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RESUMO

A Amazonia, com sua vasta biodiversidade, abriga uma rede complexa de
ecossistemas interconectados por rios como o Negro ¢ o Solimdes. Esta dindmica
unica favorece o surgimento e a diversificacdo de linhagens microbianas, tornando a
regido um hotspot para a descoberta de solugdes biologicas inovadoras. Partindo
deste contexto, esta tese investigou o potencial biotecnologico de 36 bactérias
isoladas de sedimentos dos rios amazonicos, com foco em aplicagdes no biocontrole
de fitopatdgenos e na promog¢dao do crescimento vegetal. Os isolados bacterianos,
foram avaliados in vitro contra fitopatdgenos de importancia agricola, como
Corynespora cassiicola, Colletotrichum siamense, Rhizoctonia solani e Ralstonia
solanacearum. Esta sele¢do inicial deu origem a dois capitulos principais: o primeiro
investiga o biocontrole de R. solanacearum, enquanto o segundo examina o
potencial gendmico e as aplicagdes agricolas de Alcaligenes nematophilus SOL 109.
No capitulo 1, trés isolados - Priestia aryabhattai RN 11, Streptomyces sp. RN 24 e
Kitasatospora sp. SOL 195 - demonstraram notavel eficacia contra R. solanacearum,
com inibi¢ao in vitro de 87-100%, redu¢ao da incidéncia da doenga em 40-90% em
mudas de tomateiro e promogao do crescimento das plantas. Analises filogenomicas
baseadas em ANI e dDDH revelaram que RN 11 pertence a espécie Priestia
aryabhattai (ANI: 98,61%, dDDH: 88,3%), enquanto RN 24 e¢ SOL 195
apresentaram valores abaixo dos pontos de corte para novas espécies, sendo
potencialmente novas espécies dos géneros Streptomyces e Kitasatospora,
respectivamente. O capitulo 2 revela o potencial multifacetado de A. nematophilus
SOL 109, incluindo a inibig¢ao in vitro de 74 a 93% contra os fungos fitopatogénicos.
A avaliacdo em casa de vegetagdo indica que a linhagem SOL 109 foi capaz de
controlar o patdgeno R. solani e promover o crescimento em tomateiros. Analises
gendmicas e quimicas de SOL 109 identificaram clusters de genes biossintéticos
(BGCs) unicos e compartilhados no género Alcaligenes, genes de resisténcia a
antibioticos e metais pesados, € metabolitos com propriedades antimicrobianas. Os
resultados desta tese destacam o potencial inexplorado dos microrganismos
aquaticos amazonicos, revelando novas espécies de actinobactérias (RN 24 e SOL
195) e relatando pela primeira vez a ocorréncia de A. nematophilus no Brasil. Este
estudo contribui significativamente para o desenvolvimento de estratégias
sustentaveis de manejo de doencas em plantas, oferece insights valiosos sobre o
metabolismo secundario do género Alcaligenes e abre novas perspectivas para
aplicagdes biotecnoldgicas na agricultura, reforgando a importancia da conservagio e
estudo da biodiversidade microbiana amazonica.

Palavras-chaves: Quimica de produtos naturais; bactérias aquaticas; BGC.



ABSTRACT

The Amazon, with its vast biodiversity, harbors a complex network of
ecosystems interconnected by rivers such as the Negro and Solimdes. This unique
dynamic favors the emergence and diversification of microbial lineages, rendering
the region a hotspot for the discovery of innovative biological solutions. Within this
context, this thesis investigated the biotechnological potential of 36 bacteria isolated
from Amazonian river sediments, focusing on applications in phytopathogen
biocontrol and plant growth promotion. The bacterial isolates were evaluated in vitro
against agriculturally significant phytopathogens, including Corynespora cassiicola,
Colletotrichum siamense, Rhizoctonia solani, and Ralstonia solanacearum. This
initial screening gave rise to two main chapters: the first investigates the biocontrol
of R. solanacearum, while the second examines the genomic potential and
agricultural applications of Alcaligenes nematophilus SOL 109. In Chapter 1, three
isolates - Priestia aryabhattai RN 11, Streptomyces sp. RN 24, and Kitasatospora sp.
SOL 195 - demonstrated remarkable efficacy against R. solanacearum, with in vitro
inhibition of 87-100%, reduction of disease incidence by 40-90% in tomato seedlings,
and promotion of plant growth. Phylogenomic analyses based on ANI and dDDH
revealed that RN 11 belongs to the species Priestia aryabhattai (ANI: 98.61%,
dDDH: 88.3%), while RN 24 and SOL 195 presented values below the cut-off points
for new species, potentially representing novel species within the genera
Streptomyces and Kitasatospora, respectively. Chapter 2 elucidates the multifaceted
potential of 4. nematophilus SOL 109, demonstrating in vitro inhibition ranging
from 74 to 93% against phytopathogenic fungi. Under greenhouse conditions,
evaluations indicate that the SOL 109 effectively controlled the pathogen R. solani
and promoted growth in tomato plants. Genomic and chemical analyses of SOL 109
identified unique and shared biosynthetic gene clusters (BGCs) within the genus
Alcaligenes, genes conferring resistance to antibiotics and heavy metals, and
metabolites with antimicrobial properties. The results of this thesis highlight the
unexplored potential of Amazonian aquatic microorganisms, revealing new
actinobacterial species (RN 24 and SOL 195) and reporting for the first time the
occurrence of A. nematophilus in Brazil. This study significantly contributes to the
development of sustainable plant disease management strategies, offers valuable
insights into the secondary metabolism of the genus Alcaligenes, and opens new
perspectives for biotechnological applications in agriculture, reinforcing the
importance of conservation and study of Amazonian microbial biodiversity.

Keywords: Natural products chemistry; aquatic bacteria; BGC
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1. INTRODUCAO

O uso abusivo de compostos quimicos nos setor agricola representam um
risco significativo ao meio ambiente e sistema de saude devido as implicacdes na
seguranca alimentar e sustentabilidade agricola (Shuqin; Fang, 2018).

Os quimicos utilizados no setor agricola estdo relacionados tanto ao controle
de pragas (insetos, roedores, dcaros e ervas-daninhas) quanto de microrganismos
fitopatogénicos, assim como para a correcao de nutrientes do solo, aceleramento do
amadurecimento e estimulagdo de floragdo das plantas, contudo estes quimicos
representam um risco a saude humana e animais, acarretam no desequilibrio da
comunidade rizosférica natural do solo, uma vez que a maioria possui na composi¢ao
metais pesados como mercurio (Hg), cadmio (Cd), chumbo (Pb), cobre (Cu) e niquel
(Ni), e estudos indicarem o acumulo de espécies de nitrato, como as nitrosaminas
(cancerigenas), e fosfato que contaminam o solo e a agua (Adedayo et al., 2022;
Ajilogba; Babalola, 2013; Sehwarat et al., 2022; Savci, 2012ab; Schiesari, 2012).

Como alternativa a estes quimicos, os microrganismos € os produtos naturais
que produzem sio visados tanto para promover o crescimento vegetal, através da
producdo de compostos como sidero6foros, auxinas e solubilizadores de fosfato e
zinco, quanto para fazer o biocontrole de fitopatogenos através de mecanimos de
inducdo de resisténcia, antibiose (antimicrobianos e enzimas hidroliticas) e
competicdo por nutrientes e espago (Abo-Zaid et al, 2023; Deveau et al., 2018;
Legein et al., 2020; Zengler; Zaramela, 2018).

Segundo o Ministério da Agricultura e Pecuaria do Brasil (2022ab), o Brasil ¢
referéncia mundial na utilizagdo de defensivos bioldgicos aplicados em campo e
possui ao todo 552 defensivos registrados disponiveis para comercializagdo no pais,
sendo alguns a base microrganismos como Bacillus amyloliquefaciens, Bacillus
subtilis, Bacillus pumilus, Bacillus velezensis, Paecilomyces lilacinus, Pseudomonas
flurorescens, Pseudomonas chlroraphis, Isaria fumosorosea, Beauveria bassiana,
Metarhizium anisopliae, Trichodema asperellum e Trichoderma harzianum

No Amazonas, além da presenca de fitopatdgenos amplamente pesquisados
como Rhizoctonia solani e Corynespora cassiicola, hd outros que ndo estdo
disseminados por todo o pais como, Ralstonia solanacerum, bactéria responsavel
pela murcha-bacteriana em plantas como as solonaceas e banana (Coelho Netto et
al., 2003, 2004; Gasparotto, 2022; Leroy; Lourd, 1989). Neste contexto, o trabalho

se focou em aplicar bactérias isoladas dos sedimentos dos rios Negro e Solimdes



com potencial de biocontrole de fitopatogenos e de produgdo de promotores de
crescimento vegetal em cultivares de tomate, além de fazer a mineragdo gendmica e

anotagao dos compostos quimicos produzidos pelas bactérias.

2. REFERENCIAL TEORICO
2.1  BACTERIAS

As bactérias, mesmo sendo procariotos relativamente simples, possuem um
potencial biotecnoldgico elevado para a produgdo de bioativos de alto valor. Estes
microrganismos estdo amplamente distribuidos nos ecossistemas e podem ser
encontradas inclusive em ambientes considerados inospitos devido ao elevado indice
de elementos como ferro ou enxofre ou a baixa ou nula presenca de oxigénio. Por
terem essa versatilidade, a probabilidade de terem genes biossintetizadores de
metabolitos secundarios (smBGC) ¢ considerada alta (Cordero; Datta, 2016; Jackson
et al, 2018; Netzker et al, 2015)

Assim como outros microrganismos, contribuem para a manutenc¢ao do ciclo
de carbono e nitrogénio e balango de outro nutrientes presentes no ecossistema.
Apesar de serem procariotos, possuem alta capacidade adaptativa, o que permite
encontrar representantes deste grupo nos mais diversos ambientes, tais como rochas,
geleiras, desertos, etc (Timmusk et al., 2011).

Apesar de amplamente distribuidos e com estudos em laboratorio ha mais de
150 anos, os especialistas apontam que ainda ha muitos géneros desconhecidos, uma
vez que ha cerca de 12 mil espécies ja catalogadas e a estimativa global seja entre
107 e 10°. Destes, estimasse que pelo menos 54 mil estejam amplamente distribuidos
no solo e 37 mil nos oceanos (Overmann et al., 2017; Banerjee et al., 2018).

A genOmica microbiana, correlacionada com estudos enzimaticos, indica um
grande potencial de biossintese de produtos naturais, especialmente terpenoides,
pelas bactérias. Entre 2010-2013, ocorreu um pico de descoberta de novas moléculas
desta classe (Figura 1A) e, aproximadamente, na mesma ¢€poca, os estudos para
alternativas de hospedeiros para a produgdo dos mesmos iniciou (Moser; Pichler,

2019; Rudolf et al., 2021).
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Figura 1. Resumo dos terpenodides bacterianos na literatura. (A) Numero de
terpenodides descobertos em bactérias por ano. A linha laranja ¢ um movimento
médio de cinco anos. A contagem para 2020 inclui apenas até meados de 2020. (B)
Distribui¢do de terpendides. Os numeros entre parénteses representam numero de
terpenodides bacterianos compilados na revisao de Rudolf et al. (2021).

Dentre as bactérias ja descritas como hospedeiros para a producdo de
terpenoides, pode-se mencionar Bacillus subtilis, Escherichia coli, Streptomyces sp,
Pseudomonas putida, Rhodobacter sphaeroides, Corynebacterium glutamicum e
Methylobacterium extorquens, sendo os dois primeiros os principais utilizados
(Moser; Pichler, 2019).

Apesar do ligeiro declinio na elucidacdo na novas moléculas, estima-se que ¢
possivel encontrar novas vias biossintéticas e caracteristicas bioquimicas
desconhecidas ao explorar linhagens bacterianas pouca exploradas, tendo portando o
potencial de oferecer novas e inovadoras solugdes para biotecnologia, agricultura e

saude publica (Pilla; Tang, 2018; Jackson et al., 2018).

