resistance transporter, EmrB/QacA subfamily
beta-lactamase
probable tetracycline 6-hydroxylase
drug resistance transporter, EmrB/QacA subfamily
multidrug resistance protein
beta-lactamase
glyoxalase/bleomycin resistance protein/dioxygenase
outer membrane multidrug efflux protein
acriflavin resistance protein
multidrug resistance efflux system protein
glyoxalase/bleomycin resistance protein/dioxygenase
major facilitator superfamily (MFS) multidrug efflux pump
putative glyoxylase/belomycin resistance protein
multidrug resistance protein MdtN
glyoxalase/bleomycin resistance protein/dioxygenase
beta-lactamase
glyoxalase/bleomycin resistance protein/dihydroxybiphenyl
efflux transporter
multidrug resistance protein mdtA
multidrug resistance protein B
multidrug resistance protein A
metallo-beta-lactamase family protein

daunorubicin/doxorubicin resistance ATP-binding protein drrA

multidrug resistance protein
glyoxalase/bleomycin resistance protein/dioxygenase
non-motile and phage-resistance protein

Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
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AZAR9788
AZAR9961
AZA90138
AZA90166
AZA90169
AZA90232
AZA90322
AZA90365
AZA90492
AZA33581
AZA38997
AZARS8211
AZAR0303
AZAR0325
AZAR0388
AZAR0411
AZA90487
AZA90488
AZA90630
AZA90631
AZA90632
AZAR9881
AZA90627
AZARB036
AZA90645
AZAR7454
AZA90297
AZAR9067
AZAB9066
AZAR9065
AZA90479
AZAR7443
AZAR9062
AZAR9061
AZA83590
AZAR9053
AZA90299

drrA
ber

bphB
noeJ
noeL
cbbE
cbbL
cbbA
cbbT
cbbP
cbbR
cbbF
cbbS
cbbX
edd

fbaB

hupC
hupD
hupE
hupF
hupG
hupH
hupl
hupJ
hupK
hupL
hupR
hupS

glyoxalase/bleomycin resistance protein/dioxygenase

daunorubicin resistance ATP-binding protein
Ber/CflA subfamily drug resistance transporter

glyoxalase/bleomycin resistance protein/dioxygenase

beta-lactamase
multidrug resistance efflux pump
multidrug efflux pump
tetracycline-efflux transporter
beta-lactamase
bacteriophytochrome protein
mannose-1-phosphate guanylyltransferase
GDP-mannose 4,6-dehydratase
ribulose-phosphate 3-epimerase
ribulose-bisphosphate carboxylase large chain
fructose-bisphosphate aldolase
transketolase (TK)
Phosphoribulokinase
transcriptional regulator, LysR family
fructose-1,6-bisphosphatase
ribulose bisphosphate carboxylase small chain
CbbX protein
6-phosphogluconate dehydratase
KHG/KDPG aldolase
fructose-bisphosphate aldolase
putative homoserine lactonase
Ni/Fe-hydrogenase 1 B-type cytochrome subunit
hydrogenase expression/formation protein hupD
urease accessory protein UreJ
hydrogenase expression/formation protein hupF
hydrogenase formation protein HupG
hydrogenase formation protein
rubredoxin
hydrogenase expression/formation protein
hydrogenase expression/formation protein HupK
hydrogenase protein large subunit

hydrogenase transcriptional regulatory protein hupR

hydrogenase small subunit

Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Antibiotic resistance
Bacteriophytochrome
Biofilm formation
Biofilm formation
Carbon Fixation
Carbon Fixation
Carbon Fixation
Carbon Fixation
Carbon Fixation
Carbon Fixation
Carbon Fixation
Carbon Fixation
Carbon Fixation
Entner-Doudoroff
Entner-Doudoroff
Glycolysis

Homoserine lactone degradation

Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
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AZA90643
AZA90718
AZA90720
AZAB9059
AZAR7413
AZAR9058
AZAR7446
AZARB9055
AZA90067
AZA12397
AZAR1926
AZAR5469
AZA06501
AZAO07574
AZA07803
AZA15878
AZA16908
AZA17681
AZA29285
AZAS57799
AZAS58482
AZAS59512
AZA60508
AZA61555
AZA75342
AZAT76479
AZAT9528
AZAR2255
AZAR7336
AZARR247
AZARR274
AZARB393
AZARB880
AZARR8I1
AZARB905
AZAR8994
AZAR9165

hupT
hupU
hupV
hypA
hypB
hypC
hypD
hypE
hypF

sunT
sunT

hsrA

HupT protein
nickel-dependent hydrogenase small subunit
nickel-dependent hydrogenase, large subunit

hydrogenase nickel incorporation protein hypA
hydrogenase accessory protein HypB
hydrogenase expression/formation protein hypC
hydrogenase expression/formation protein
hydrogenase expression/formation protein HypE
NiFe hydrogenase maturation protein HypF
lanthionine synthetase C family protein
bacteriocin/lantibiotic ABC transporter
ABC-type bacteriocin/lantibiotic exporter
Major Facilitator Transporter
major facilitator superfamily MFS 1
MEFS transporter
major facilitator superfamily protein
major facilitator transporter
major facilitator superfamily MFS_1
major facilitator family transporter
major facilitator superfamily MFS_1
major facilitator transporter
major facilitator superfamily MFS 1
major facilitator family transporter
major facilitator superfamily MFS_1
major facilitator superfamily MFS_1
major facilitator transporter
major facilitator transporter
MEFS permease
major facilitator superfamily MFS_1
MES transport system component
Major Facilitator Superfamily (MFS)
major facilitator superfamily MFS_1
major facilitator superfamily MFS_1
MES transporter
major facilitator family transporter
major facilitator transporter
MFS general substrate transporter

Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Hydrogen metabolism
Lantibiotic biosynthesis
Lantibiotic biosynthesis
Lantibiotic biosynthesis
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
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AZARI178
AZAR9223
AZAR9438
AZAR9613
AZAR9751
AZAR9T765
AZAR9831
AZAB9991
AZA90068
AZA90091
AZA90263
AZA90356
AZA90509
AZA90594
AZAS55000
AZAR7394
AZAR7406
AZARR457
AZAR9846
AZAR9847
AZAR9849
AZAR9851
AZA90642
AZA90698
AZA90710
AZA90712
AZA90655
AZA90025
AZA90635
AZA90029
AZA90628
AZAR2897
AZA90637
AZA39368
AZA65617
AZA00090
AZAR7419

fixL
fixK
fixH
fixU
fixN
fixO
fixP
fixG
fixQ
fixJ
fixS
fixJ
nasE
cysE
fdxA
fixA
fixB
fixC
fixX
nifA
nifB
nifD
nifE

major facilitator transporter
major facilitator superfamily MFS_1
major facilitator superfamily protein
putative major facilitator superfamily (MFS) transporter
major facilitator superfamily protein
major facilitator transporter
Major facilitator superfamily MFS_1 precursor
major facilitator family transporter
major facilitator transporter
major facilitator family transporter
major facilitator superfamily MFS_1
major facilitator transporter
major facilitator superfamily MFS_1
major facilitator transporter
PAS/PAC sensor signal transduction histidine kinase
CRP/FNR family transcriptional regulator
cation pump-linked membrane protein fixH
FixU protein
cytochrome ¢ oxidase subunit 1,cbb3-type
cytochrome ¢ oxidase, cbb3-type, subunit 11
cytochrome ¢ oxidase, Cbb3-type, subunit 111
cytochrome ¢ oxidase cbb3 type accessory protein
FixQ protein
response regulator receiver protein
cytochrome oxidase maturation protein cbb3-type
transcriptional regulatory protein
nitrite reductase small subunit
serine O-acetyltransferase
ferredoxin
electron transfer flavoprotein alpha/beta-subunit
FixB protein
electron-transferring-flavoprotein dehydrogenase
putative ferredoxin protein, FixX
transcriptional regulator, NifA
nitrogenase cofactor biosynthesis protein
nitrogenase molybdenum-iron protein alpha chain
nitrogenase MoFe cofactor biosynthesis

Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Major Facilitator Superfamily (MFS)
Microaerophilic respiration
Microaerophilic respiration
Microaerophilic respiration
Microaerophilic respiration
Microaerophilic respiration
Microaerophilic respiration
Microaerophilic respiration
Microaerophilic respiration
Microaerophilic respiration
Microaerophilic respiration
Microaerophilic respiration
Microaerophilic respiration
Nitrate/nitrite metabolism
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
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AZA90011
AZA00102
AZA00120
AZA90400
AZA90300
AZA90636
AZA90024
AZA90027
AZA90014
AZA00208
AZA90016
AZA90018
AZA90022
AZA90396
AZA90402
AZA90634
AZA44366
AZAS53589
AZA57320
AZAR7992
AZAR7994
AZART7996
AZARR497
AZAR9468
AZA90389
AZA90638
AZA90639
AZA90640
AZA90641
AZA90648
AZA90654
AZA32850
AZAT2336
AZARB576
AZAR9083
AZAR9855
AZA90629

nifH
nifkK
nifN
nifQ
nifS

nifU
nifV
nifW
nifX

glnK2
glnA
rpoN
ntrC
ntrY
ntrX
glnE
ntrY
amtB2
gltD
glnK
aat
ntrB
glnB
gltB
phbB
phbC
phbB
phbA
phbA
phaZ

nitrogenase reductase
nitrogenase molybdenum-iron protein beta chain

nitrogenase molybdenum-iron cofactor biosynthesis protein

nitrogen fixation protein NifQ
cysteine desulfurase
NifU protein
homocitrate synthase
nitrogenase-stabilizing/protective protein nifW
nitrogenase molybdenum-iron protein
conserved hypothetical protein (4)
conserved hypothetical protein (3)
Rieske (2Fe-2S) iron-sulfur domain (5)
conserved hypothetical protein (6)
nitrogenase-associated protein (1)
iron-sulfur cluster assembly accessory protein (7)
conserved hypothetical protein (2)
nitrogen regulatory protein P-II, GInK2
glutamine synthetase, type I
RNA polymerase factor sigma N
nitrogen assimilation regulatory protein
nitrogen regulation protein NtrY
nitrogen assimilation regulatory protein NtrX
glutamine synthetase adenylyltransferase
nitrogen regulation protein NtrY
ammonium transporter
glutamate synthase, small subunit
nitrogen regulatory protein P-II, GInK
aminotransferase
nitrogen regulation protein NtrB
nitrogen regulatory protein P-1I, GInB
glutamate synthase, large subunit
acetoacetyl-CoA reductase
poly-beta-hydroxybutyrate polymerase
acetoacetyl-CoA reductase
acetyl-CoA acetyltransferase
beta-ketothiolase
polyhydroxyalkanoate depolymerase

Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen fixation
Nitrogen metabolism
Nitrogen metabolism
Nitrogen metabolism
Nitrogen metabolism
Nitrogen metabolism
Nitrogen metabolism
Nitrogen metabolism
Nitrogen metabolism
Nitrogen metabolism
Nitrogen metabolism
Nitrogen metabolism
Nitrogen metabolism
Nitrogen metabolism
Nitrogen metabolism
Nitrogen metabolism
Poly-hydroxybutyrate biosynthesis
Poly-hydroxybutyrate biosynthesis
Poly-hydroxybutyrate biosynthesis
Poly-hydroxybutyrate biosynthesis
Poly-hydroxybutyrate biosynthesis
Poly-hydroxybutyrate degradation
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AZA63403
AZA90644
AZA25986
AZA26000
AZART787
AZA01854
AZA04400
AZA06033
AZA06440
AZA06565
AZA07052
AZA07492
AZA07658
AZA08067
AZA09133
AZA09279
AZA10816
AZA14532
AZA15559
AZA15713
AZA15905
AZA16596
AZA16651
AZA16828
AZA17637
AZA18344
AZA21127
AZA22051
AZA22446
AZA22616
AZA22774
AZA24207
AZA24508
AZA24558
AZA26015
AZA29067
AZA29136

luxR
TuxI
salB
salA

cirA

transcriptional regulator, LuxR family
acyl-homoserine-lactone synthase

beta-glucosidase

beta-glucosidase

alpha-glucosidase
TonB-dependent receptor

TonB-dependent siderophore receptor

TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor

TonB-dependent outer membrane receptor
TonB-dependent siderophore receptor

TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor

TonB-dependent receptor, vitamin B12/cobalamin transport
TonB-dependent sideophore receptor

TonB dependent receptor

TonB-dependent receptor protein

TonB-dependent receptor
TonB dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor

Quorum sensing
Quorum sensing
Salicin degradation
Salicin degradation
Sucrose degradation
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
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AZA32595
AZA34449
AZA36912
AZA36929
AZA37846
AZA38746
AZA39144
AZA40366
AZA40462
AZA41560
AZA42118
AZA42312
AZA43305
AZA43763
AZA44478
AZA44838
AZA45743
AZA47317
AZA49407
AZA49939
AZA50366
AZA50524
AZAS50533
AZA50691
AZAS52119
AZAS58525
AZAS58695
AZA59668
AZA60277
AZA61044
AZA61526
AZA61533
AZA64315
AZA65154
AZA67151
AZA68973
AZA69179

iroN

thuA

TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor

tol biopolymer transport system

TonB-dependent receptor

TonB-dependent siderophore receptor
TonB-dependent receptor, putative

TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor

TonB-dependent outer membrane receptor protein

TonB-dependent receptor
TonB-dependent receptor

TonB-dependent siderophore receptor

TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor

TonB-dependent siderophore receptor

tonB dependent receptor
TonB-dependent receptor

TonB-dependent receptor Environmental Information Processing

TonB-dependent receptor
TonB-dependent receptor

TonB-dependent receptor, plug
TonB-dependent receptor, plug

TonB-dependent receptor
TonB-dependent receptor

TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
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AZA70579
AZAT1591
AZAT2354
AZAT3082
AZAT3645
AZA74103
AZAT76890
AZA79474
AZAT9883
AZAR0916
AZAR0968
AZAR1511
AZAR7233
AZAR7290
AZAR7507
AZAR7509
AZAR7760
AZAR7789
AZAR7908
AZAR7957
AZAR8020
AZARR034
AZARB052
AZARB204
AZARR227
AZAR8329
AZAR8359
AZARR461
AZARRT767
AZARRB61
AZARZ894
AZAR9263
AZAR9405
AZAR9496
AZAR9590
AZAR9602
AZAR9921

exbD

exbD
TonB

tolQ

bfrD

TonB-dependent receptor, putative
TonB-dependent receptor, putative
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
Biopolymer transport protein ExbD
TonB-dependent receptor
TonB-dependent receptor
TonB system transport protein ExbD type-1
TonB protein
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor plug domain protein
TonB-dependent receptor
TonB dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
biopolymer transport protein
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor bfrD
TonB-dependent receptor
TonB-dependent receptor
TonB-dependent receptor
ExbD
TonB-dependent receptor domain protein

TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
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AZA90193
AZA90405
AZA90406
AZA90407
AZA90559
AZART477
AZAR7480
AZAR7481
AZAR7506
AZAR7516
AZAR7589
AZA90633
AZA15221
AZA15920
AZAR7569
AZA90328
AZA90451
AZAR7483
AZAR7567
AZAR7458
AZAR7492
AZAB0979
AZA90662
AZAS51771
AZAR5137
AZARRT25
AZA90369
AZAR7637
AZAR7485
AZARB408
AZA49142
AZA11540
AZA90691
AZA88501
AZAR7484
AZA90470
AZAT6052

ureC
ureA
ureD
ureF
ureE
ureG
ureB
glnD

cheA2

cheAY
cheC
cheL
cheR
motA
motA
motB
motB
motB

cheY
cheY
cheY
cheYI
cheZ

cheW
cheW
cheW

TonB-dependent siderophore receptor
biopolymer transport protein exbB
biopolymer transport ExbD protein
biopolymer transport exbD1 protein

TonB-dependent receptor yncD
urease, subunit alpha UreC
urease, gamma subunit UreA
Urease accessory protein UreD
urease accessory protein UreF
urease accessory-like protein UreE
urease accessory protein UreG
urease, beta subunit
P-II uridylyltransferase
nitrilase
CheA signal transduction histidine kinase
CheA signal transduction histidine kinase
CheA Signal transduction histidine Kinase (STHK)
CheAY
CheC, inhibitor of MCP methylation
chemotactic signal-response protein CheL
chemotaxis methyltransferase CheR
chemotaxis MotA protein
chemotaxis motA protein
chemotaxis MotB protein
chemotaxis MotB protein
chemotaxis MotB protein
chemotaxis MotB protein
chemotaxis protein
chemotaxis protein CheY
chemotaxis protein cheY
chemotaxis protein CheY1
chemotaxis protein CheZ
chemotaxis two-component response regulator protein-glutamate methylesterase
chemotaxis-specific methylesterase
CheW protein
CheW protein
CheW protein

TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
TonB-dependent transporter
Urea metabolism
Urea metabolism
Urea metabolism
Urea metabolism
Urea metabolism
Urea metabolism
Urea metabolism
Nitrogen metabolism
Phytormone production
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis

CheA2

CheA3
CheA (C-terminus homolog to CheY)
CheA (C-terminus homolog to CheY)

CheL
CheR

CheY
CheY
CheY

CheZ
CheB2
CheB2
CheW

CheW2
CheW



L

AZA90452
AZA90497
AZAR9006
AZA90323
AZA90319
AZAR5614
AZA90318
AZA90685
AZA90217
AZAR9703
AZAR7530
AZA23600
AZAR7459
AZARR657
AZART475
AZAR7537
AZAR7474
AZA23566
AZAR2102
AZAR7469
AZAR7471
AZA60822
AZAR7528
AZAR7468
AZAR7463
AZA70724
AZA11648
AZA31666
AZAT8244
AZAR8315
AZAR7546
AZARR242
AZARR601
AZART578
AZA42701
AZA90379
AZAR7457

cheB
cheR3

fliH
flio
fliX
flgG
flgA
flgC
fliL
flgB
flgF
flhA
flhB
fliQ
fliR
flnB
fliP
flhF
flgD
flgE
flgE
flaN
flgk
flgL
fliEl
flik
flgH
fliG
fliM
motA

CheW protein
CheY-like receiver
CheY-like response regulator

response regulator receiver (CheY-like) modulated CheB methylesterase
response regulator receiver modulated CheB methylesterase

MCP methyltransferase, CheR-type
MCP methyltransferase, CheR-type
MCP methyltransferase, CheR-type

MCP methyltransferase/methylesterase, CheR/CheB with PAS/PAC sensor

flagellar assembly protein FliH
flagellar assembly protein F1liO
flagellar assembly regulator FliX
flagellar basal body distal rod protein - FlgG
flagellar basal body P-ring biosynthesis protein FIgA
flagellar basal body rod protein
flagellar basal body-associated protein FliL
flagellar basal-body rod protein FlgB
flagellar basal-body rod protein FlgF
flagellar biosynthesis
flagellar biosynthesis protein FIhB
flagellar biosynthesis protein F1iQ
flagellar biosynthesis protein FliR
flagellar biosynthetic protein FIhB
flagellar biosynthetic protein fliP
flagellar GTP-binding protein
flagellar hook capping protein FlgD
flagellar hook protein FIgE
flagellar hook protein FIgE precursor
flagellar hook-associated protein
flagellar hook-associated protein 1
flagellar hook-associated protein FlgL
flagellar hook-basal body complex protein fliE 1
flagellar hook-length control protein
flagellar L-ring protein FigH
flagellar motor switch protein FliG
flagellar motor switch protein FliM
flagellar polar motor protein MotA

Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum

CheW2
CheYIIL

CheB3
CheB2
CheR3
CheR2
CheR2
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AZA90583
AZAR9798
AZAR9796
AZA90646
AZA36138
AZAR9806
AZAR7550
AZA90173
AZAR7460
AZAT8256
AZAT6775
AZA27777
AZAB4986
AZA90554
AZARZ794
AZAR9515
AZAR9528
AZAR9608
AZAR9T58
AZA90070
AZA02033
AZA23142
AZA27812
AZA28518
AZA41421
AZA63880
AZAR0173
AZAR1161
AZAR3437
AZARB489
AZARBB686
AZARB870
AZARI115
AZAR9563
AZAR9676
AZA90000
AZA90197

flgl
fIbT

flaA

fliS
flil
fliN
fliD

mcp
mcp
mcp
mep
mep
mcp

flagellar P-ring protein Flgl
flagellar protein
flagellar synthesis regulator, FleN
flagellin
flagellin domain-containing protein
flagellin domain-containing protein
flagellin-specific chaperone F1iS
flagellum-specific ATP synthase
polar flagellar motor switch protein FIiN

putative flagellar hook-associated protein 2 - FliD

methyl-accepting chemotaxis protein

methyl-accepting chemotaxis sensory transducer with PAS/Pac sensor Aer-like
methyl-accepting chemotaxis sensory transducer with PAS/Pac sensor Aer-like

methyl-accepting chemotaxis
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein
methyl-accepting chemotaxis protein

Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Flagellum
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis

mcp 111, ribose and galactose sensor receptor
mcp 111, ribose and galactose sensor receptor

mep I, serine sensor receptor

mcp IV, dipeptide chemoreceptor protein
mcep 1V, dipeptide chemoreceptor protein
aerotaxis sensor receptor
aerotaxis sensor receptor
mcp I1I, ribose and galactose sensor receptor

mcp II, aspartate chemoreceptor protein
mcp II1, ribose and galactose sensor receptor
mcep II
mcep 1V, dipeptide chemoreceptor protein
mcep 1V, dipeptide chemoreceptor protein
mcp IV, dipeptide chemoreceptor protein
mcp I1I, ribose and galactose sensor receptor
mcp II, aspartate chemoreceptor protein
mcep IV, dipeptide chemoreceptor protein
mcp II, aspartate chemoreceptor protein
mcep IV, dipeptide chemoreceptor protein

mcp 111, ribose and galactose sensor receptor

mcp IV, dipeptide chemoreceptor protein
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AZA90556
AZA19614
AZARB383
AZA90386
AZAR8564
AZARB486
AZA12638
AZA21719
AZA37653
AZAR6491
AZARB057
AZA90327
AZA26184
AZARR611
AZA90004

methyl-accepting chemotaxis protein

mcp2 methyl-accepting chemotaxis protein 2

mcp4 methyl-accepting chemotaxis protein 4

mcp methyl-accepting chemotaxis protein McpB

mcpB methyl-accepting chemotaxis protein McpB

mcep methyl-accepting chemotaxis receptor/sensory transducer

methyl-accepting chemotaxis sensory transducer
methyl-accepting chemotaxis sensory transducer
methyl-accepting chemotaxis sensory transducer
methyl-accepting chemotaxis sensory transducer
methyl-accepting chemotaxis sensory transducer
methyl-accepting chemotaxis sensory transducer
methyl-accepting chemotaxis sensory transducer with Pas/Pac sensor
mep putative methyl-accepting chemotaxis protein
methyl-accepting chemotaxis sensory transducer

Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis
Chemotaxis

mep I, serine sensor receptor
mcep 1V, dipeptide chemoreceptor protein
mcep 1V, dipeptide chemoreceptor protein
aerotaxis sensor receptor
mcp IV, dipeptide chemoreceptor protein

mcp II, aspartate chemoreceptor protein

mep I, serine sensor receptor
mep I, serine sensor receptor

aerotaxis sensor receptor
mcep II, aspartate chemoreceptor protein
mcp II, aspartate chemoreceptor protein
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INCOMPLETE ORFS

Name Product Category Sequence 1 Sequence 2
fixI cation transport ATPase Microaerophilic MPLDSLTTHCRHCGQPLLGAATERGAFCCQGCAGAYTLI  VSLSPASAVDVTQTAADVVFQGDGLAAVAETLAVARRARAL
respiration HDLGLDAYYDRRPAEAAAPAVADDGDGADPLLGLP VRONLAFTLLYNLCAVPVAIAGFATPFVAAAAMSGSSLAVM
ANALRLGSKKPRDGGYR
pfkA 6-phosphofructokinase Glycolysis MSNGKRIGILTSGGDCAGLNAVIRAVVHRAVTTYSWQVL  VMVLEVMGRDAGHIALAAGIAGGADVILLPEIPWTVDGVAN
GIEEGTHGLLDRPVRHRVLLPAHVDGNILRQGGTVLGTT RIRQIRAQGRNFALVVVSEAAALPGGGKARQEFTDGQKRYG
NKGDPFAYPMPDGTKKDRSQEIISGCKELGLDALIGIGG GIGSYIGHLIAEATGAETRVTVLGHVQRGGSPNPRDRLIAS
DGSLAILRRLAQEGGLNLVGIPKTI AFGVHAVDLIAHGKYDRMVAWSNRKVIDVPIADATIKAYAAV
EVDGTLVRTARGLGIYVGE
amtB ammonium transporter Nitrogen metabolism TISGGDTAWMLMSTALVLMMTIPGLALFYGGMVRKENVL

AMVMQSFTITCLVIVIWALVGYSLSFTAASDAADAKEFT
GGFSRVLLAGMDPTGTHALAPTIPEPVEMMYQOMTFAIIT
PSLITGAFADRMKFSSMLVFIALWSLLVYAPVAHTVWHP
NGFMAKLGVLDFAGGTVVHINAGIAGLVACLVIGKRKGY
PNADFSPHNLVLSLIGASLLWVGWFGFNAGSALTAGPRA
GMAMTVTQVATGAAALAWVEFVEWALKGKPSVLGIISGAV
AGLVAITPAAGEFVDTVGAFAIGIAAGVICFFTATSMKRA
LGYDDSLDAFGVHGIGGIVGAILTGVFAKMSIANSEGAF
AATLKDAPDTKLGLIEGNVGQVLTQLEGVAFTVVWCAVI
TFILLKIIDLVIGLRVDEDIERDGLDIALHGESIH
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nasA

nasD

nitrate reductase

nitrite reductase large subunit

Nitrate/nitrite
metabolism

Nitrate/nitrite
metabolism

MARDAEAGALTGGVRSTCPYCGVGCGVVAQADGRVVGDT
DHPANRGRLCSKGSALAETLKDGERLTRPLIDGRAADWT
QALDLVAQRFKATIAEHGPDSVAFYVSGQCLTEDYYVAN
KLMKGFIGSGNIDTNSRLCMASSVAGHNRAFGADVVPGT
YEDLELADLVVLVGSNSAWCHPVLHQRLLAAKAKRPLRI
VAIDPRRTATCEDADLHLAVRPGADVALFNGLLAHLADQ
DQLDHAWMAAHAEGFEAALAAARQTADQTAALTGLDPAD
LARFYQWFASTPRVVTVYSQGVNQSSVGTDKVNAIINCH
LATGRIGKPGCGPFSITGQPNAMGGREVGGLANQLAAHM
RFDQPEAIDRVRRFWRAPNLATKPGLKAVEMFDAVLDGR
IKALWIIATNPADSLPRADQVREALRACPFVVVSDCWPN
DTTALADVVLPAAGWGERDGTVTNSERVISRQRPFRPAP
GEARADWRV