2.2  FERTILIZANTES

Todas as plantas precisam receber os nutrientes necessarios para o seu
desenvolvimento em cada etapa do ciclo de vida. Elas absorvem o que precisam do
solo, contudo, nem sempre existe a disponibilidade de todas as substancias, sendo
necessario a suplementagdo destes nutrientes através da fertilizagdo do solo. Os
fertilizantes quimicos sdo os produtos mais utilizados, contudo representam um
problema a satde publica, politicas de sustentabilidade e polui¢do ambiental
(Adedayo et al., 2022; Ajilogba; Babalola, 2013; Savci, 2012ab; Shuqin; Fang, 2018)

Existem trés tipos de fertilizantes quimicos: minerais (nitrogenados,

potassicos, fosfatados, mistos ou corretivos), organicos (a partir de restos de animais



ou vegetais) e organominerais (mistura de material organico com minérios), sendo
comercializados em formato solido, liquido ou quelato. Muitos possuem na sua
composi¢do metais pesados como mercurio (Hg), cddmio (Cd), chumbo (Pb), cobre
(Cu) e niquel (Ni), e estudos indicam o acumulo de espécies de nitrato, como as
nitrosaminas (cancerigenas), ¢ fosfato que contaminam o solo e a agua (Fixen;West,
2002; Jiao et al, 2012; Savci, 2012ab; Sehwarat et al., 2022; Sharma; Chetani, 2017;
Schiesari, 2012; Souri, 2016; Wang et al, 2018; Zorb et al., 2014).

A industria de fertilizantes leva em conta alguns fatores para estabelecer o
consumo global, tais como crescimento populacional (estimativas de chegar 9,7
bilhdes até 2050), redugdo de areas proprias para cultivo, crescimento do Produto
Interno Bruto (PIB) mundial, politica e uso alternativo das plantacdes como, por
exemplo, a formulacdo de biocombustiveis, acarretando na alta volatilidade dos
precos do mercado. Além destes fatores, entre 2020 ¢ 2024, outros acontecimentos
contribuiram para o desabastecimento e alto preco de fertilizantes: pandemia por
COVID-19, o bloqueio na exportagdo de tecnologias pela China e o conflito entre
Ucrania e Russia (Arndt et al., 2023; Azuizion, 2020; Hebebrand; Glauber, 2023;
Hohler; Lansink, 2020; Poudel et al., 2020; Pujiharto; Wahyuni, 2023; Stamenkovi¢
etal., 2018).

Devido a pandemia com o coronavirus (COVID-19), a economia mundial foi
duramente afetada, principalmente nos setores de fornecimento de alimentos e redes
de suprimentos. As companhias lideres de fornecimento de fertilizantes,
principalmente as situadas na Russia, declararam uma relativa estabilidade nesse
periodo, porém o prego de mercado dos produtos aumentou devido as politicas de
lockdown na tentativa de conter os efeitos do coronavirus até a formulacdo de
vacinas e estabilizagdo de praticas sanitarias eficazes (Hohler; Lansink, 2020; Ilinova
et al., 2021; Paudel et al., 2023; Poudel et al., 2020; Sridhar et al., 2023).

Antes da estabilizacdo econOmica e sanitaria, em 2022, a Russia invadiu a
Ucrania, iniciando um conflito que dura até os dias atuais. Além de afetar os pregos
de fertilizantes, também afetou o setor de alimentos e combustiveis (Arndt et al.,
2023; Hebebrand; Laborde, 2022; Shanini et al., 2022). Devido aos altos precos,
recursos esgotaveis para a produgdo e a instabilidade do mercado de fertilizantes
quimicos, além das politicas de sustentabilidade, novas tecnologias estdo emergindo
para competir e, possivelmente, substituir os quimicos, como o uso de

microrganismos € seus compostos para atuarem como fertilizante (Bala, 2022;



Bargaz et al., 2018; Bamdad et al., 2022; Stamenkovi¢ et al., 2018; Vurukonda et al,
2024).

Segundo Malusé et al. (2012), os trés principais grupos de microrganismos
considerados benéficos para a nutricdo das plantas sdo os fungos micorrizicos
arbusculares (FMA), as rizobactérias promotoras do crescimento das plantas (PGPR)
e os rizobios fixadores de nitrogénio. Pathak e Kumar (2016) dizem que, ao fazer
uma bioformulagdo de base microbiana, pode-se classificar estas formulagdes em
quatro tipos: (1) bactérias fixadoras de nitrogénio, (2) microrganismos
solubilizadores/mobilizadores de P, (3) microrganismos de compostagem e (4)
biopesticidas.

Segundo Bamdad et al. (2022), os microrganismos do solo podem ser
divididos em dois grupos principais: indigenas ou estrangeiros. Os microbios
indigenas sdo espécies nativas de uma determinada regido, enquanto aqueles
considerados estrangeiros sdo espécies cultivadas em condi¢des otimizadas de
laboratorio. Também afirma que a adi¢ao de culturas microbianas pré-cultivadas ao
solo melhora as suas propriedades, aumenta o rendimento do crescimento e degrada
compostos indesejados, como por exemplo fazer biorremediagdo de metais pesados.
Além disso, a injecdo de nutrientes/componentes suplementares pode induzir a
propagacdo da populacdo microbiana nativa a uma taxa elevada, aumentando os
beneficios adquiridos pela planta.

Para desenvolver os biofertilizantes, além avaliar se possuem os mecanismos
basicos de fixacdo de nitrogénio e a solubilizagdo de fosfato, deve-se levar em
consideragdo os beneficios da interagdo planta- microbio e o microbioma natural do
solo e se possuem a habilidade de produzir hormdnios vegetais (AIA, giberilina, etc),
sideroforos (pyoverdine, pyochelin, etc), cianeto (HCN) e enzimas liticas que tém
efeito fitoestimulante na planta (Bambad et al., 2022; Stamenkovi¢ et al., 2018;
Timmusk et al., 2017). Alguns géneros de bactérias, que demonstraram potencial
para serem bactérias promotoras de crescimento vegetal (PGPB), sdo amplamente
estudados tais como Bacillus, Pseudomonas, Azospirillum, Bradyrhizobium,
Rhizobium (Araujo et al., 2020; Egamberdieva et al., 2017; Pastor-Bueis et al., 2019;
Rékasi et al., 2019).

Além de serem estudadas para a formulagdo de biofertilizantes, bactérias
destes géneros, em alguns casos, também atuam como biodefensivos contra

microrganismos fitopatégenos, como no caso.



2.3 DEFENSIVOS AGRICOLAS

Defensivos agricolas sdo produtos quimicos, fisicos ou biologicos usados no
controle de seres vivos considerados nocivos ao homem, sua criacdo ¢ suas
plantagdes. Sdo também conhecidos por agrotoxicos, pesticidas, praguicidas ou
produtos fitossanitarios.

Entre os defensivos agricolas sdo encontrados produtos que controlam
plantas invasoras (herbicidas), insetos (inseticidas), fungos (fungicidas), bactérias
(bactericidas), acaros (acaricidas) e ratos (rodenticidas). Também sdo considerados
defensivos agricolas os reguladores de crescimento, que aceleram o amadurecimento
e floracdo de plantas, por exemplo. Os mesmos sdo categorizados em quatro classes
quanto ao risco de toxicidade ao meio ambiente ¢ ao ser humano, sendo I o mais
perigoso e o IV o mais seguro para uso (Schiesari, 2012).

Dito isto, busca-se alternativas aos produtos quimicos comercialmente
utilizados, sendo estes os chamados agentes microbiologicos de controle (AMCs),
também conhecidos como biodefensivos. Estes agentes sdo microrganismos capazes
de promover uma barreira de protecdo natural contra pragas e outras doencas que
atingem plantagdes, ndo agride o homem e nem ataca de forma maléfica as estruturas
das plantas. A capacidade de colonizar a rizosfera das plantas ¢ um ponto chave
neste processo, uma vez que um agente de controle bioldgico que ndo apresente
capacidade de crescer na rizosfera ndo poderd competir por espago e nutrientes
(Almeida, 2020; Halfeld-Vieira et al., 2016)

No mercado se encontram produtos a base de espécies de Trichoderma,
Bacillus, Pseudomonas e algumas Streptomyces, que sdo aplicados ndo apenas para o
controle bioldgico, mas também para a promocao de crescimento das plantas, uma
vez que estes microrganismos produzem compostos promotores de crescimento
vegetal. Além disso, hd produtos hé base produtos naturais, como no caso de Baryon,
Bioativus, Bionautus, Simetria e Stimutrop (Biotrop, 2024; Desangoosse, 2024;

Sadeghi et al, 2009; Karima; Nadia, 2012).

24  PRODUTOS NATURAIS

O uso de produtos naturais ¢ retratado ao longo da histéria da humanidade,
principalmente, para uso medicinal na forma de chés, dleos, emplastros e unguentos
preparados com insumos terrestres € marinhos usando conhecimento tradicional

(Dias et al., 2012).



Por defini¢do, sdo considerados produtos naturais os metabolitos que sdo
extraidos de organismos vivos (plantas, animais € microrganismos), assim como 0s
produtos derivados destes que possuem atividade bioldgica. Alguns grupos se
destacam, tais como NRPS, PKS e terpenos(Abdel-Razeck et al., 2020; Bernadini et
al., 2018; Dias et al., 2012).

Estes bioativos possuem uma variedade quimica diversa que permitem
inimeras aplicagdes bioldgicas (antimicrobiano, imunosupressivo, anticancer, anti-
inflamatorio, etc), sendo possivel alterar completamente propriedade e/ou
inviabilizar ao mudar a posi¢do, remover e/ou acrescentar elementos quimicos em
uma molécula (Abdel-Razeck et al., 2020; Pham et al., 2019).

No levantamento com dados entre 1981 e 2014, foi observado que entre as
1211 moléculas aprovadas como farmacos pelo FDA (Food and Drug
Administration) dos Estados Unidos, cerca de 65% possuem uma profunda
correlagdo com as estruturas encontradas nos produtos naturais ou sdo derivados
diretos de alguma fonte biologica (Paulo et al., 2019). E importante destacar que nem
todo produto natural, independente da sua fonte, ¢ benéfico para uso humano, uma
vez que muitos compostos podem ser toxicos. Por este motivo, todos os estudos que
envolvem o desenvolvimento de produtos com bioativos passa por uma série de
ensaios de toxicidade e caracterizagdo quimica (Shen, 2015).

O campo de estudo de produtos naturais nos ultimos dez anos vem passando
por uma rapida inovagdo e avango tecnoldgico ao combinar abordagens quimicas,
bioldgicas e de bioinformatica para elucidar a diversidade, distribuicdo e funcao dos

produtos naturais (Santen et al., 2019; Pham et al., 2019).

2.4.1 Policetideo sintase (PKS)

Os policetideos sdo uma classe de produtos naturais com uma gama de
atividades  bioldgicas  biossintetizados por grandes blocos enzimaticos
multimodulares, denominados policetideos sintases (PKS). Apesar de se tratar de um
grupo heterogéneo de estruturas, que compreende compostos como os poliéteres,
polienos, polifénois, macrolideos e enediinos, todos os policetideos sdao derivados de
um dos blocos construtores mais simples, o acetato o (CH3;COO"), qual ¢ usado para
formar os precursores empregados na construcdo das cadeias: metilmalonil-CoA,
propanoil-CoA e acetil-CoA (Kohlhaas et al., 2013; Miyanaga, 2017; Paulo et al.,
2019).



Como mencionado anteriormente, as PKS sdo formadas por diversos blocos
enzimaticos, conhecidos como dominios (Tabela 1). Alguns sdo pecas essenciais
para obter um policetideo funcional, enquanto outros sdo facultativos, acrescentando

maior complexidade a molécula (Herbst et al., 2018; Paulo et al., 2019).

Tabela 1. Dominios essenciais e facultativos mais comuns em policetideos sintases.
Fonte: Adaptado de Herbst et al., 2018, Kohlhaas et al., 2013 e Paulo et al., 2019.

Dofmmo Nome Funciao Essencial
(sigla)
AT Acetiltransferase Recrutar uma uqldade Sim
extensora de acetil-CoA
ACP Proteina ca@eadora Qanc?ggdor da cadela~ Sim
de acila policetidica em formacao
Catalisar a formacao de
KS Cetoacila sintase ligagao C-C atriwes da Sim
condensacao
descarboxilativa
KR Cetorredutase Redugdo qa carbonila ao Nao
alcool
ER Enoila redutase Converte olefina na cadeia Nio
saturada
. Elimina dgua, levando a ~
DH Desidratase s Nao
formagdo de olefina
Tranesterificagao do
TE Tioesterase policetidio, ISt,O © Nao
removendo a molécula do
complexo enzimatico.
MET Metiltransferase Recrutar CH3. para adorar Nao
o policetideo
MAT Malonil-acetil Recrutar uma un1dade Nio
transferase extensora de malonil-CoA

As PKS sdo classificadas em trés tipos: PKS I, PKS II e PKS III (Figura 2).
As do tipo I sdo encontradas em fungos e bactérias e sdo caracterizadas por ter
multiplos médulos subdivididos em varios dominios. As do tipo II s3o encontradas
em bactérias e sdo caracterizadas por terem dominios cataliticos discretos. As do tipo
III sd3o, comumente, encontradas em plantas e bactérias e sdo enzimas do tipo

chalcona sintase com um unico sitio ativo (Nivina et al., 2019; Paulo et al., 2019).
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Figura 2. Classificacdo das sintases de policetideos com relacdo a sua estrutura (tipo
I, tipo II e tipo III), do modo de condensag@o dos substratos (iterativo ou canonico) e
com relagao a colinearidade dos dominios AT (trans-AT ou cis-AT). Fonte: Paulo et
al., 2019.

As PKS tipo I podem atuar de modo iterativo, isto €, os dominios se repetem
durante a biossintese, ou nao-iterativo (candnico), onde cada ciclo de extensdo da
cadeia policetidica é realizado por um moddulo especifico e os dominios ndo se
repetem. Outra particularidade est4 relacionada ao dominio AT que pode ser trans-
AT (ndo esta alinhado aos demais dominios) ou cis-AT (alinhado com os dominios).

Os trans-AT PKSs sdo notorias por sua alta diversidade de modulos nao-
candnicos que, muitas vezes, contém novos dominios enzimaticos, produzindo
bioativos de relevancia terapéutica e responsaveis por fatores patogenicidade,
simbiose e regulacdo de bactérias. Muitos sistemas trans-AT incluem moédulos de
peptideo ndo-ribossomal sintase (NRPS), resultando em hibridos NRPS — PKS. Em
casos como esse, os dominios KS downstream aceitam intermediarios derivados de
NRPS atipicos (Kohlhaas et al., 2013; Helfrich et al., 2019).

Em sistemas cis-AT, existem poucas informagdes a respeito dos fatores que
promovem a associacdo fisica entre PKS e NRPS, acrescentando um topico de
estudo no campo de engenharia genética (Kohlhaas et al., 2013).

Dentre os policetideos ja presentes no mercado, alguns se destacam pela sua
alta taxa de eficiéncia com atividades bioldgicas diversas: lovastatina (redutor do
nivel de colesterol), eritromicina (antibidtico), anfotericina (antiflingico),
avermectina (anti-tuberculose), doxorubicina e salinomicina (antineoplasicos) (Paulo

etal., 2019).



2.4.2 Peptideo nao-ribossomal sintase (NRPS)

O ribossomo ¢ uma importante organela para a produg¢do de peptideos e
proteinas, sendo descoberto o funcionamento do mecanismo de sintese de proteinas
por volta de 1960. Em 1963, ao realizar experimentos com espécies de Bacillus,
descobriram que a produgdo do peptideo tirocidina ndo era afetada mesmo com o uso
de inibidores ribossomais, o que levou a hipdtese de que haveria uma outra rota
alternativa para a produgdo de peptideos fora do ribossomo (Mach; Reich; Tatum,
1963; Sussmuth; Mainz, 2017)

Peptideos ndo-ribossomais sintases sdo complexos multienzimaticos, isto &,
com multiplos dominios com fung¢des especificas, com diversas aplicacdes
(antibactericida, antitumor, imunosupressor, etc), similar ao que observamos nas
policietideos sintases, usando aminoéacidos como bloco construtores, assim como 0s
peptideos produzidos em ribossomos. Sdo comuns em bactérias e fungos (Izor¢;
Cryle, 2018; Sussmuth; Mainz, 2017).

O sistema de produgdo de peptideos nao-ribossomais (NRP), além de fazer
uso de uma ampla variedade de monomeros (L-a-aminoécidos € ndo-proteinogénicos
a ¢ P aminoacidos), permite que sejam feitas modificacdes através de dominios
cataliticos especificos encontrados em algumas NRPS. Dentre os mondmeros nao-
proteinogenicos a e B aminoacidos, pode-se citar fenil-glicina, guanidinas ciclicas e
aminoacidos contendo grupos alceno, alcino, halo, hidroxil ou ciclopropil (Izoré;
Cryle, 2018).

Como mencionado anteriormente, as NRPS sdo formadas por diversos blocos
enzimaticos, conhecidos como dominios (Tabela 2), que se organizam em modulos.
Em suma, cada modulo corresponde a um ciclo completo para a extensdo da cadeia
peptidica. Alguns dominios s3o pegas essenciais para obter uma NRPS funcional,
enquanto outros sao facultativos, acrescentando maior complexidade a molécula

(Pichi et al., 2009; Sussmuth; Mainz, 2017).



Tabela 2. Dominios essenciais e facultativos mais comuns em peptideos nao-
ribobossomais sintases (NRPS). Fonte: Pichi et al., 2009; Sussmuth; Mainz, 2017.

Dominio
(sigla)

Nome

Funcio

Essencial

A

PCP

TE

Mt

Adenilagao

Proteina
carreadora de
peptideo

Condensacao

Terminagao

Epimerizacao

Metilagao

Redugao

Formilacao

Ciclizagao

Reconhecimento e ativagao de
aminoacidos especificos através de
reacdes de adenilagdes com Acyl-CoA,
acarretando na formag¢do de um aminoacil
adenilato.

Carregador da cadeia peptidica em
formacao através de reacdes de tiolagao
contendo um grupo prostético 4’-
fosfopanteina.

Catalisar a formagao de ligacao peptidica
dos entre os monomeros de aminodcidos e
o peptideo formado nos mddulos iniciais
da NRPS através do ataque nucleofilico
do grupo a-amino livre de um substrato
no sitio aceptor a ligagao tioéster de um
substrato vizinho (aminoacido ou
peptideo) no sitio doador, promovendo o
elongamento da cadeia peptidica.
Esta presente na por¢ao C-terminal da
NRPS (tltimo modulo) e € responsavel
pela tioesterificagcdo do peptideo formado
e consequente liberagdo da molécula.
Catalisa a racemizacdo do L-aminoacidos,
permitindo a presenca de D-aminoacidos
nos peptideos formados.
Acrescentar grupos metila no peptideo em
formagdo tanto em grupo amino como
carboxi.

Substitui o dominio TE e reduz a porc¢ao
aldeido ou alcoolica do peptideo com uma
redutase dependente de NADPH.
Acrescenta grupos formila
Homologo do dominio C com fungdo
adicional de heterociclizagdo, porém
atacando o residuo de asparagina (Asp) ao
invés da serina (Ser)

Sim

Sim

Sim

Sim

Nao

Nao

Nao

Nao

Nao

Para ilustrar o que foi descrito acima, usaremos como exemplo a formagao de

virginiafactina (Figura 3) produzida por Pseudomonas sp. QS1027.
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Figura 3. (A) Organizacdo dos multiplos dominios que compdem o gene para
biosintese de virginiafactinas. (B) Proposta da biossintese de virginiafactinas. As

diferentes cores do dominio C indicam a familia a qual pertencem (Marrom -
Cstarter; Rosa - LCL; Verde - epimerase). Fonte: Gotze et al., 2019.

Como visto, cada dominio A recebe um aminodcido em especifico para
incorporar na cadeia peptidica, selecionando inclusive se ¢ L ou D. Em alguns casos,
¢ possivel ocorrer o que é observado no moédulo 6 onde mais de um aminoacido ¢é
reconhecido (Gotze et al., 2019).

Através dos estudos do genoma usando ferramentas de bioinformaética,
algumas rotas de biossintese de NRPS ja foram elucidadas tanto em bactérias quanto
em fungos (Tabela 3), tendo alguns grupos com estudos mais completos devido sua

relevancia médica, agricola e/ou industrial (Sussmuth; Mainz, 2017).



Tabela 3. Importantes filos e géneros bacterianos e fungicos que contém genes de
NRPS. Fonte: Adaptado de Sussmuth; Mainz, 2017.

Microrganismo Filo/classe Género Compostos relevantes
. . Streptomyces Glicopeptideos
Actinobacteria - - - —
Mycobacterium Micobactina (sider6foro)
Microcystis, . iy
Yy l_ Microcistina,
. . . Planktothrix, . .
Bactéria Cianobacteria . . Cianopeptolinase e
o Anabaena, Oscillatoria . .
Gram-positiva Criptoficina
e Nostoc
Bacillus Lipociclopeptideos
Firmicutes Staphylococcus Aureusimina
Streptococcus Mutanobactina
Burkholderia Malleobactina (sider6foro)
Pseudomonas Siringomicina e Pioverdina
Escherrichia Enterobactina
- . Salmonella Samochelina
Proteobacteria - .
Bactéri Yersinia Yersibiabactina
acteria
Gram-negativa Vibrio Vibriobactina
Serratia Surfactina
I . Photorhabdus Peptideos lineares e ciclicos
Proteobacteria
- Myxobacterium Argirina e hibridos de PK-
Proteobacteria (ordem) NRP
Talypocladium Ciclosporina A
Fusarium Eniatina
Penicillium Penicilina
Ascomycota - -
Fungo Acremonium Cefalosporina C
Claviceps Ergopeptinas
Trichoderma Peptaiboles
Basidiomycota Ustilago Ferrichrome

2.4.3 Terpeno

Historicamente, terpenos foram primeiro identificados em 6leos essenciais de
plantas, porém j& foi comprovado a presenca em fungos, algas, plantas, alguns
animais (insetos e organismos marinhos, principalmente) e bactérias (actinomicetos,
cianobactérias e mixobactéria, principalmente). Sdo conhecidos mais de 55 mil
diferentes metabolitos secundarios constituidos de terpenos atuando, por exemplo,
como: aromatizante, composto de defesa contra virus, bactérias e parasitas em
plantas, antioxidante, anti-inflamatério e anti-cancerigeno (Gonzales-Burgos;

Gomez-Serranillos, 2012; Rabe et al., 2013; Salha et al., 2019).



Sdo compostos por unidades de funcionais de isoprenos (pirofosfato de
isopentenilo), sendo divididos (Figura 4) em hemiterpenos (1 unid. de isopreno - Cs),
monoterpernos (2 unid. de isopreno - Cio), sesquiterpenos (3 unid. de isoprenos -
Cis), diterpenos (4 unid. de isopreno - Cao), triterpenos (6 unid. de isopreno - Cso),
tetraterpenos (8 unid. de isopreno - Ci) e politerpenos (8 unid. de isopreno

<n>30.000 - Csn) (Salha et al., 2019).
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Figura 4. Classificagdo de terpenos. Fonte: Prado-Audelo et al., 2021.

No sistema biologico, terpenos sao gerados usando a enzima terpeno ciclase a
partir de precursores lineares: geranil difosfato (GPP, monoterpenos), farnesil
difosfato (FPP, sequiterpenos) e geranil-geranil disfosfato (GGPP, diterpenos) (Rabe
etal., 2013).

Pode-ser citar alguns terpenos com propriedades conhecidas ¢ amplamente
comercializados, tais como: borneol (cardioprote¢do), eugenol (gastroprotecdo),
guaiazulene (hepatoprote¢do), eremanthin (diabetes), ent-3B-butanoyloxykaur-15-
en-17-ol (neuroprotecdo), carnosol (hepato e gastroprote¢do), dacido 23-
hydroxytormentic (nefroprotecdo), platycodin A (neuroprotecdo), B-caroteno (neuro
e cardioprotecdo e diabetes), licopeno (protecdo ocular, hepato, nefro e cardioldgica
e controle de diabetes) e crocin (protecdo neuro, nefro e cardiologica e controle de
diabetes) (Gonzales-Burgos; Gomez-Serranillos, 2012).

Dentre os terpenos mais conhecidos que s3o sintetizados por bactérias
(Figura 5), destacam-se alguns como o pentalene (antiaromético), albaflavenone

(atividade antibidtica e aromatizante), geosmin (aromatizante e alerta bioquimico



quanto a interacdo de predacdo microbiana) (Yamada et al., 2015; Zaroubi et al.,

2022; Zhao et al., 2008).
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Figura 5. Estruturas dos terpenos produzidos por bactérias mais conhecidos. Fonte:
Yamada et al., 2015.

2.5 TOMATEIRO

A cultura do tomateiro (Solanum lycopersicum L.) € originaria da América do
Sul, e estd amplamente distribuida pelo mundo inteiro para consumo tanto in natura
quanto industrializado, sendo fonte de antioxidantes como o licopeno (Dahlke et al.,
2019; Duma et al., 2015).

O tomateiro ¢ uma planta herbacea de porte arbustivo e possui caule flexivel,
piloso e com abundante ramificagdo lateral. Suas flores sdo hermafroditas, pequenas
e reunidas em cachos. Os frutos sdo bagas carnosas de tamanhos e formatos variaveis
conforme a cultivar e, quando maduros, apresentam coloracdo vermelha. Possuem
sementes pequenas, pilosas e imersas na mucilagem placentdria (Aguiar, 2015;
Clemente; Boiteux, 2012).