MPPRQKLVVVGNGMAGMRTVDELLKRNPLKYDITVFGAE
PHVNYDRIMLSSVLAGEKDLEQIVINPRSWYEENGIELT
TGDAVTAIDTQARTVTSASGRVVAYDKVLLATGSRPIAP
PVPGLDLPGVCAFRDIADVNTMIAASQTHKRAIVIGGGL
LGLEAANGLLRRGMQVAVVHLMGTLMERQLDKAAAELLQ
RELDERGMNFFTNGQTEEIFGEGRVQGVRLADGREIPGD
LVVLAIGIRPNIDLARAAGLAINRGIEVGDDMRTSVPDI
FAVGECVEHRGKTYGLVAPLWDMAKVCADHMAREDATSD
YVPAAMATRLKVTGIDVEFSAGDFIGDETTEEVVFRDAAR
NTYKRLVLRDDRLVGAVLYGDAQDGGWYFQLLREDKPLG
ELRD

TDAGRGQLRVAILVDGRLEACLFLAAGDGAQLPPRDVLAAL
LGDRVTDEARPSLLSGRAPGGSGAMGVKSTGRTVCACFEFSVG
LVTIRDAIVAKRLTSAEEIGACLKAGTNCGSCIPELKEILR
DVHASA

KGKIMGAIAEHGLTTLEGVRARTKASASCGSCTPQVEQLLA
LSLGDSYAKPTGEKPLCKCTTHSHDQVRRAIVDQELRTMPA
VMSTLGWSTPDGCHVCRPALNFYLLVAWPGEYQDDQQSREV
NERNHANIQKDGTYSVVPRMWGGLTTADELRATIADVVDKYA
IPTVKVTGGQRIDLLGVTREQLPHVWKDLNDAGMVSGHAYG
KALRTVKTCVGSEWCRFGTQDSTGMGVKLERMTWGSWHAHK
VKLAVSGCPRNCAEATIKDFGVVAVDSGWELHVGGNGGIHV
RVTDLLCKVTTEEEVLEYCGAYLQLYREESRYLERTAPWIE
RVGLAHVKQRIVDDEAGRKALYAKFLYAQKFSQDDPWAERA
PGKAAAAPFRTLATVE



LL

fliF

flbD

flagellar MS-ring protein

transcriptional regulatory protein FIbD
(LafK)

Flagellum

Flagellum

LENLLQTLRNLGPVRLGAIGGVALLILALFGFLLENGSS
PNMALLYSDLSPSDGGAIVQQLDOMQOPKVPYQVSPDSTR
IEVPADQVGRIRMLMAQQGLPTGGNVGYEIFNQAESLGT
TSFMQOSVQQLRALEGELSRTVNTLAPVQQSRIHLVLPKR
ELFSRETQKATASVVLRLRPGQQLKKEQVASVQHLIAAS
VPGLQPDMVSVVDDKGNLLARGMGSDSKEAMMATAEEKR
LAYQQRLTDKVEEIVGRTVGMGKVRAEVTVDMDEFDHITT
NSEIFDPDSQVVRSTETNNENSEDINKEGQDPVTVANNL
PSANAENTTNGSSSSKTTKTNERINYEISKTVKVHEREA
GQVRRLSVAVLVDGNYVPDDKGVAQYQPRSDDELQKLGS
LVKSSIGFDGSRGDTVDVVSMKFATPEGELEAKEETLFG
LPKQDVFRIAETIVLAIVAILVILLVIRPLVARALDRTP
QLDEEPDLLSDQSGVP

MRLLIVGTLEGYITAAGKIALQKGAKVAHTDSIGGALNA
LRGGQGADLVMIDVKLDVAMLIEALKTERITVPVVACGV
ATDAQAAVKAIRAGAKEYIPLPPDAQLIAAVLEAVAEES
HAIVSRDPSMGSVLRLADQIAPSDASVLITGESGTGKEL
MARYIHRKSRRANAVFVSVNCAAIPENLLESELFGHEKG
AFTGAVARRVGKFEEANGGTLLLDEISEMDIRLQAKLLR
AIQEREIDRVGGTQPVKVDIRVLATSNRFLEEEVRAGRF
REDLFFRLNVVNLALPPLRERPADIAILSQHFATKYSEA
NGLPERRVSPEAMAMLQAHRFRGNVRELENTMHRAVLLS
RGTEIGTDAILLTGAEPAAPAQGYSAVAPVAA
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NifE NifU

Azospirillum amazonense Y2 Oxidored_nitro Fe

x

Azospirillum sp. B510

Oxidored_nitro

Fe

Azospirillum brasilense Sp245

Oxidored_nitro

:
CRC

Azorhizobium caulinodans ORS 571 Oxidored_nitro

Bradyrhizobium sp. BTAI1

Oxidored_nitro

Oxidored_nitro Fe

Rhodopseudomonas palustris CGA009

| S N S O R QN |
T 7T
TR

Xanthobacter diazotrophus Py2 Oxidored_nitro Fe

[ ] BFD-like [2Fe-23] binding domain
[] Nifu-like domain
[ ] NifU-like N terminal domain

[] Nitrogenase component 1 type Oxidoreductase

5
[

100 AA

Additional file 2. Supplementary figure 1. Domain composition of the NifE and NifU proteins among bacteria from the orders
Rhodospirillales and Rhizobiales. The oblong boxes represent protein domains which are colored according to the description in the
legend.
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Additional file 3. Supplementary table 2. Putative sigma N and NifA binding sites occurring upstream of some nif and fix genes.

Gene Accession number Sigma 54 binding sites Distance from ATG (bp) Reference
nifH AZA90011 CACTTGGCACACCGGTTGCTGAAA 157
iron-sulfur cluster assembly accessory protein gene (7) AZA90402 GCCGTGGCACGCCCCTTGCGGAGG 31
fix4 AZA90029 CAGTTGGCATGGCCCTTGCCAATT 41
nifB AZA65617 GACGTGGCACGGCCTTTGCTGAGT 98
Consensus mrNrYTGGCACGNNNNTTGCWNNwW Barrios et al., 1999
Gene Accession number NifA binding sites Distance from ATG (bp) Reference
nifH AZA90011 TGTTCCGTTTGCGACA 274
nifH AZA90011 TGTCGGGTTCGGCACA 245
iron-sulfur cluster assembly accessory protein gene (7) AZA90402 TGTCGCAAACCCGACA 113
fixA AZA90029 TGTCGCCTATCCGACA 125
nifB AZA65617 TGTCGATAACCGCACA 175
Consensus TGTNNNNNNNNNNACA Buck et al., 1986

References
Compilation and analysis of 654-dependent promoter sequences
Nucleic Acids Research, Vol. 27, No. 22. (1 November 1999), pp. 4305-4313.

Humberto Barrios, Brenda Valderrama, Enrique Morett

Upstream activator sequences are present in the promoters of nitrogen fixation genes
Nature, Vol. 320, No. 6060. (27 March 1986), pp. 374-378.
Martin Buck, Stephen Miller, Martin Drummond, Ray Dixon
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Additional file 4. Supplementary table 3. Accession numbers of the sequences utilized in the phylogenetic reconstructions.

16S

Species

16S accession number or sequence

Taxonomic group

Azorhizobium caulinodans ORS 571
Azorhizobium doebereinerae BR5401
Azospirillum amazonense Y2

D11342
AF391130

AGAGTTTGATCCTGGCTCAGAACGAACGCTGGCGGCATGCCTAACACAT
GCAAGTCGAACGAAGGCTTCGGCCTTAGTGGCGCACGGGTGAGTAACGC
GTGGGAACCTGCCCTTTGGTTCGGAATAACTCCGGGAAACTGGAGCTAA
TACCGGATGAGCCGGTTGGCCGTGGAGGCTGATCGGGAAAGATTTATCG
CCGAAGGAGGGGCCCGCGTCCGATTAGGTAGTTGGTGAGGTAACGGCTC
ACCAAGCCGACGATCGGTAGCTGGTCTGAGAGGATGATCAGCCACACTG
GGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATAT
TGGACAATGGGGGCAACCCTGATCCAGCAATGCCGCGTGAGTGATGAAG
GCCTTAGGGTTGTAAAGCTCTTTCGCACGTGACGATGATGACGGTAACG
TGAGAAGAAGCCCCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAA
GGGGGCTAGCGTTGTTCGGAATTACTGGGCGTAAAGGGCGCGTAGGCGG
CTGTTCAAGTCAGGCGTGAAATCCCCGGGCTTAACCTGGGAATTGCGTT
TGAGACTGAGCGGCTTGAGTTCGGGAGAGGTGAGTGGAATTCCCAGTGT
AGAGGTGAAATTCGTAGATATTGGGAAGAACACCGGTGGCGAAGGCGGC
TCACTGGACCGATACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACA
GGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGAGTGCTAGACGT
TGGGGTCCTTAGGACTTCGGTGTCGCAGCTAACGCATTAAGCACTCCGC
CTGGGGAGTACGGCCGCAAGGTTGAAACTCAAAGGAATTGACGGGGGCC
CGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGCAGAACC
TTACCAGCTCTTGACATCTACTGACCGGTGCGGAGACGCACTTTCCACT
TCGGTGGCGGTAAGACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGT
GAGATGTTGGGTTAAGTCCCGCAACGAGCGCAACCCCCATCTTCAGTTG
CCATCATTAGGTTGGGCACTCTGGAGAAACTGCCGGTGACAAGCCGGAG
GAAGGCGGGGATGACGTCAAGTCCTCATGGCCCTTATGGGCTGGGCTAC
ACACGTGCTACAATGGTGGTGACAGTGGGCAGCGACCTCGTGAGGGGGA
GCTAATCTCCAAAAGCCATCTCAGTTCGGATTGTACTCTGCAACTCGAG
TGCATGAAGTTGGAATCGCTAGTAATCGCGGATCAGCACGCCGCGGTGA
ATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGG
CTTTACCCGAAGCCGGTGCGCTAACCGCAAGGAGGCAGCCGACCACGGT
ACGGTCAGCGACTGGGGTGAAGTCGTAACAAGGTAGCCGTAGGGGAACC
TGCGGCTGGATCACCT

Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
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Azospirillum brasilense Sp245

Azospirillum brasilense Sp7
Azospirillum canadense DS2
Azospirillum doebereinerae 63f
Azospirillum halopraeferens DSM 3675
Azospirillum irakense 229583
Azospirillum lipoferum (ncimb 11861)
Azospirillum lipoferum DSM 1691
Azospirillum melinis TMCY 0552
Azospirillum melinis LMG 24250
Azospirillum oryzae COC8
Azospirillum picis IMMIB TAR-3
Azospirillum rugosum IMMIB
Azospirillum sp. B510

AGCGGCCCTGTCAAGTGGATGCGGTCTTCGGACCGGTGTCCAGCTTGAA
CCTGAGAGTTTGATCCTGGCTCAGAACGAACGCTGGCGGCATGCCTAAC
ACATGCAAGTCGAACGAAGGCTTCGGCCTTAGTGGCGCACGGGTGAGTA
ACACGTGGGAACCTGCCTTTCGGTTCGGGATAACGTCTGGAAACGGACG
CTAACACCGGATACGTCCTTCGGGAGAAAGTTTACGCCGAGAGAGGGGC
CCGCGTCCGATTAGGTAGTTGGTGGGGTAATGGCCCACCAAGCCGACGA
TCGGTAGCTGGTCTGAGAGGATGATCAGCCACACTGGGACTGAGACACG
GCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGGACAATGGGGG
CAACCCTGATCCAGCAATGCCGCGTGAGTGATGAAGGCCTTAGGGTTGT
AAAGCTCTTTCGCACGCGACGATGATGACGGTAGCGTGAGAAGAAGCCC
CGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGGGCGAGCGTT
GTTCGGAATTACTGGGCGTAAAGGGCGCGTAGGCGGCCTGTTTAGTCAG
AAGTGAAAGCCCCGGGCTTAACCTGGGAACGGCTTTTGATACTGGCAGG
CTTGAGTTCCGGAGAGGATGGTGGAATTCCCAGTGTAGAGGTGAAATTC
GTAGATATTGGGAAGAACACCGGTGGCGAAGGCGGCCATCTGGACGGAC
ACTGACGCTGAGGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCC
TGGTAGTCCACGCCGTAAACGATGAATGCTAGACGCTGGGGTGCATGCA
CTTCGGTGTCGCCGCTAACGCATTAAGCATTCCGCCTGGGGAGTACGGC
CGCAAGGTTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGG
AGCATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCAACCCTTGA
CATGTCCACCACCGGCTCCAGAGATGGAGCTTTCAGTTCGGCTGGGTGG
AACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGG
TTAAGTCCCGCAACGAGCGCAACCCCTACCGCCAGTTGCCATCATTCAG
TTGGGCACTCTGGTGGAACTGCCGGTGACAAGCCGGAGGAAGGCGGGGA
TGACGTCAAGTCCTCATGGCCCTTATGGGTTGGGCTACACACGTGCTAC
AATGGCGGTGACAGTGGGATGCGAAGTCGCAAGATGGAGCCAATCCCCA
AAAGCCGTCTCAGTTCGGATTGCACTCTGCAACTCGGGTGCATGAAGTT
GGAATCGCTAGTAATCGCGGATCAGCACGCCGCGGTGAATACGTTCCCG
GGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGGCTTTACCCGAA
GGTGGTGCGCTAACCCGCAAGGG
AY324110

DQ393891
AJ238567
X79731
729583
729619
GU256441
DQ022958
GU256442
AB185396
AM922283
AM419042
AB049111

Rhodospirillales (Alphaproteobacteria)

Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
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Azospirillum zeae N7
Bradyrhizobium sp. BTAil
Cyanothece sp. ATCC 51142
Magnetospirillum gryphiswaldense MSR-1
Magnetospirillum magnetotacticum DSM 3856
Mesorhizobium loti MAFF303099
Nostoc azollae' 0708
Rhizobium etli CFN 42
Rhodocista pekingensis 3-p
Rhodopseudomonas faecalis gc
Rhodopseudomonas palustris CGA009
Rhodopseudomonas palustris ATCC 17001
Rhodopseudomonas rhenobacensis Klemme
Rhodospirillum centenum SW
Rhodospirillum oryzae JA318
Rhodospirillum rubrum ATCC 11170
Rhodospirillum sulfurexigens JA143
Sinorhizobium meliloti 1021
Xanthobacter agilis SA35
Xanthobacter aminoxidans 14a
Xanthobacter autotrophicus Tc
Xanthobacter autotrophicus Py2
Xanthobacter flavus 301
Xanthobacter tagetidis TagT2C
Xanthobacter viscosus 7d

DQ682470
CP000494
CP000806

Y10109
Y10110
BA000012
CP002059

NR_029184
AF523824
AF123085
BX572608

L11664
AB087719
CP000613

AM901295
CP000230

AM710622
AL591688

X94198
AF399969
X94201
X94199
X94199
X99469
AF399970

Rhodospirillales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Cyanobacteria
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Cyanobacteria
Rhizobiales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)

CbbSL
Species CbbS accession number CbbL accession number Form Taxonomic group
Acidiphilium cryptum JE-5 YP_001233963 YP_ 001233962 IC Rhodospirillales (Alphaproteobacteria)
Acidithiobacillus ferrooxidans AAD30509 AAD30508 1A Gammaproteobacteria
Acidithiobacillus ferrooxidans AAKO00292 Q07087 1A Gammaproteobacteria
Azospirillum amazonense Y2 AZA90631 AZARB0325 IC Rhodospirillales (Alphaproteobacteria)
Bradyrhizobium japonicum USDA 110 NP_769226 NP_769225 IC Rhizobiales (Alphaproteobacteria)
Bradyrhizobium sp. BTAil YP_001242212 YP_001242213 IC Rhizobiales (Alphaproteobacteria)
Bradyrhizobium sp. BTAil YP_001236644 YP_001236643 IC Rhizobiales (Alphaproteobacteria)
Bradyrhizobium sp. BTAil YP 001238691 YP_001238690 1A Rhizobiales (Alphaproteobacteria)
Burkholderia xenovorans LB400 YP_552889 YP_552888 1C Betaproteobacteria
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Cupriavidus necator (Ralstonia eutropha)
Nitrosospira multiformis ATCC25196
Paracoccus denitrificans P1222
Rhodobacter sphaeroides 2.4.1
Rhodobacter sphaeroides ATCC 17025
Rhodopseudomonas palustris CGA009
Rhodospirillum centenum SW
Rhodospirillum centenum SW
Sinorhizobium meliloti 1021
Xanthobacter autotrophicus Py2
Xanthobacter flavus

NifH

Species

P09658 POC2C2 IC
YP 411384 YP 411385 IC
ZP_00629447 ZP_00629446 IC
YP 354362 YP_354363 IC
YP_001168903 YP_001168904 IC
NP_946906 NP_946905 IC
ACJ01400 ACJ01401 IC
ACI97688 ACI97689 IA
NP_436730 NP_436731 IC
YP 001416819 YP 001416820 IC
P23012 P23011 IC

NifH accession number or sequence

Betaproteobacteria
Betaproteobacteria
Rhodobacterales (Alphaproteobacteria)
Rhodobacterales (Alphaproteobacteria)
Rhodobacterales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)

Taxonomic group

Azorhizobium caulinodans ORS 571

Azospirillum amazonense Y2
Azospirillum brasilense Sp245

Azospirillum canadense LMG 23617
Azospirillum doebereinerae DSM 13131
Azospirillum halopraeferens DSM 3675

Azospirillum irakense DSM 11586
Azospirillum lipoferum DSM 1691
Azospirillum melinis LMG 24250