A planta possui dois héabitos de crescimento que condicionam o tipo de
cultivo: o habito indeterminado, onde ocorre predominancia da gema apical sobre as
gemas laterais, comum na maioria das cultivares para a producdo de frutos para mesa;
e o habito determinado, onde ha crescimento vegetativo menos vigoroso € a planta
assume a forma de uma moita, predominante na produc¢do de frutos para a
agroindustria (Aguiar, 2015; Filgueira, 2013).

Em 2022, a producdo brasileira de tomate chegou a cerca de 3,8 milhdes
toneladas, sendo os maiores estados produtores Goias (27,5%), Sdo Paulo (24,3%),
Minas Gerais (14,2%) e Parana (7,1%). O Amazonas ocupa o 3° lugar relativo ao

consumo de tomate no Brasil, porém mais de 90% do tomate comercializado em



Manaus vem de outros estados (Almeida et al., 2023; Gama et al., 2008; IBGE,
2022ab).

A produgdo agricola no Amazonas ¢ prejudicada por fatores climaticos (altas
temperaturas e precipitacdes), incidéncia de doencas causadas por microrganismos
(damping-off, macha-alvo e murcha-bacteriana), solo pobre em nutrientes ¢ area
limitada para plantio, uma vez uma porg¢ao do territdrio ¢ afetada com inundagdes
periodicamente. A populagdo local, os chamados ribeirinhos, desenvolveram o
sistema de cultivo, ndo apenas do tomate, mas também de outras hortaligas, baseado
de acordo com o regime fluvial de cheia (dezembro-maio) e vazante (junho-
novembro), o que impulsiona a migracdo de uma 4rea para outra, assim como a
adaptacdo das técnicas de manejo e culturas cultivadas a cada periodo (Albuquerque
et al, 2023; Cardoso et al, 2001; Demosthenes; Bentes, 2011; Noda et al., 2012;
Sales, 2011; Santos et al, 2022, Silva, 2011; Vasconcelos et al, 2022).

2.5.1 Doencgas causadas por microorganismos
2.5.1.1 Podridao-radicular

Rhizoctonia solani é um dos fungos causadores de podridao-radicular mais
estudados, uma vez que causa doenca em mais de 2643 espécies de plantas e acarreta
na perda de 20-50% da producio. E usualmente encontrado nas camadas superficiais
do solo, principalmente nos primeiros 10 cm devido a dependéncia de oxigénio, onde
pode sobreviver saprofiticamente ou através de estruturas de repouso (esclerodios)
por longos periodos. A doenca ¢ influenciada, principalmente, por umidade,
temperatura, concentracdo do indculo, supressividade do solo e vigor da plantula
(Ajayi-Oyetunde; Bradley, 2018; Akber et al., 2023; Farr e Rossman, 2021; Oliveira
et al., 2008; Senapati et al., 2022; Spurlok e Rothrock, 2015).

Os sintomas podem se manifestar em pré ou pds-emergéncia. No primeiro
caso, as sementes morrem no solo antes de germinarem, por conta de necroses nos
tegumentos ou pela perda de rigidez e apodrecimento, ou germinam com falhas. No
caso da pos-emergéncia, as plantulas apresentam folhagem seca ou murcha, lesdes
marrons nas hastes e prostamento das hastes (tombamento) devido a constricao do
tecido vegetal. A penetracdo do fungo nas plantulas se da diretamente pela parede
celular da epiderme da raiz ou hipocoétilo, ao produzir enzimas extracelulares
(celulase, lignase e pectinase), com a subsequente invasdo do micélio nos tecidos da

planta (Ajayi-Oyetunde; Bradley, 2018; Aklber et al, 2023; Lopes; Avila, 2005).



O controle quimico deste fitopatdgeno ¢ realizado, por exemplo, por
triadimenol, acido salicilico, pencycuron, 4cido sorbitol, tolylfluanid, carboxin,
thiram, carbendazim e vitavax, porém ndo ¢ possivel sem estar associado a um
programa integrado de controle, uma vez que o uso continuo de um mesmo quimico
pode induzir o desenvolvimento de resisténcia por parte do fitopatogeno (EI-
Mohamedy et al., 2014; Goulart, 2002; 2021; Sadeghi et al., 2009).

Como alternativa ao uso de quimicos, biocontroladores a base de espécies de
Trichoderma (Bio-cure-F®, Ecotrich ES® e SoilGard 12 G®), Bacillus (FZB24® e
Yield Shield®) e Streptomyces (Actinovate® SP e Mycostop®) ja se encontram no
mercado para o controle da doenga (Bettiol et al., 2012; Karima; Nadia, 2012;
Sadeghi et al., 2009).

2.5.1.2 Murcha-bacteriana

A murcha-bacteriana ¢ causada pelo complexo de espécies de Ralstonia
solanacearum (RSSC), anteriormente classificado em filotipos (I, II, III, IV) que
estdo distribuidos em diferentes regides pelo mundo. Possuem mais de 450
hospedeiros conhecidos sem qualquer relagdo com o filotipo, uma vez que todos sao
capazes de causar a doenga. Além da murcha-bacteriana observada em solonaceas, a
bactéria também ¢ responsavel pela doenca de Moko da banana. Estudos apontam o
Brasil como um possivel centro do filotipo II, apesar de linhagens do filotipo I serem
encontradas (Bergsma-Vlami et al, 2018; Cellier e Prior, 2010; Coelho et al, 2004;
Lebeau et al., 2011; Lopes; Rossato, 2018; Romo et al., 2012; Wicker et al., 2012;
Santiago et al., 2017; Rodrigues et al., 2018).

Atualmente, o RSSC foi reclassificado por meio de anélise gendmica baseada
na identidade média dos nucleotideos (ANI) em trés espécies: R. solanacearum,
correspondente ao filotipo II; R. pseudosolanacearum, correspondente aos filotipos I
e III e R. syzygii, correspondente ao filotipo IV. Posteriormente, R. syzygii foi
dividido em trés subespécies: subsp. syzygii, subsp. indonesiensis e subsp.
celebesensis, cada um correspondendo a grupos ainda restritos de linhagens com
caracteristicas ecologicas particulares (Vailleau; Genin, 2023).

A bactéria R. solanacearum ¢ comumente encontrada em regides tropicais e
sub-tropicais, cujo mecanismo de infeccdo se da pela penetragdo nas raizes das
plantas, invadindo o xilema e se espalhando rapidamente para as partes aéreas da

planta através do sistema vascular onde seu alto nivel de multiplicagdo e de produgao



de exopolisacarideos (EPS) levam a sintomas de murcha e, em ultima instancia, a
morte da planta (Genin, 2010; (Genin; Denny, 2012; Huet, 2014; Kaari et al, 2022a;
Saputra et al, 2020). O estilo de vida da bactéria ¢ uma dos principais problemas para
o controle da doenga, pois permite que se adapte a diferentes nichos ecoldgicos,
como solo, agua e planta (rizosfera da planta ndo-hospedeira e xilema do hospedeiro)
e se mantenha na forma saprofita no solo por longos periodos (Huet, 2014; Kaari et
al., 2022ab; Lebeau et al., 2011).

No Brasil, as perdas devido a murcha-bacteriana ndo ocorrem em todo o
territério, estando concentradas na regido norte, a exemplo do estado do Amazonas
onde sdo relatadas as perdas entre 40-80% de producdo de hortalicas como tomate,
pimentdo, jild, pimenta, berinjela e em outras culturas como a banana, Melanthera
discoidea e Moringa oleifera. No caso do tomate, essa bactéria ¢ um dos principais
fatores por inviabilizar o cultivo a céu aberto na Amazonia, sendo muito empregado
o cultivo protegido (Assefa et al., 2015; Coelho Netto et al., 2003, 2004; Elnaggar et
al., 2018; Gasparotto, 2022; Katafiire et al., 2005; Kurabachew; Ayana, 2016; Lopes;
Rossato, 2018).

A maioria dos trabalhos voltados para o combate da murcha-bacteriana em
tomateiro estdo concentrados no melhoramento genético de cultivares, como no caso
da cultivar Yoshimatsu desenvolvida no INPA, que tem boa adaptacao ao estado do
Amazonas com resisténcia poligénica ao patdégeno causador da doenga (Costa et al,
2023; Noda et al., 2013). Além disso, ha trabalhos que avaliam como alternativa o
uso de enxertia de cultivares de solonaceas suscetiveis a doen¢a em solonaceas
silvestres (cubiu e jurubeba) que sdo resistentes a doenca (Fernandes; Bentes, 2018).

Nao hé disponivel no mercado até o momento nenhum defensivo quimico
para o controle de R. solanacearum, porém ha alguns estudos com tomateiros que
apontam a possibilidade do uso de validamycin A, validoxylamine e uma mistura de
lipopeptideos (iturina, surfactina e fengycin) para o controle do fitopatégeno (Chen
et al, 2019; Yuliar et al., 2015)

Para a formulagdo de biodefensivos voltados para o biocontrole de R.
solanacearum, ha diversos trabalhos com espécies de Bacillus, Pseudomonas e
Streptomyces que, possivelmente, suprimem o fitopatdgeno por mecanismos de
competicao, indugdo de resisténcia, antibiose ¢ produgdo de siderdforos e de enzimas

que degradam a parede celular da bactéria (Boukaew et al, 2011; El-sayed et al.,



2020; Ling et al., 2020; Raza et al., 2016; Tan et al, 2006, 2011; Zhao et al, 2019;
Zhuang et al, 2020).

3. OBJETIVOS
3.1 GERAL

Realizar mineracdo gendmica e identificagdo quimica de moléculas
produzidas pela microbiota amazdénica com potencial antimicrobiano visando o

desenvolvimento de produtos e processos biotecnoldgicos.

3.2 ESPECIFICOS

- Selecionar de bactérias produtoras de antimicrobianos e indutores de crescimento
visando o desenvolvimento de bioinoculantes para controle biologico e promogao de
crescimento vegetal;

- Realizar mineracdo com foco na identificagdo de vias para a producao de
metabolitos secundarios;

- Analisar os produtos do metabolismo secundario por meio de espectrometria de
massas visando a identificagdo dos compostos produzidos;

- Realizar testes in planta com as bactérias com potencial antimicrobiano e

produtoras de indutores de crescimento.
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Amazonian Bacteria from River Sediments as a
Biocontrol Solution against Ralstonia solanacearum

Abstract: Bacterial wilt, caused by Ralstonia solanacearum, is one of the main
challenges for sustainable tomato production in the Amazon region. This study
evaluated the potential of bacteria isolated from sediments of the Solimdes and
Negro rivers for the biocontrol of this disease. From 36 bacteria selected through in
vitro antibiosis, three promising isolates were identified: Priestia aryabhattai RN 11,
Streptomyces sp. RN 24, and Kitasatospora sp. SOL 195, which inhibited the growth
of the phytopathogen by 100%, 87.62%, and 100%, respectively. These isolates also
demonstrated the ability to produce extracellular enzymes and plant growth-
promoting compounds, such as indole-3-acetic acid (IAA), siderophore, and
ammonia. In plant assays, during both dry and rainy seasons, P. aryabhattai RN 11
reduced disease incidence by 40% and 90%, respectively, while promoting the
growth of infected plants. Streptomyces sp. RN 24 and Kitasatospora sp. SOL 195
exhibited high survival rates (85-90%) and pathogen suppression in the soil (>90%),
demonstrating their potential as biocontrol agents. This study highlights the potential
of Amazonian bacteria as biocontrol agents against bacterial wilt, contributing to the
development of sustainable management strategies for this important disease.

Keywords: actinomycetes; phylogenomic identification; dDDH; ANI; bioactive
metabolites; bioprospecting

1. Introduction

Bacterial wilt, caused by the Ralstonia solanacearum species complex
(RSSC), is one of the most devastating diseases affecting tomato production
worldwide [1-3]. In Brazil, losses due to this disease are particularly significant in
the northern region, such as in the state of Amazonas, where losses of 40-80% are
reported in the production of vegetables, including tomato, bell pepper, scarlet
eggplant, chili pepper, and eggplant, as well as in banana (Musa paradisiaca)
cultivation. In addition to solanaceous crops and banana, beach daisy (Melanthera
discoidea) and miracle tree (Moringa oleifera) have also been reported as hosts in
the state [4-7].

The RSSC, previously classified into phylotypes (I, II, III, IV), has recently
been reclassified into three species: R. solanacearum (phylotype II), R.
pseudosolanacearum (phylotypes 1 and III), and R. syzygii (phylotype IV) [8].
Studies suggest Brazil as a possible center of diversity for phylotype II, although
phylotype I strains are also found in the country [7,9-15].

Controlling bacterial wilt is challenging due to the versatile lifestyle of R.
solanacearum, which allows its adaptation to different ecological niches, such as soil,
water, and plants (non-host plant rhizosphere and host xylem), and the ability to
survive in the soil for long periods [10,16—-18]. The pathogen infects plants through
the roots, invades the xylem, and spreads throughout the aerial portion via the
vascular system, multiplying intensely and producing exopolysaccharides (EPS) that
obstruct the vessels, causing wilting symptoms and, eventually plant death [19,20].



Current strategies for controlling bacterial wilt in tomato include the genetic
improvement of resistant cultivars, such as the Yoshimatsu cultivar, developed to
adapt to the climatic conditions of the Amazon region [21-23]. However, this
cultivar still faces challenges in consumer acceptance due to characteristics such as
fruit size and cracking when ripe. Furthermore, the use of chemicals like
validamycin A and validoxylamine to induce plant resistance is no longer
recommended for application in tomato plants [24-26]. Although a mixture of
lipopeptides produced by Bacillus amyloliquefaciens has shown potential for
controlling the phytopathogen, no options are currently available on the market [27].

In this context, the formulation of biodefensives using bacteria capable of
suppressing the phytopathogen through multiple mechanisms, such as competition,
resistance induction, and the production of antibiotics, siderophores, and/or cell wall-
degrading enzymes, has emerged as a promising approach for promoting sustainable
agriculture [28-38]. Therefore, the objective of this study was to explore Amazonian
microbial genetic resources, specifically bacteria isolated from sediments of the
Negro and Solimdes rivers, as a potential source for the biocontrol of R.
solanacearum, focusing on the development of environmentally sustainable
strategies for the control of bacterial wilt in tomato plants.

2. Materials and Methods
2.1. Bacterial Isolates

Thirty-six bacterial isolates obtained from sediments of the Solimdes and
Negro Rivers were used, which are preserved in the Laboratory of Genomics and
Applied Microbiology of the Legal Amazon (GENAGRO) at Embrapa—CPAA. The
strains were maintained in LB media for non-filamentous bacteria, incubated for 24
h at 28 °C, and ISP2 for actinobacteria, incubated for 7 days at 28 °C. Access to the
genetic heritage was authorized by SISGEN No. A39C76B.

2.2. In Vitro Antimicrobial Activity against Ralstonia solanacearum

The antagonism of 36 bacterial isolates from the Negro and Solimdes rivers
(Table S1) against R. solanacearum was evaluated in vitro using paired culture tests
adapted from Velho-Pereira and Kamat [36]. In Petri dishes containing LB medium
(non-filamentous bacteria) and ISP2 (actinobacteria), a 7 cm vertical streak of the
antagonists was made and incubated for 48 h for LB plates and seven days for ISP2
plates at 28 °C. Subsequently, a 3 cm streak of R. solanacearum was made at a
distance of 1 cm from the incubated antagonist for 24 h. All assays were performed
in triplicate. At the end of the assays, with the aid of a caliper, the length and width
of the pathogen were measured to calculate the growth area. The determination of
phytopathogen inhibition was performed according to the following formula:

(%) =—— 100

Where PASDAAS represents the percentage of specific antibiotic activity of
the area score, AWG the area without growth, and TGA the total growth area of the
pathogen. To calculate AWG, the area present in the treatment plate was subtracted
by the TGA of the control plate.

2.3. Biocontrol Evaluation under Greenhouse Conditions

In planta evaluation in a greenhouse was performed in 1-L pots containing
Vivatto plus® (Sao Paulo, Brazil) substrate based on a completely randomized
design (CRD) with 20 replicates for each treatment using the San Marzano cultivar



(Isla®, Porto Alegre, Brazil), which is susceptible to bacterial wilt caused by R.
solanacearum. In the preliminary study, isolates RN 11, RN 24, and SOL 195 were
tested in September (32 £+ 6.5 °C and humidity of 52 + 8%), and the final test was
performed with the best-performing isolate in December (28 £ 1.5 °C and humidity
of 71 = 10%) 2023. Tomato seedlings grew in a seedbed for 30 days, but on the 23rd
day, the seedlings referring to the treatments with the isolates were inoculated with 5

mL of cell suspension (10'© CFU mL™) of each isolate, while in the negative and

positive controls, 5 mL of distilled water was added. On the 30th day, the seedlings
were transplanted, and after 5 days, small incisions were made in the roots at a
distance of 2 cm from the collar of all seedlings for infection with 5 mL of R.

solanacearum suspension (10'° CFU mL™) in the positive control and treatments. In

the negative control, 5 mL of sterile distilled water was added. The calculation of the
percentage of disease incidence is given by

(%) =— x 100

Where DP is the number of diseased plants and TP is the total number of
plants in the experiment. Tomato plants were considered to be diseased when they
presented at least one of the symptoms: wilted leaves and wilted branches. Symptom
monitoring was performed daily for 30 days, and to avoid misinterpretation of the
seedlings’ condition, the evaluation was performed 1 h after irrigation. Survival was
calculated using the following formula:

(%) =— 100

Where LP is the number of live plants and TP is the total number of plants in
the experiment. To evaluate the effect of the biocontrol agent on aspects related to
plant development in the presence of the pathogen, the following were measured:
height (cm), stem diameter (cm), root length (cm), as well as shoot dry weight (g)
and root dry weight (g). The seedlings were measured using a measuring tape and
caliper.

2.4. Analysis of R. solanacearum Suppression in Soil

At the end of the in planta tests, soil samples were collected from all
treatments and controls. In a test tube, 1 g of soil was resuspended in 10 mL of
sterile distilled water and shaken. From this tube, serial dilution was performed up to

a concentration of 1078, In triplicate, 100 pL of the 107, 107, and 1072

concentrations was plated on Petri dishes containing LB medium and incubated at
28 °C for 7 days, with daily monitoring of colony appearance. Bacterial colonies
with colorimetry similar to that of the phytopathogen were inoculated on CPG
(casamino acid-peptone-glucose) and TTC (triphenyl tetrazolium chloride) media for
confirmation, where the formation of opaque white colonies on CPG medium turned
dark pink on TTC medium, which was considered indicative of the presence of R.
solanacearum [37,38]. Suppression was calculated using the following formula:

(%) = 100 — ( x 100)

o

2.5. DNA Extraction, Sequencing, and Genome Assembly

Only the isolates selected for in planta tests were identified. Isolate RN 11
was cultured in LB medium for 24 h, while isolates RN 24 and SOL 195 were
cultured in ISP2 medium for 96 h. The cultures were centrifuged, and the
supernatants were discarded to obtain the cell mass. DNA was isolated using the



CTAB protocol [39]. The amount of DNA obtained was estimated by
spectrophotometry (NanoDrop 2000, Thermo Scientific, Waltham, USA), while
integrity was verified by electrophoresis on 0.8% (w/v) agarose gel. The Illumina
platform (150 bp paired-end) was used for complete genome sequencing, with a
minimum sequencing coverage of 100X. Genome De Novo assembly was performed
using SPAdes assembler [40], kmer = 123, read correction algorithm was also
performed in order to reduce the number of mismatches and short indels.

2.6. Phylogenomic Identification

The identification of isolates at the species level was performed based on the
complete genome through comparison with type species using the TYGS platform
(https://tygs.dsmz.de), accessed on 08-01-2024. From the most closely related
species identified in TYGS, the dDDH calculation was obtained using the d2
formula with the aid of the GGDC platform (https://ggdc.dsmz.de/ggdc.php#),
accessed on 10-01-2024 and the ANI (Average Nucleotide Identity) calculation was
performed using the OAT software (https://www.ezbiocloud.net/tools/orthoani,
accessed on 10-01-2024), where dDDH < 70% and ANI < 95% were used as
indicative of a new species [41—43]. For the search of plasmids in the genomes, they
were analyzed through Plasmidfinder, available on the Galaxy Europe platform
(https://usegalaxy.eu/), accessed on 15-02-2024.

2.7. Production of Extracellular Enzymes

For extracellular enzymes, the assays were performed only for the isolates
selected for biocontrol tests in specific media for amylase [44], cellulase [45], lipase
[46], protease [47], and chitinase [48]. Starch (amylase), skimmed milk (protease),
Tween 80 (lipase), chitin (chitinase), and carboxymethyl cellulose (cellulase) were
used as substrates in the enzymatic tests. All assays were performed in triplicate with
5 mm discs of bacterial cultures and incubated for 48 h at 28 °C for subsequent
measurement of halos (mm) with the aid of a caliper.

2.8. Production of In Vitro Growth Promotion Inducers
All the assays described below were performed with the selected isolates (RN
11, RN 24, and SOL 195) for the biocontrol tests in tomato plants.

2.8.1. Phosphate (P) and Zinc (Zn) Solubilization

The P solubilization was performed in Pikovskaya’s medium [49], while Zn
solubilization was performed according to Saravanan et al. [S0] with modifications,
where the medium was composed of 798 mL of distilled water, 200 mL of M95X

solution (33.78 g L™ NaHPOu, 15 g L™ KH,PO4, 2.5 g L™ NaCl, and 5 g L™

NH4Cl), 2 mL of 1M MgS04.7H20 solution, 100 pL of 1 M CaC;.2H,O solution, 15
g of agar, and 1 g of Zn source. ZnO and ZnSO4 were used as Zn sources. All assays
were performed in triplicate with 5 mm discs of isolate cultures and incubated for
five days at 28 °C for subsequent measurement of halos with the aid of a caliper.

2.8.2. Siderophore
The assay was performed according to the modifications made by Thampi
and Bhai [51] to the assay described by Schwyn and Neilands [52], where MGs-1

medium was used (20 g L™ dextrose, 1 g L™* KNOs, 0.1 g L™ NaCl, 0.1 g L™*



MgS04.7H20, 0.5 g L™* Ko,HPOs, 15 g L™ agar, 900 mL of distilled water, and 100

mL of CAS). All assays were performed in triplicate with 5 mm discs of isolate
cultures and incubated for five days at 28 °C for subsequent measurement of halos
with the aid of a caliper.
2.8.3. Indole Acetic Acid (IAA)

Isolate RN 11 was cultured in LB medium, and isolates RN 24 and SOL 195

were cultured in ISP2 medium, both supplemented with tryptophan (150 mg L™%), in

triplicate under agitation at 150 rpm in the dark for 7 days. The cultures were
centrifuged for 30 min at 4000 rpm to obtain the supernatant. The assay was
performed with 1 mL of supernatant and 1 mL of Salkowski’s solution. The reaction
was incubated for 60 min in the dark for subsequent reading at 595 nm. In the blank,
sterile culture medium was used instead of the supernatant. For quantification, a
standard curve with IAA was made [51].

2.8.4. Ammonia

The isolates were cultured in triplicate in peptone-water medium (10 g L™

peptone, 5 g L™* NaCl) for 48 h at 30 °C. The culture was centrifuged for 30 min at

4000 rpm, and 10 mL of the supernatant was transferred to test tubes. Five hundred
microliters of Nessler’s solution was added, and the color change to yellow or brown
was observed [53].

2.9. Statistical Analysis

The data were subjected to analysis of variance (ANOVA) using R 4.3.1.
software, and when significant (p < 0.05), the Scott-Knott mean test was applied.
The assumptions of ANOVA, such as normality and homoscedasticity of residuals,
were verified using the Shapiro-Wilk and Levene’s tests, respectively.

3. Results
3.1. In Vitro Antimicrobial Activity

Of the 36 isolates from sediments of the Solimdes and Negro rivers evaluated
against R. solanacearum, only three (RN 2, SOL 110, and SOL 229) did not show
antibiotic activity. Twenty-nine isolates exhibited PASDAAS (percent area specific
differential antibiotic activity score) between 7 and 36%, while isolates RN 11, RN
24, SOL 116, and SOL 195 stood out with the highest indices (Table S1). With the
exception of SOL 116 (67% antibiotic activity), the others presented indices equal to
or greater than 70% and were selected for biocontrol evaluation in the greenhouse.
Isolates RN 11 and SOL 195 completely inhibited the growth of R. solanacearum,
and RN 24 inhibited 87.62% (Figure S1).