AP009384

AZA90011
ATGTCTTTGCGCCAGATTGCGTTCTACGGTAAGGGCGGTATCGGAAAGT
CCACCACCTCCCAGAACACCCTGGCCGCGCTGGTCGAGCTGGATCAGAA
GATCCTGATCGTCGGCTGCGATCCGAAGGCCGACTCGACCCGCCTGATC
CTGCACGCCAAGGCGCAGGACACCGTGCTGCACCTCGCCGCCGAAGCCG
GCTCGGTCGAGGATCTGGAACTCGAGGACGTTCTCAAGATCGGCTACAA
GGGCATCAAGTGCGTCGAGTCCGGCGGTCCGGAGCCGGGGGTCGGLCTGL
GCCGGCCGCGGCGTGATCACCTCGATCAACTTCCTCGAAGAGAACGGCG
CCTACGACGACGTGGACTACGTCTCCTACGACGTGCTGGGCGACGTGGT
GTGCGGCGGTTTCGCCATGCCCATCCGCGAGAACAAGGCCCAGGAAATC
TACATCGTCATGTCCGGTGAGATGATGGCGCTCTACGCCGCCAACAACA
TCGCCAAGGGCATTCTGAAGTACGCGCACAGCGGCGGCGTGCGCCTCGG
CGGCCTGATCTGCAACGAGCGCCAGACCGACAAGGAAATCGACCTCGCC
TCGGCCCTGGCCGCCCGCCTCGGCACCCAGCTCATCCACTTCGTGCCGC
GCGACAACATCGTGCAGCACGCCGAGCTGCGCCGCATGACCGTGATCGA
GTACGCGCCGGACAGCCAGCAGGCCCAGGAATACCGCCAGCTCGCCAAC
AAGGTCCACGCGAACAAGGGCAAGGGCACCATCCCGACCCCGATCACGA
TGGAAGAGCTGGAGGAGATGCTGATGGACTTCGGCATCATGAAGTCGGA
GGAGCAGCAGCTCGCCGAGCTCCAGGCCAAGGAAGCCGCCAAGGCCTGA

GU256446

FI799358

GU256447

GU256448

GU256449

GU256450

Rhizobiales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)

Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
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Azospirillum oryzae JCM 21588
Azospirillum picis DSM 19922
Azospirillum rugosum DSM 19657
Azospirillum sp. B510
Azospirillum zeae Gr61
Azospirillum zeae N7
Bradyrhizobium sp. BTAil
Cyanothece sp. ATCC 51142
Magnetospirillum gryphiswaldense MSR-1
Mesorhizobium loti MAFF303099
Nostoc azollae' 0708
Rhizobium etli CFN 42
Rhodopseudomonas palustris CGA009
Rhodospirillum centenum SW
Rhodospirillum rubrum ATCC 11170
Sinorhizobium meliloti 1021
Xanthobacter autotrophicus Py2

AB594477
GU256451
GU256452
AP010946
FR669147
DQ682472
CP000494
AF003336
DQ482050
BA000012
CP002059
U80928
BX572607
CP000613
CP000230
AE006469
CP000781

Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Cyanobacteria
Rhodospirillales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Cyanobacteria
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhodospirillales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)
Rhizobiales (Alphaproteobacteria)



DISCUSSAO

Apesar de 4. amazonense ter um potencial biotecnologico consideravel, o escasso
conhecimento sobre as bases moleculares de sua biologia pode dificultar a identificagdo e o
entendimento dos mecanismos responsaveis pelo efeito sobre o crescimento vegetal. Dois
fatores principais até pouco tempo intrincavam o estudo da biologia molecular desse
organismo: a auséncia de genoma sequenciado e de ferramentas genéticas especificas.
Portanto, neste estudo, esfor¢os visando mitigar esses problemas foram realizados.

Previamente ao sequenciamento do genoma de 4. amazonense, poucas sequéncias
dessa bactéria estavam disponibilizadas publicamente no GenBank, sendo que a maioria
delas era de rDNA 16S. Devido a essa limitagcdo no estudo de A. amazonense, em principio
nosso grupo de pesquisa se deteve no isolamento de genes de interesse dessa espécie. Os
primeiros genes isolados dessa espécie foram genes que codificavam para as proteinas
GInK e GInB (SANT'ANNA, 2007; TRENTINI, 2007). Ambas proteinas sdo conhecidas
como proteinas PII e tém papel-chave na regulagdo do metabolismo do nitrogénio
(ARCONDEGUY et al., 2001; LEIGH & DODSWORTH, 2007; SANT'ANNA et al.,
2009). Entretanto, as fungdes dessas proteinas ndo foram avaliadas em 4. amazonense,
tendo em vista que ndo havia recursos técnicos para sua caracterizagao.

Embora as sequéncias gé€nicas ja revelem informagdes importantes sobre a biologia
dos organismos, a experimentacgdo in vivo ¢ uma necessidade para se correlacionar fungdes
especificas a determinadas regides de DNA. Consequentemente, um dos objetivos
principais do presente trabalho foi otimizar técnicas moleculares para a manipulacdo
genética de A. amazonense.

Toda manipulagdo genética depende da transferéncia de DNA recombinante para o
organismo de interesse. Em virtude disso, metodologias de transferéncia de DNA para 4.
amazonense foram testadas. Os vetores pPPZPLACEYFP e pHRGFPGUS foram utilizados,
pois possuem as seguintes caracteristicas em comum:

- marca de resisténcia a canamicina, que possibilitaria a selecdo das bactérias que
receberam os vetores;

- genes que codificam proteinas fluorescentes, propriedade adicional que permitiria
uma rapida avaliagdo da transferéncia de DNA. Cada vetor codifica uma proteina distinta,

pPZPLACEYFP produz a proteina EYFP e pHRGFPGUS produz a proteina EGFP;
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- sitios de mobilizacdo, ou seja, que possibilitariam a transferéncia por conjugagao
mediada por E. coli;

- origens de replicacdo de amplo espectro. O vetor pPZPLACEYFP possui a origem
de replicacdo pVSl1 e o vetor pHRGFPGUS possui a origem de replicacdo pBBR1.

Os plasmideos foram transferidos para A. amazonense através de conjugagdo
triparental mediada por E. coli. Os transconjugantes foram confirmados por apresentarem
resisténcia a canamicina e fluorescéncia, demonstrando que os vetores se replicam
apropriadamente nas células receptoras.

Como a metodologia de conjugacdo demanda um tempo consideravel, também foi
testada a possibilidade de se transferir DNA para A. amazonense através de eletroporacgao.
Inicialmente, empregou-se uma metodologia originalmente descrita para A. brasilense
(VAN DE BROEK et al., 1989). As células de A. amazonense cultivadas em diferentes
fases de crescimento foram lavadas e ressuspendidas em glicerol 10% e posteriormente
transformadas utilizando diferentes parametros elétricos. Entretanto, apesar de varios
parametros terem sido testados, os resultados decorrentes foram negativos. Van de Broek
et al. (1989) relataram que a eficiéncia de transformacao entre as linhagens de Azospirillum
era variavel e que esse fato poderia ser uma consequéncia das diferentes constituicdes de
membrana.

Como alternativa foi também testado um protocolo de eletrotransformacdo de
Magnetospirillum gryphiswaldense (bactéria da mesma familia de A. amazonense)
(SCHULTHEISS & SCHULER, 2003), que utiliza uma composi¢do de tampao contendo
sacarose € MgCl,, compostos que atuariam como agentes estabilizadores de membrana
(WANG & GRIFFITHS, 2009). Através dessa metodologia de eletroporagdo foi possivel
obter transformantes de 4. amazonense. Diferentes parametros de eletroporagao foram
testados e os que tiveram melhores resultados - fase log inicial de cultivo, 200 ohms, 12,5
kV/cm - ndo diferiram dos geralmente utilizados em outras bactérias (LURQUIN, 1997;
AUNE & AACHMANN, 2010). Considerando que espécies relacionadas a A. amazonense
sdo recalcitrantes a metodologias de transformagdo (SCHULTHEISS & SCHULER, 2003;
VAN DE BROEK et al., 1989), pode-se concluir que o protocolo de eletroporacao
otimizado para 4. amazonense foi um sucesso relativo. Embora as eficiéncias ndo tenham

sido elevadas, foram suficientes para que os objetivos subsequentes fossem concretizados.
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Uma vez que metodologias de transferéncia de DNA foram estabelecidas, visou-se
desenvolver um protocolo de mutagénese sitio-dirigida para A. amazonense. A
metodologia empregada também foi baseada em uma técnica usualmente utilizada em A4.
brasilense. O gene alvo ginK foi interrompido por um cassete de resisténcia a canamicina e
ligado em um vetor derivado do plamideo pSUP202 que continha uma marca de resisténcia
a gentamicina (dados ndo mostrados). A ideia original seria transferir essa construgdo para
A. amazonense e isolar linhagens que fossem sensiveis a gentamicina e resistentes a
canamicina, oriundas da substitui¢do do alelo selvagem pelo mutante. A integragdo do
plasmideo ao genoma da bactéria foi obtida facilmente (dados ndo mostrados), entretanto o
segundo evento de recombinagdo, que permitiria a substituicdo do gene alvo e a excisdao do
plasmideo, nao foi detectado, apesar de milhares de coldnias terem sido analisadas.