3.2. Phylogenomic Identification

Phylogenomic analyses of isolates RN 11, RN 24, and SOL 195 were
performed using ANI and dDDH. The results revealed that isolated RN 11 belongs to
the species Priestia aryabhattai, with ANI and dDDH values of 98.61% and 88.3%,
respectively. On the other hand, isolates RN 24 and SOL 195 presented ANI and
dDDH values below the cutoff points for new species, and the most closely related
type species were Streptomyces ardesiascus and Kitasatospora aureofaciens,
respectively (Table 1). RN 24 exhibited 92.29% ANI and 46.8% dDDH with S.



ardesiascus, while SOL 195 presented 86.36% ANI and 31.1% dDDH with K.
aureofaciens.

Table 1. Taxonomic identification of bacterial isolates tested in planta for biocontrol
potential against Ralstonia solanacearum.

Type ANI  dDDH2

Isolate Size (pb) Scaffolds NCBI Accession Specie

Species (%) (%)
Priestia Priestia

RN 11 5262007 45 G NZCPO2403s LT L 9861 88.3

RN 24 8364.880 366 OUEPIOMYCES  prpuc01000001.1 STEPIOMYCES  gs ng 46,8
ardeszascus Sp nov

SOL195 9.091.611 397 Kitasatospora — (pg,is67  Kitasatospora qc 50 31,1
aureofaciens sp nov

3.3. Production of Growth Promotion Inducers and Enzymes

The selected isolates were evaluated for the production of extracellular
enzymes and plant growth inducers (Table 2). Kitasatospora sp. SOL 195 stood out
in the production of amylase (20 £+ 1.2 mm) and chitinase (18.2 £ 0.9 mm), while P.
aryabhattai RN 11 showed the highest production of lipase (26 + 1.5 mm) and was
the only one to produce protease (17.7 = 1.1 mm). Streptomyces sp. RN 24 exhibited
the highest production of cellulase (31 + 1.8 mm) (Figure S2).

Table 2. Plant growth inducers and enzymes produced in vitro by Priestia
aryabhattai RN 11, Streptomyces sp. RN 24 and Kitasatospora sp. SOL 195.

Assay P. aryabhattai RN 11  Streptomyces sp. RN 24 Kitasatospora sp. SOL 195
Siderophore (mm) 12+1.6 0 5+0.8
TIAA (ng/mL) 26.1+2 42.1+1.8 47.8+2.3
Ammonia + ++ +++
P (mm) 0 0 0
ZnO (mm) 11+£1.5 0 0
ZnSO4 (mm) 15+2 0 0

+ weak reaction; ++ medium reaction; +++ strong reaction; mean of triplicate.

All isolates produced indole-3-acetic acid (IAA) and ammonia, with the
strain Kitasatospora sp. SOL 195 presents the highest levels for both compounds and
RN 11 the lowest. Streptomyces sp. RN 24 did not produce P and Zn solubilizers or
siderophores under the tested conditions (Table 2). P. aryabhattai RN 11 was the
only one to solubilize Zn (both sources) and showed the highest production of
siderophores.

3.4. Biological Control under Greenhouse Conditions

In the Amazonian dry period (September), plants inoculated with P.
aryabhattai RN 11 showed symptoms after 10 days, while in plants inoculated only
with the pathogen (positive control), symptoms were observed 24 h post-inoculation.
Plants inoculated with the microbial agents Streptomyces sp. RN 24 and
Kitasatospora sp. SOL 195 demonstrated symptoms from the third and sixth day,
respectively. In this period, when the survival index was evaluated, the positive
control presented an index of 65%, while this value increased to 85% in the
treatment with SOL 195 and 90% with RN 11 and RN 24. Treatment with RN 11
reduced disease incidence by 40%, followed by RN 24 and SOL 195, which reduced
incidence by 20% and 5%, respectively. In addition, all isolates suppressed the
pathogen in the soil with indices > 90% (Figure 1).
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Figure 1. (a) Appearance of seedlings from control groups and those treated with
Priestia aryabhattai RN 11, Streptomyces sp. RN 24, and Kitasatospora sp. SOL
195. (b) Survival indices, (c) disease incidence, and (d) suppression of Ralstonia
solanacearum in the soil using the microbial agents as biological controllers during
the Amazonian dry period.
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Still in the dry period, in addition to the control of R. solanacearum, isolates
RN 11, RN 24, and SOL 195 were also evaluated for their positive effect on
parameters related to growth promotion under conditions of infection with R.
solanacearum (Table 3). The results obtained demonstrated that treatment with RN
24 provided a significant increase in plant height compared to the positive control
(PC), reaching values similar to the negative control (NC). Regarding stem diameter
and leaf size, all treatments, except for those still in the dry period, in addition to the
control of R. solanacearum, isolates RN 11, RN 24, and SOL 195 were also
evaluated for their positive effect on parameters related to growth promotion under
conditions of infection with R. solanacearum (Table 3). The results obtained
demonstrated that treatment with RN 24 provided a significant increase in plant
height compared to the positive control (PC), reaching values similar to the negative
control (NC). Regarding stem diameter and leaf size, all treatments, except for SOL
195, were significantly superior to PC, with emphasis on RN 11, which did not differ
statistically from NC for these parameters. Regarding root growth, all treatments
showed significant differences compared to PC, with RN 11 being equal to NC. In
addition, all treatments with biocontrol agents resulted in a higher number of



branches when compared to PC. Isolates RN 11 and RN 24 stood out in the
parameters of shoot dry weight (ADW) and root dry weight (RDW), presenting
values significantly higher than PC, although they did not differ from each other.

Table 3. Growth promotion of tomato cv. San Marzano infected with Ralstonia
solanacearum using agents Priestia aryabhattai RN 11, Streptomyces sp. RN 24, and
Kitasatospora sp. SOL 195 during summer.

Test  Height (cm) Stem Diameter (cm) Root (cm) B(::::tc)h Leaf (cm) ADW (g) RDW (g)

NC 5196 +£59a 0.40 a 1477+2.1a 8+1b 7.05+0.17a 0.618+£0.06a 0.116+0.02 ¢

PC 42.64+720b 0.20c 1069+1.7¢c 6+1c 3.77+0.22c 0.309+£0.02c 0.094+0.01d
RN 11 4621+3.1b 0.36+0.05a 1546+28a 8+1b 7.04+0.12a 0.525+0.03b 0.151+0.01b
RN 24 5081+32a 0.32+0.07b 1337+£19b 8+£1b 6.81+0.35b 0.509+0.02b 0.142+0.01b
SOL 195 44.85+3.3b 0.25+0.05¢ 1396+ 1.6b 7+£1b 3.74+£0.36c 0.332+0.01c 0.116+£0.01c

ADW-—air dry weight (total); RDW—root dry weight (total); NC—negative control without pathogen; PC—
positive control with pathogen. Means followed by the same letter do not differ by Scott-Knott test at 5%
probability.

Based on the best performance obtained in the dry period, the strain P.
aryabhattai RN 11 stood out from the other isolates based on disease incidence and
survival of infected plants, being selected for evaluation in the rainy period. The
disease incidence in the positive control in the rainy period was 80% with a mortality
rate of 65%. Compared to the previous period, there was a 20% reduction in
incidence and a 10% increase in mortality. The same is observed in the treatment
with RN 11, which presents a high incidence (60%) in the dry period and low in the
rainy period (10%); however, both the mortality rate (10%) and pathogen
suppression (>90%) in the soil are similar in both periods (Figure S3).

In the rainy period, the growth promotion parameters are significantly
influenced by the treatment with RN 11 compared to the positive control (PC) in all
aspects evaluated (Table 4). The height of plants treated with RN 11 (42.04 cm) was
significantly higher than both PC (34.19 + 2.5 cm) and negative control (NC) (37.69
+ 3.1 cm). Stem diameter was also positively affected by RN 11 (0.38 £ 0.03 cm),
being statistically superior to PC (0.22 + 0.02 cm) and NC (0.3 + 0.09 cm).
Regarding root length, treatment with RN 11 (29.04 + 3.6 cm) did not differ
significantly from NC (27 + 4.3 cm), but both were superior to PC (19.73 £+ 3.6 cm).
The number of branches was higher in plants treated with RN 11 (8 units) compared
to PC and NC (both with 7 units). Leaf size did not differ between RN 11 (5.77 £ 0.5
cm) and NC (5.71 + 0.4 cm), both being significantly superior to PC (4.77 £ 0.9 cm).
Shoot dry weight (ADW) was significantly higher in the treatment with RN 11 (1.32
+ 0.23 g) compared to PC (0.94 + 0.11 g) and NC (1.1 £ 0.28 g). Root dry weight
(RDW) was statistically similar between RN 11 (0.26 £ 0.07 g) and NC (0.266 +
0.08 g), both being superior to PC (0.126 = 0.03 g). These results indicate that P.
aryabhattai RN 11 can act not only as an efficient biocontrol agent but also as a
growth promoter in tomato plants grown in the Amazon during the rainy period,
significantly improving various plant development parameters compared to the
positive control infected with R. solanacearum.



Table 4. Growth promotion effect with Priestia aryabhattai RN 11 on tomato cv.
San Marzano infected with Ralstonia solanacearum in the rainy period.

Test  Height (cm) Ste™ (]c):;‘)meter Root (cm) B(::::iltc)h Leaf(cm) ADW(g)  RDW (g)

NC 37.69+3.1b 03+0.09b 27+43a 7+1b 571+04a 1.1£028b 0.266+0.08a
PC 3419+25¢ 022+0.02¢c 19.73+3.6b 7+x1b 477+09b 094+0.11b 0.126+0.03b
RN 11 42.04+48a 038+£0.03a 29.04+3.6a 8+la 577+£05a 132+£0.23a 0.26+0.07a

ADW-—air dry weight (total); RDW—root dry weight (total); NC—negative control without pathogen; PC—
positive control with pathogen. Means followed by the same letter do not differ by Scott-Knott test at 5%
probability.

4. Discussion

The dynamics of rivers and their tributaries promote the exchange of organic
matter and microbial agents capable of producing diverse secondary metabolites,
creating a unique dynamic in these ecosystems that favors the emergence and
diversification of microbial lineages, enhancing the discovery of new biological
solutions for challenges in health, agriculture, and industry [54—60]. In this context,
Amazonian rivers have proven to be a rich source of microbial biodiversity with the
capacity to produce new antimicrobial agents with biotechnological potential, filling
the gaps in current knowledge about the diversity and potential of these
microorganisms [61-63].

Exploring the microbial diversity of two Amazonian rivers with distinct
characteristics, the Negro River and the Solimdes River, provides a comprehensive
view of the biotechnological potential of aquatic microorganisms in the region. The
Negro River is considered the largest blackwater river in the world and is
characterized by its high acidity (pH < 5.0), high concentration of humic compounds,
low sediment load (clay), and low concentration of chemical elements (mainly
cations), which is why it has low electrical conductivity [64-66]. In contrast, the
Solimdes River is classified as a whitewater river, with a pH of 5-7, rich in Ca?" and
HCOs, and a high amount of suspended material and dissolved salts, resulting in a
greater diversity of microorganisms [67].

The microbial diversity of the Amazonian aquatic environment, exemplified
in this study by the exploration of microorganisms from the sediments of the
Solimoes and Negro rivers, reveals that this ecosystem can be an important source
for the development of new inputs for the biological control of R. solanacearum, a
serious problem for agriculture, especially related to vegetable production in
northern Brazil. The results obtained in this study fill a gap in knowledge about the
potential of Amazonian aquatic microorganisms for controlling this economically
important phytopathogen.

The antibiotic activity identified against R. solanacearum, based on the
Percent Area Specific Differential Antibiotic Activity Score (PASDAAS), showed
variation among the selected isolates RN11, RN 24, and SOL195, with inhibition
ranging from 87.55 to 100%. This variation in antimicrobial efficacy reflects what
has been observed in previous studies documenting the metabolic diversity of
aquatic microorganisms and their ability to produce bioactive compounds [55,59,68—
70]. The observed differences in the antibiotic activity of the isolates may be related
to the diversity of secondary metabolites produced by each strain and the cultivation
conditions used in the assays. Additional studies are needed to elucidate the specific
compounds responsible for antibiotic activity and to optimize the production
conditions of these metabolites.



The results obtained confirm the identification of RN 11 as P. aryabhattai,
because the ANI and dDDH values were above the cutoff points. On the other hand,
the ANI and dDDH values below the cutoff points for RN 24 and SOL 195 provide
strong evidence that these isolates represent new species within the genera
Streptomyces and Kitasatospora, respectively. The ANI and dDDH metrics have
been widely employed to delimit bacterial species, offering a robust and reliable
alternative to conventional methods. The established cutoff points for species
delimitation correspond to 95-96% for ANI and 70% for dDDH [41-43]. The
discovery of new species of Streptomyces and Kitasatospora from Amazonian river
sediments highlights the importance of this ecosystem as a source of unexplored
microbial diversity. Future studies may investigate the biotechnological potential of
these new species and their distribution and ecological role in the aquatic
environments of the region.

Actinobacteria, such as those of the genera Streptomyces and Kitasatospora,
are known for their range of molecules with antimicrobial, antitumor, and
immunosuppressive properties, with emphasis on aspects related to biocontrol and
growth promotion in agriculture [35,71-81]. The results of this study provide
promising perspectives for the bioprospecting of new secondary metabolites from the
RN 24 and SOL 195 strains, contributing to the expansion of the diversity of known
bioactive compounds and to the advancement in the discovery of molecules with
biotechnological applications.

In addition to secondary metabolites, the production of extracellular enzymes
and plant growth inducers by bacteria is an important mechanism for promoting
plant growth [82]. Extracellular enzymes, such as amylases, cellulases, chitinase,
lipases, and proteases, play fundamental roles in the degradation of complex
polymers, making nutrients available to plants and contributing to the suppression of
phytopathogens [83]. In this study, the isolates showed different enzymatic
production profiles, with emphasis on Kitasatospora sp. SOL 195 in the production
of amylase and chitinase, P. aryabhattai RN 11 in the production of lipase and
protease, and Streptomyces sp. RN 24 in the production of cellulase. This functional
diversity can be exploited for the development of microbial inoculants with multiple
enzymatic activities, aiming at promoting plant growth and protection against
phytopathogens.

The production of protease by Bacillus subtilis B315 was used as evidence of
antagonistic potential against R. solanacearum, as the enzyme assists in resistance to
the phytopathogen by degrading the extracellular polymeric substances (EPS) and
the biofilm produced by the pathogen [84]. Considering that Bacillus and Priestia
are closely related genera, there is a possibility that P. aryabhattai RN 11 uses this
mechanism, differentiating itself from Streptomyces sp. RN 24 and Kitasatospora sp.
SOL 195, which did not demonstrate protease production. Additional studies are
needed to elucidate the specific role of the protease produced by P. aryabhattai RN
11 in the suppression of R. solanacearum and to investigate other antagonism
mechanisms that may be involved.

In addition to enzymes, the isolates also produced plant growth inducers,
such as IAA, ammonia, and siderophores. IAA is an important plant hormone
involved in regulating plant growth and development, while ammonia contributes to
nitrogen nutrition [85]. Siderophores, in turn, are iron-chelating compounds that
facilitate the absorption of this micronutrient by plants, especially in soils with low
iron availability [86]. The production of these plant growth inducers by the isolates
suggests their potential for promoting plant growth, in addition to their biocontrol



activity against R. solanacearum. Future studies may evaluate the effect of these
isolates on the growth and development of different agricultural crops, as well as
investigate the molecular mechanisms involved in the plant-microorganism
interaction.

The ability to solubilize trace nutrients, such as P and Zn, is another relevant
mechanism for promoting plant growth. Although none of the isolates solubilized P
under the tested conditions, RN 11 stood out in the solubilization of Zn from
different sources (ZnO and ZnSO4). The solubilization of Zn by actinomycetes can
increase the availability of this micronutrient for plants, contributing to their growth
and productivity [87]. The ability of P. aryabhattai RN 11 to solubilize Zn suggests
its potential for application as a biofertilizer, especially in soils deficient in this
micronutrient. Additional studies are needed to evaluate the effectiveness of RN 11
in promoting plant growth under field conditions and to investigate the mechanisms
involved in Zn solubilization.

The strains RN 11, RN 24, and SOL 195, when evaluated for the biological
control of R. solanacearum under greenhouse conditions, demonstrated efficacy in
suppressing the phytopathogen in the soil > 90%, but only RN 11 showed a high
survival rate associated with reduced disease incidence and a significant growth
promotion effect compared to the positive control. These results highlight the
potential of P. aryabhattai RN 11 as an effective biocontrol agent against R.
solanacearum, capable of suppressing the pathogen in the soil, reducing disease
incidence, and promoting plant growth. Future studies may investigate the efficacy
of RN 11 under field conditions, as well as evaluate its compatibility with other
integrated disease management practices.

Agricultural production losses caused by R. solanacearum vary due to several
factors such as the level of resistance of the cultivar used, climate, soil, and genetic
variation of the R. solanacearum strains present in the crop [26]. In this complex
context of interactions influenced by various factors, we evaluated the biological
control of R. solanacearum in the two main climatic seasons that occur in the
Amazon region (summer and rainy period). As observed in the obtained results, the
isolate RN 11 showed a 40% reduction in the incidence of tomato disease in summer
and 90% in the rainy season, exemplifying what was exposed by Yuliar et al. [26],
but it is important to note that the climatic effect did not interfere with the
suppression of the phytopathogen in the soil or with the survival rate promoted by
biological control.

The analysis of the results under different climatic conditions provides insight
into the robustness of P. aryabhattai RN 11 as a biocontrol agent, demonstrating its
efficacy in different environmental contexts. This characteristic is highly desirable
for the implementation of large-scale biocontrol strategies, as climatic conditions can
vary significantly between different regions and times of the year.

The results obtained with P. aryabhattai RN 11 are superior to those
observed with the use of improved mutants of Bacillus amyloliquefaciens for the
biocontrol of R. solanacearum. In the study by Yadav et al. [88], conducted under
climatic conditions similar to those of the rainy period in the present work, the
mutants of B. amyloliquefaciens DSBA-11 (MNTG-21, MUV-19, and MHNO2-20)
provided a 50-73% reduction in disease incidence and 60-88% survival. These
values are lower than those obtained with the RN 11 strain, demonstrating its greater
potential in controlling R. solanacearum, even when compared to a species already
consolidated as a biological control agent for various phytopathogens, such as B.
amyloliquefaciens [31,89-95].



The fact that P. aryabhattai RN 11 presents superior results to improved
mutants of B. amyloliquefaciens further highlights the potential of this strain, as it
has not undergone genetic modifications to enhance its biocontrol efficiency. These
findings open up promising perspectives for the development of microbial inoculants
based on P. aryabhattai RN 11, with the potential to surpass the efficacy of products
already on the market.

Priestia aryabhattai, previously known as Bacillus aryabhattai [96], was
isolated as an endophytic bacterium and has evidence in the literature regarding its
potential for the biocontrol of phytopathogens such as Fusarium oxysporum [97] and
Ralstonia syzygii [98], a species that is part of the R. solanacearum species complex
that causes bacterial wilt [8].

The results of the present study corroborate and expand the knowledge about
the potential of P. aryabhattai as a biocontrol agent, demonstrating its efficacy
against R. solanacearum under different climatic conditions and highlighting its
potential for application in the integrated management of bacterial wilt in tomato.
Furthermore, this is the first report of a P. aryabhattai strain isolated from
Amazonian river sediments, revealing the importance of this ecosystem as a source
of microorganisms with biotechnological potential.

As promising perspectives, these studies open up a range of opportunities for
future research aimed at exploring the biotechnological potential of bacteria isolated
from Amazonian river sediments. Among the most relevant possibilities is the
development of microbial inoculants based on P. aryabhattai RN 11 for the
integrated management of bacterial wilt in tomato. To this end, additional studies are
needed to evaluate the efficacy of this isolate under field conditions, as well as to
optimize the formulations and application methods of the inoculant.

Another promising line of research is the investigation of the molecular
mechanisms involved in the interaction between P. aryabhattai RN 11 and the host
plant, as well as in the suppression of R. solanacearum. The elucidation of these
mechanisms, through omic approaches (genomics, transcriptomics, proteomics, and
metabolomics), may provide insights for the improvement of biological control
strategies and plant growth promotion mediated by this microorganism.

Moreover, the discovery of new species of Streptomyces sp. (RN 24) and
Kitasatospora sp. (SOL 195) opens up perspectives for the bioprospecting of
bioactive secondary metabolites from these actinomycetes. Future studies may focus
on the isolation, structural characterization, and evaluation of the biological activities
of the compounds produced by these new species, aiming at the identification of new
antimicrobial, antitumor, and immunosuppressive agents, among others.

S. Conclusion

The present study revealed the biotechnological potential of bacteria isolated
from sediments of the Amazonian rivers Negro and Solimdes as biocontrol agents
against R. solanacearum and plant growth promoters. Among the evaluated isolates,
P. aryabhattai RN 11 stood out for its efficacy in suppressing the phytopathogen in
the soil, reducing the incidence of bacterial wilt, and promoting the growth of tomato
plants under different climatic conditions. These results open up promising
perspectives for the development of microbial inoculants based on P. aryabhattai
RN 11, aiming at the integrated management of bacterial wilt in tomato.
Furthermore, the discovery of possible new species of Streptomyces (RN 24) and

Kitasatospora (SOL 195) highlights the importance of the microbial
biodiversity of Amazonian rivers as a source of new bioactive compounds and



biocontrol agents. These findings emphasize the need for future studies to explore
the biotechnological potential of these new species, as well as to investigate the
efficacy of the isolates under field conditions and elucidate the molecular
mechanisms involved in the plant-microorganism interaction.
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SUPPLEMENTARY MATERIAL

Kitasatospora sp
SOL 195

CONTROL Priestia aryabhattai Streptomyces sp
RN 11 RN 24

Figure S1. Antimicrobial assay against Ralstonia solanacerum using the bacterial
strains Priestia aryabhattai RN 11, Streptomyces sp. RN 24, and Kitasatospora sp.
SOL 195.
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Figure S2. Comparative production of enzymes Amylase, Cellulase, Protease,
Lipase, and Chitinase by the bacterial strains Priestia aryabhattai RN 11,
Streptomyces sp. RN 24, and Kitasatospora sp. SOL 195.
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Figure S3. (a) Appearance of seedlings from control groups and those treated with
Priestia aryabhattai RN 11. (b) Survival indices, (¢) disease incidence, and (d)
suppression of Ralstonia solanacearum in the soil using Priestia aryabhattai RN 11 as
a biological control agent during the rainy period.
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Table S1. Origin of each isolate and Its PASDAAS (percent area specific differential
antibiotic activity score) against Raltonia solanacearum under in vitro condition.

Isolates Geographic coordinates City PASDAAS (%) Type of bacteria
SOL 92  3°21'31.5"S 68°11'59.8"W Amatura 21.31+1.03 Actinobacteria
SOL 105  3°51'58.1"S 63°49'03.9"W 19.15+2.07 Non-filamentous
SOL 134 3°54'56.1"S 62°38'44.2"W Coari 10.59+0.65 Non-filamentous
SOL 229  4°04"21.9"S 63°08'18.7"W 0 Non-filamentous
SOL 65  3°50'05.2"S 62°04'05.2"W Codajas 16.45+1.26 Actinobacteria
SOL 152  3°16"21.0"S 60°15'01.7"W Iranduba 12.51+1.78 Non-filamentous
SOL 49  2°34'23.5"S 67°16'08.5"W 11.28+1.42 Actinobacteria
SOL 156 onsr " o " , 15.37+£2.51 Non-filamentous
SOL 171 2 4651.9"S 66°5727.0"W Jutai 10.54+0.46__ Non-filamentous
SOL 230  2°31'19.1"S 66°23'35.0"W 14.37+2.51 Actinobacteria
SOL 110 o " o1 " 0 Non-filamentous
SOL 116 3739'59.8S 64°1238.2"W Tefé 67+2.04 Actinobacteria
SOL 126  3°24'48.9"S 64°32'05.4"W 21.04+1.58 Actinobacteria
SOL 53  2°51'56.9"S 67°46'30.4"W Tonantins 17.76+2.48 Actinobacteria
SOL 194  2°51'33.7"S 65°11'39.6"W 15.67+1.46 Actinobacteria
SOL 195 Uarini 100 Actinobacteria
SOL 196  2°59'08.8"S 65°07'55.2"W 8.12+0.24 Non-filamentous
SOL 199 10.34+1.53 Actinobacteria
RN 1 13.2+0.82 Non-filamentous
RN 2 0 Non-filamentous
RN 3 16.04+0.81 Non-filamentous
RN 4 14.3+0.26 Non-filamentous
RN 5 9.43+0.41 Non-filamentous
RN 6 8.32+1.14 Non-filamentous
RN 7 7.35+£0.92 Non-filamentous
RN 8 13.88£1.59 Actinobacteria
RN 9 10.54+0.46 Actinobacteria
RN 10 3°09'13"S 59°54'42"W Manaus 9.09+0.98 Non-filamentous
RNI11 100 Non-filamentous
RN 12 0 Non-filamentous
RN 14 29.27+0.79 Non-filamentous
RN 15 21.94+1.68 Non-filamentous
RN 16 10.8£0.74 Non-filamentous
RN 22 36+1.37 Non-filamentous
RN 23 7.28+£1.22 Non-filamentous
RN 24 87.55+0.8 Actinobacteria
RN 32 11.13+0.92 Actinobacteria
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Unveiling the genomic potential and agricultural applications of the
amazonian strain Alcaligenes nematophilus SOL 109