Alternativamente, empregou-se outra metodologia de mutagénese sitio-dirigida
baseada em um protocolo desenvolvido para Corynebacterium glutamicum (EGGELING &
REYES, 2005). Primeiramente, a técnica de Crossover PCR foi empregada para gerar uma
delecdo em fase no interior do gene g/nK. A vantagem dessa metodologia em relagdo ao
usualmente empregado em A. brasilense, que se vale da inser¢ao de cassetes de resisténcia
nos genes-alvo (LINK et al.,, 1997), ¢ que teoricamente os mutantes gerados ndo
apresentariam efeitos polares decorrentes da disrup¢do génica. Subsequentemente, o
produto de amplificagdo contendo a delecdo do gene g/nK foi ligado ao vetor
pK19MOBSACB. Esse plasmideo possui a marca de contra-selecao sacB, que codifica a
enzima levana sacarase que ¢ letal na presenca de sacarose. Sugere-se que a levana
produzida a partir da sacarose se acumule no periplasma, o que seria toxico as bactérias
gram-negativas (REYRAT et al., 1998). A fung¢do primordial dessa marca ¢ facilitar a
contra-selecdo de linhagens que realizaram o segundo evento de recombinagdo, ou seja, as
bactérias que se desenvolverem na presenca de sacarose provavelmente substituiram o
alelo selvagem e tiveram o plasmideo removido do genoma.

A construgdo resultante, denominada pKAK, foi transferida para a bactéria por
conjugacdo e uma colonia resistente a canamicina e sensivel a sacarose foi isolada,
confirmando que o vetor foi integrado ao genoma. Em seguida, essa a linhagem
merodiploide, ou seja, que possui ambos alelos, selvagem e mutante, foi cultivada por
varias geragdes objetivando a eliminacdo do vetor integrado e a substitui¢do do alelo

selvagem pelo mutante. Como consequéncia, colonias resistentes a sacarose e sensiveis a
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canamicina foram isoladas, indicando que mutantes em fase de A. amazonense foram
gerados. A andlise dos mutantes por PCR confirmou que esse sistema de mutagénese sitio-
dirigida pode ser satisfatoriamente empregado em 4. amazonense.

Neste trabalho, também foi desenvolvido um sistema-reporter baseado na expressao
da proteina fluorescente EYFP. Com esse sistema aliado a andlise in silico, foi possivel
detectar promotores sigma 70 putativos de 4. amazonense. Sua aplicacao principal seria a
investigacdo de elementos envolvidos na regulagdo transcricional.

A otimizagdo de técnicas de manipulacdo genética para A. amazonense viabiliza
inimeras possibilidades. Por exemplo, em A. brasilense ja foram realizados experimentos
de expressao heterdloga de genes de interesse. Em 2004, Jayaraj et al. (2004) transferiram
para essa espécie um plasmideo que codificava uma quitinase vegetal. Como resultado, os
transconjugantes apresentaram atividade inibitoria contra fungos patégenos de plantas. Em
outro estudo, um plasmideo contendo o gene da enzima I1-aminociclopropano-1-
carboxilato (ACC) desaminase de Enterobacter cloacae foi transferido para A. brasilense.
Essa enzima tem a propriedade de degradar o precursor de etileno, fitormonio que tem
efeito inibitorio na expansdo celular vegetal. As bactérias que receberam o vetor foram
capazes de promover o crescimento de plantulas de tomate (HOLGUIN & GLICK, 2001).
Além desses, um trabalho recente demonstrou que plantas de trigo tiveram sua biomassa
aumentada ao serem inoculadas com linhagens de A. brasilense contendo vetores que
expressavam o gene ipdC (envolvido na producdo do fitormonio estimulador 4acido indol-
acético, AIA) (BAUDOIN et al., 2010). Até o momento, trabalhos desse tipo ainda sdo
ocasionais, mas demonstram o potencial que a engenharia genética oferece. Embora, em
geral, exista considerdvel resisténcia ao uso de organismos geneticamente modificados,
ndo seria razoavel descartar a perspectiva de se desenvolver linhagens de 4. amazonense
mais eficientes na estimulagao do crescimento vegetal.

A segunda parte do trabalho se deteve na andlise do genoma de 4. amazonense. A
publicacdo do draft do genoma dessa bactéria foi possivel gragas ao advento de tecnologias
de sequenciamento mais eficientes, no caso, o pirosequenciamento. Entretanto, em virtude
dos problemas intrinsecos da técnica (KIRCHER & KELSO, 2010) e da complexidade do
genoma em questdo, que ¢ relativamente grande e rico em sequéncias repetitivas, a
montagem das sequéncias estd longe do ideal. Um fato que ilustra bem esse problema ¢ o

numero elevado de contigs que compdem esse genoma. Além disso, o tamanho do genoma
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predito de 7,3 Mpb (MARTIN-DIDONET et al., 2000) nao condiz com o tamanho do
genoma sequenciado de 7 Mpb. A principal causa disso ¢ que muitos reads de sequéncias
repetitivas, como de transposases ¢ de rDNA ribossomico, ficaram condensados em
contigs unicos no processo de montagem (Luiz Gonzaga Paula de Almeida, LNCC,
comunicagdo pessoal). Portanto, no estdgio em que se encontra o genoma, analises
quantitativas dos elementos repetitivos ainda ndo sdo confiaveis. No entanto, a cobertura
de sequenciamento estimada em 35 x garante a acuracia das sequencias disponibilizadas.

Por enquanto, foram anotadas cerca de 3300 CDSs no genoma de A. amazonense.
Esse numero estd ainda muito abaixo do nimero de CDSs presentes em genomas de
tamanho semelhante ao de A. amazomnense, como por exemplo, os genomas de A.
brasilense Sp245 com 6927 CDSs distribuidas em 7,5 Mpb
(http://genome.ornl.gov/microbial/abra/19sep08/) e de Azospirillum sp. B510 com 6309
CDSs em 7,6 Mpb (KANEKO et al., 2010). Portanto, esfor¢os ainda tém de ser realizados
para melhorar a qualidade da montagem e da anotagdo do genoma de A. amazonense.

Mesmo com esses problemas, a quantidade de informagdo adquirida pelo
sequenciamento do genoma de A. amazonense foi significativa. Através de uma abordagem
direcionada a genes de interesse, foi possivel elucidar aspectos relevantes de sua evolugao
e fisiologia.

Do ponto de vista evolutivo, seria importante destacar dois pontos capitais. Primeiro,
a maior semelhanca de grande parte dos genes de A. amazonense com os de R. centenum.
Essa observagdo confirma resultados de analises filogenéticas usando rDNA 16S, que
demonstraram a estreita relacdo entre ambas espécies bacterianas (FANI et al., 1995;
ZHANG et al.,, 2003). A maior implicagdo desses resultados ¢ que futuramente a
taxonomia de A. amazonense e R. centenum tenha de ser revista.

O segundo ponto importante esta relacionado com alguns genes de A. amazonense
que sdao mais similares com os de membros da ordem Rhizobiales (familias
Bradyrhizobiaceae e Xanthobacteriaceae) do que com os de integrantes da propria ordem.
Um exemplo notavel corresponde ao sistema de fixagdo de nitrogénio de 4. amazonense.
Em relagdo a esse caso particular, ¢ tentadora a hipotese de que tenha ocorrido um evento
de transferéncia horizontal génica entre o ancestral de 4. amazonense ¢ um membro da
ordem Rhizobiales. Essa possibilidade ndo seria um caso isolado, ja que diferentes estudos

j& demonstraram a transferéncia horizontal de genes da nitrogenase entre bactérias
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(BOLHUIS et al., 2009; CANTERA et al., 2004). De fato, em procariotos, quando existe
uma incongruéncia entre a historia filogenética da espécie em relacio a do gene, a
transferéncia lateral de genes ¢ a primeira conjectura considerada (DAUBIN et al., 2003).

Se confirmada essa possibilidade, mais uma vez ficaria exemplificada a plasticidade
dos genomas bacterianos, que sdo receptivos a inovagdes gendomicas em razao da dindmica
do ambiente em que vivem (GOGARTEN & TOWNSEND, 2005). Entretanto, mais
evidéncias seriam necessdrias para descartar um provavel caso de pseudo-ortologia
(GOGARTEN & TOWNSEND, 2005), ou seja, onde uma duplica¢do génica ocorrida no
ancestral seguida de perdas génicas diferenciais em cada linhagem mais recente também
poderia explicar a topologia da arvore de nifH. Talvez a consequéncia maior da
identificacdo dessas incongruéncias evolutivas ¢ que a espécie A. brasilense nem sempre
seria 0 modelo mais adequado para se basear.

Do ponto de vista fisioldgico, o genoma contribuiu para se identificar caracteristicas
do metabolismo de 4. amazonense antes desconhecidas. A descoberta mais importante foi
a localizagdo de genes que codificam para a enzima RubisCO, envolvida na fixacdo de
carbono. Portanto, a bactéria em questao poderia ter habito autotréfico, ja que utilizaria gas
carbonico como fonte de carbono para sua subsisténcia.

Outras revelagdes dignas de mencdo foram as contradi¢des encontradas entre os
dados gerados pelo sequenciamento em relacdo aos de estudos prévios. Por exemplo, o
estudo de Martinez-Drets et al. (1985) sugeriu que A. amazonense nao possuiria a via
glicolitica no metobolismo do carbono, visto que ndo foram detectadas as atividades das
enzimas fosfofrutoquinase e frutose bisfosfato aldolase em seu extrato celular. Entretanto
os genes que codificam para tais proteinas estdo presentes no genoma. Similarmente,
apesar de o genoma apresentar um gene putativo que codificaria para uma provavel
homoserinalactona sintetase, o estudo de Vial ef al. (2006) ndo detectou homoserina
lactonas na cultura de A. amazonense Y2. Portanto, ao menos duas possibilidades
explicariam esses resultados discrepantes: a ocorréncia de artefatos técnicos que
comprometeram as atividades das enzimas ou que impediram a sua deteccdo, ou talvez a
existéncia de algum problema particular da espécie que impega a apropriada expressdao ou
atividade dessas enzimas, como por exemplo, muta¢des em sitios criticos. Além desses
casos, chamou atencdo a presenca de trés genes que codificam proteinas PII no genoma,

apesar de anteriormente se considerar que havia apenas dois deles (POTRICH et al., 2001;
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SANT'ANNA, 2007). Essa seria uma caracteristica diferencial em relacdo a espécie A.
brasilense, possuidora de duas proteinas PII, que denotaria uma maior complexidade do
sistema de regulagdo do metabolismo nitrogénio, visto que essas proteinas interagem com
diversas proteinas-alvo.

Além dos aspectos evolutivos e fisiologicos, o genoma também revelou genes que
podem ter influéncia direta e indireta sobre a capacidade de 4. amazonense em promover o
crescimento vegetal. Concernente aos mecanismos diretos de promocao, além dos genes de
fixacdo, foi identificado um gene que codifica para uma provavel nitrilase, que poderia
estar envolvida na sintese de AIA, composto conhecido por estar envolvido na regulagao
do crescimento vegetal (KRIECHBAUMER et al., 2007). Um recente estudo realizado
com A. brasilense demonstrou que esse fitormonio ndo atua somente na planta, mas
também altera a expressdo de varios genes bacterianos, como por exemplo, os que
codificam o sistema de secre¢do do tipo VI, envolvido na interacdo de bactérias com
eucariotos (VAN PUYVELDE et al., 2011). Seria relevante verificar futuramente se esse
gene de 4. amazonense esta realmente envolvido na sintese de acido indolacético e caso
confirmado, avaliar suas influéncias diretas.

Ainda que mecanismos indiretos de promo¢do do crescimento vegetal ndo tenham
sido avaliados em A. amazonense, foram detectados genes que poderiam atuar no
antagonismo de organismos patogénicos. Nesse sentido destaca-se o gene que codifica para
uma provavel homoserinalactonase. Tendo em vista que as bactérias patogénicas
dependem de quorum sensing para exercer sua viruléncia, essa enzima impediria que esse
processo ocorresse pela degradacao de homoserinalactonas (LOH et al., 2002; PARK et
al.,2003).

Embora a andlise do genoma seja preliminar, j& demonstrou a complexidade e
versatilidade do genoma de 4. amazonense. Cabe reiterar a necessidade de estudos para se
compreender funcionalmente as sequéncias disponibilizadas. Por exemplo, das sequéncias
codificantes anotadas, pelo menos um ter¢o tem funcdo desconhecida. Além disso, uma
vez que as fungdes dos genes, durante o processo de anotagdo do genoma, sdo designadas
através de analises comparativas in silico, as ferramentas genéticas otimizadas nesse
trabalho serdo aliadas fundamentais para se confirmar as predi¢cdes e para se descobrir

novas fungdes génicas. Nesse sentido, a metodologia de mutagénese sitio-dirigida sera
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indispensavel. Além disso, o sistema reporter desenvolvido podera ser utilizado na
investigacdo de promotores e sitios reguladores preditos no genoma de 4. amazonense.
Neste trabalho, avancos significativos concernentes ao estudo da biologia da espécie
A. amazonense foram estabelecidos. Com isso, espera-se que futuramente as bases
moleculares do processo de promocdo do crescimento vegetal sejam melhor
compreendidas. Contudo, tendo em vista a alta complexidade da biologia molecular desse

microrganismo, estudos tém que ser intensificados para que isso se concretize.
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PERSPECTIVAS

- Otimizar a montagem do genoma, visando diminuir a0 maximo o numero de
contigs;

- Analisar continuamente a anotagao dos genes;

- Reclassificar taxonomicamente os integrantes do clado que contém as bactérias A.
amazonense, A. irakense, Rhodocista spp. e Skermanella spp.;

- Expressar e caracterizar a enzima putativa nitrilase;

- Expressar e caracterizar a enzima putativa homoserinalactonase;

- Construir e avaliar mutantes de genes potencialmente envolvidos no processo de
estimulacdo do crescimento vegetal, principalmente os da fixacdo do nitrogénio e da
sintese de fitormonios;

- Identificar regulons de interesse, ou seja, identificar elementos transcricionais trans
e cis-atuantes e os genes por eles regulados;

- Identificar genes expressos durante o processo de fixa¢do do nitrogénio através de
analises protedmicas e transcriptomicas;

- Avaliar se A. amazonense ¢ capaz de antagonizar patdgenos vegetais;

- Avaliar a capacidade de 4. amazonense em fixar gas carbonico;

- Reavaliar a capacidade de A. amazonense em utilizar glicolise através da via
glicolitica;

- Reavaliar a capacidade de 4. amazonense em realizar quorum sensing;

- Avaliar a importancia da transferéncia horizontal génica no processo evolutivo de

A. amazonense.
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Abstract The PII proteins compose a superfamily of
signal transducers with fundamental roles in the nitrogen
metabolism of prokaryotic organisms. They act at different
cellular targets, such as ammonia transporters, enzymes,
and transcriptional factors. These proteins are small, highly
conserved, and well distributed among prokaryotes. The
current PII classification is based on sequence similarity
and genetic linkage. Our work reviewed this classification
through an extensive analysis of PII homologues deposited
in GenBank. We also investigated evolutionary aspects of
this ancient protein superfamily and revised its PROSITE
signatures. A new group of PII proteins is described in this
work. These PII homologues have a peculiar genetic con-
text, as they are associated with metal transporters and do
not contain the canonical PROSITE signatures of PII. Our
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analysis reveals that horizontal gene transfer could have
played an important role in PII evolution. Thus, new
insights into PII evolution, a new PII group, and more
comprehensive PROSITE signatures are proposed.

Keywords PII - GInB - GInK - Nif - AmtB -
Cellular signaling - Nitrogen metabolism -
Horizontal gene transfer - Metal efflux pump

Introduction

The superfamily of PII signal transduction proteins is
known to contain the most widely distributed signaling
proteins in nature (Forchhammer 2004). The explosion of
genome sequencing efforts has revealed that members of
the PII family are ubiquitous among prokaryotes. More-
over, representatives of this family are spread among all
domains of life, being found in nitrogen-fixing Archaea and
in the chloroplasts of eukaryotic phototrophs (Arcondéguy
et al. 2001; Forchhammer 2008).

PII proteins have been studied at length over the past
few years, since it has become evident that these proteins
play central roles in bacterial nitrogen metabolism. Their
remarkable functional versatility permits them to partici-
pate in a wide range of regulatory pathways related to
nitrogen control by direct interaction with a variety of
cellular targets (Forchhammer 2008). The roles of PII
proteins in cell metabolism have been extensively reviewed
(Arcondéguy et al. 2001; Forchhammer 2008: Leigh and
Dodsworth 2007; Ninfa and Atkinson 2000; Ninfa and
Jiang 2005; Reitzer 2003). The crystal structure of several
PII proteins has also been elucidated, consisting of
homotrimeric subunits with a highly conserved three-
dimensional structure (Conroy et al. 2007; Nichols et al.
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Unveiling Mycoplasma hyopneumoniae promoters: sequence definition and
genomic distribution

Shana de Souto Weber; Fernando Hayashi Sant’Anna & Irene Silveira Schrank

Summary

Several Mycoplasma species have had their genome completely sequenced, including
four strains of the swine pathogen Mycoplasma hyopneumoniae. Nevertheless, little is
known about the nucleotide sequences that control transcription initiation in these
microorganisms. Therefore, with the objective of investigating the promoter sequences of
M. hyopneumoniae, 23 transcriptional start sites (TSS) of distinct genes were mapped. A
pattern that resembles the ¢’° promoter -10 element was found upstream of the TSSs.
However, no -35 element was distinguished. Instead, an AT-rich periodic signal could be
observed. About half of the experimentally defined promoters possessed the string 5'-
TRTGn-3', which was identical to the -16 element usually found in Gram-positive bacteria.
The defined promoters were utilized to build position-specific scoring matrices (PSSM) in
order to scan putative promoters upstream of all coding sequences (CDSs) of the M.
hyopneumoniae genome. Two hundred and one signals were found distributed in 169
CDSs. Most of these sequences were located up to 100 nucleotides from the start codons.
This study shows that the number of promoter-like sequences in the M. hyopneumoniae
genome is more frequent than expected by chance, indicating that most of the sequences

found are probably biologically functional.
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