Abstract

Alcaligenes species are poorly explored in terms of their biotechnological
potential and agricultural applications. In this study, the SOL 109 strain isolated
from Solimdes River sediments was extensively investigated. The results of the
phylogenomic inferences, dDDH, and ANI analyses indicate that SOL 109 belongs
to the Alcaligenes nematophilus species. A comparative analysis of the biosynthetic
gene clusters (BGCs) composition revealed that in Alcaligenes, the BGCs for ectoine
and terpene are shared by all species of the genus, whereas clusters for butyrolactone
production and Ni-siderophores were detected only in specific lineages,
demonstrating the need for characterization of Alcaligenes spp. to better understand
their chemodiversity. Furthermore, the BGC of hydrogen cyanide-like metabolites
was detected in SOL 109 and may be related to biocontrol and growth promotion.
Genes related to antibiotics and heavy metal resistance were also identified in the
SOL 109 genome. The analysis of metabolites present in SOL 109 extracts allowed
the annotation of metabolites such as Cyclo(Tyr-Pro), NRPS with antimicrobial
properties, and 13-docosenamide, a polyamide that stimulates nitrogen metabolism.
In dual-culture assays, SOL 109 produced a high inhibition percentage of the
phytopathogens Colletotrichum siamense, Corynespora cassiicola, and Rhizoctonia
solani, ranging from 74.81-93%, whereas for Ralstonia solanacearum, the inhibition
was only 7%. In addition, SOL 109 promoted the growth and control of R. solani in
tomato plants. This work demonstrated the agricultural application of A.
nematophilus and provides insights into Alcaligenes secondary metabolism via
genome mining. We report for the first time the occurrence of these species in Brazil.

Key-words: Biosynthetic gene clusters, Resistance genes, Biocontrol, Growth
promotion, Amazonian microorganisms.

1. Introducao

The genus Alcaligenes was first described in 1919 by Castellani and
Chalmers, but its name was accepted only in 1980 (Skerman et al., 1980). It belongs
to the family Alcaligenaceae and the order Burkholderiales. Alcaligenes strains are
found in various environments, such as water, soil, industrial processes, insects,
nematodes, and human clinical samples (Basharat et al., 2018; Liu et al., 2016;
Machado et al., 2023; Pedrosa-Silva and Venancio, 2023; Qiu et al., 2017; Singha et
al., 2017).

Although 26 species have been reported, only five are characterized as "taxa
with a wvalidly published and correct name" according to the LPSN
(https://Ipsn.dsmz.de/genus/alcaligenes): Alcaligenes aquatilis (Van Trappen et al.,
2005), Alcaligenes endophyticus (Lu et al., 2017), Alcaligenes faecalis (Castellani
and Chalmers, 1919), Alcaligenes pakistanensis (Abbas et al., 2015), and
Alcaligenes nematophilus. The latter species was recently described in an isolate of
the nematode Oscheius tipulae collected in Tails, Tunisia (Machado et al., 2023).



The genome of the described Alcaligenes spp. has an estimated size of 3.68—
4.44 Mbp and possesses a GC content between 55.4% and 57.6%. Prophages were
identified in A4. faecalis Mc250, A. eutrophus AS, A. ammoniaoxydans HO-1, and A.
aquatilis FA (Du et al., 2023; Duran et al., 2019; Faelen et al., 1993; Felestrino et al.,
2020; Wu et al., 2021). The genome of A. nematophilus A-TC2 was reported to have
a size of 4.25 Mbp and a GC content of 56.41%, but the presence of prophages has
not been reported (Machado et al., 2023).

Alcaligenes species have been used in various bioremediation processes
because they can degrade a range of xenobiotics, polycyclic aromatic hydrocarbons
(PAHSs), pesticides, dyes, 4-hydroxyacetophenone, and phenols. Some species can
also oxidize and remove ammonia from nitrogen-rich wastewater (Adebusoye et al.,
2007; Basharat et al., 2018; Hopper and Kaderbhai, 1999; Kiyohara et al., 1982;
Kumar et al., 2013; Regar et al., 2016; Rehfuss and Urban, 2005; Sagarkar et al.,
2014; Singha et al., 2017; Wu et al., 2021).

Alcaligenes strains can also be used to control phytopathogens through
mechanisms such as resistance induction, lytic enzyme production, secondary
metabolite production, and the production of volatile organic compounds (Felestrino
et al., 2020; Kakar et al., 2018; Sayyed et al., 2010). Plant diseases controlled by
Alcaligenes include collar rot caused by Sclerotium rolfsii, Fusarium wilt, brown rot
caused by Monilinia spp., damping-off caused by Rhizoctonia solani, and clubroot
caused by the parasite Plasmodiophora brassicae (Honda et al., 1999; Jia et al., 2022;
Lahlali et al., 2020; Patel et al., 2020; Ray et al., 2023). In addition to biological
control, the genus has also been reported as a growth promoter in economically
important plant species, such as Zea mays (Dixit et al., 2020), Oryza sativa (Fatema
et al., 2024; Fatima et al., 2020), and Brassica oleracea (Jia et al., 2022).

The metabolic arsenal of Alcaligenes species primarily includes molecules
with antibiotic activity, such as kalimantan A, B, and C, as well as thomasin, which
exhibit antibacterial activity against various microorganisms (Tokunaga et al., 1996).
The production of antimicrobials, such as the antibiotic tunicamycin, which is
effective against multidrug-resistant strains of bacteria, and the antifungal octadecyl
3-(3, 5-di-tert-butyl-4-hydroxyphenyl), which has shown promising activity, has
been reported (El-Sayed et al., 2024; Kapley et al., 2016). Alcaligenes species are
also producers of lipopolysaccharides and compounds such as phenylacetic acid, p-
hydroxyphenylacetylamide, and cyclo-(Gly-L-Pro), which have immunostimulatory
properties (Wu et al., 2012). Although there are few chemical studies on secondary
metabolism in Alcaligenes, the genus has a repository of more than 110 genomes
deposited in public databases, which can be utilized to explore the potential of
biosynthetic pathways and their correlations with secondary metabolites.

2. Material and methods

2.1. Strain

Alcaligenes nematophilus SOL109 was isolated from sediments collected
from the bottom of the Solimdes River (3°39'59.8"S 64°12'38.2"W) and is part of the
working collection of the Laboratory of Genomics and Applied Microbiology of the
Legal Amazon (GENAGRO) at Embrapa Amazoénia Ocidental. Isolation was
performed using 10 mg of sediment in 900 uL of sterile distilled water, which was
diluted to 1075, with the 10~ and 10~° dilutions inoculated in LB medium (10 g L™
tryptone, 5 g L' yeast extract, 10 g L' NaCl). Cultivation and maintenance were
carried out in LB medium at 28 °C. Access to genetic heritage was authorized under
SISGEN No. A39C76B.



2.2. Morphological and biochemical characterization

Tests were performed for Gram staining, urease (Stuart et al., 1945), indole
(MacWilliams, 2009), citrate, catalase (Davis and Pezzlo, 2023), and hydrogen
sulfide (H2S) (Kahn, 1925). For sugar assimilation (Mac Faddin, 2000), 1% solutions
of arabinose, cellobiose, dextrose, fructose, galactose, lactose, maltose, mannitol,
mannose, sucrose, and trehalose were used. Colony colorimetry was described
according to the Web Safe Colors table available at https://html-color-
codes.info/web-safe-colors. For extracellular enzymes, assays were performed in
media suitable for amylase (Abd-Elhalem et al., 2015), cellulase (Kasana et al.,
2008), lipase (Haba et al., 2000), protease (Masi et al., 2021), and chitinase (Souza et
al., 2009). All tests were performed in triplicate using 5-mm disks containing the
SOL 109 culture, which were incubated for 48 hours at 28 °C until the halos (mm)
were measured with the aid of a caliper.

2.3. DNA extraction, sequencing and genome assembly

The bacteria were grown overnight in LB medium, centrifuged, and the
supernatant was discarded to obtain cell mass. DNA was isolated using the CTAB
protocol (Doyle and Doyle, 1987). The amount of DNA obtained was estimated by
spectrophotometry (NanoDrop 2000, Thermo Scientific), and the integrity was
checked by electrophoresis on a 0.8% (w/v) agarose gel. The Illumina platform (150
bp paired-end) was used for complete genome sequencing with a minimum
sequencing coverage of 100X. The genome de novo assembly was performed using
SPAdes assembler (Prjibelski et al., 2020) with kmer = 123. A read correction
algorithm was also applied to reduce the number of mismatches and short indel.

2.4. Phylogenomic identification

The identification of the SOL 109 lineage at the species level was carried out
based on the complete genome using the TYGS platform (https://tygs.dsmz.de) for
comparison with previously characterized type species. From the most related
species identified in TYGS, dDDH was calculated using the d2 formula based on
GGDC (https://ggdc.dsmz.de/ggdc.php#) and ANI using the OAT software, where
dDDH >70% and ANI >95% indicate the presence of the same species (Lee et al.,
2016; Meier-Kolthoff et al., 2013). The genomes were analyzed using Plasmidfinder
(available on the Galaxy Europe platform (https://usegalaxy.eu/), to identify
plasmids.

2.5 Genomic mining and comparative genomics

The genome  was  annotated using the RAST  platform
(https://rast.nmpdr.org/rast.cgi). To identify the gene clusters responsible for the
production of secondary metabolites, Alcaligenes genomes were submitted to the
antiSMASH platform (https://antismash.secondarymetabolites.org/). The resulting
gbks files were analyzed  using  BiG-SCAPE (https://bigscape-
corason.secondarymetabolites.org/) to build molecular networks and dendrograms
based on BGCs. Antibiotic resistance genes were identified using CARD
(https://card.mcmaster.ca) in RDI (Resistance Gene Identifier) analysis. Comparative
heatmaps were generated using the Pheatmap package in R. The comparison of
orthologous genes between strain SOL 109 and the type species was performed using
Orthoveen 3 (https://orthovenn3.bioinfotoolkits.net), whereas cluster synteny was
performed using the clinker tool available on the CAGECAT web service
(https://cagecat.bioinformatics.nl).
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2.6. Annotation of chemical compounds

Alcaligenes nematophilus SOL 109 was grown in LB medium for 48h at
30 °C and shaken at 200 rpm. At the end of the incubation period, the culture was
centrifuged for 30 min at 5000 rpm to obtain the supernatant. Extraction was
performed in a manifold system using Strata CI18-E® 200 mg 3 mL cartridges
(Phenomenex) with high-performance liquid chromatography (HPLC) grade
methanol. The collected samples were dried in a desiccator with silica to determine
the final mass of each extract. Subsequently, the samples were solubilized in 1 mL of
HPLC grade MeOH and centrifuged at 13,000 rpm for 10 min. The supernatant was
transferred to 1.5 mL vials, and each sample was subsequently analyzed in a high-
performance liquid chromatography system coupled to high resolution mass
spectrometry (HPLC-HRMS).

The equipment comprises a Nexera X2 liquid chromatograph (Shimadzu,
Kyoto, Japan) with diode array detector (DAD)-SPD M20A coupled to a
spectrometer with quadrupole-time-of-flight (QTOF), MicroTOF-QII (Bruker
Daltonics, Bremen, Germany), equipped with an electrospray source (ESI), operating
in positive ionization mode, with an ion transfer time of 70 us and prepulse of 5 ps.

The mass range selected was m/z 50-1200, AutoMS mode, with collision
energy ranging from 20-65 eV according to m/z 50-700, and with the energy constant
at 65 eV for mass values above m/z 700. A maximum of five precursor ions were
acquired per cycle. The operating parameters of the equipment were the following:
capillary 4500 V, nebulizer gas (nitrogen) 4 bar, drying gas (nitrogen) 9 L min-1,
source temperature 200 °C. For internal calibration of the system, 10 nM sodium
formate solution in isopropanol/water (1:1 v/v) was used.

For chromatographic separation, a Kinetex C18 analytical column (100 x 2.1
mm, 2.6 um) (Phenomenex, Torrance, CA, USA), maintained at 50 °C, was used
with a flow rate of 0.35 mL min"!. The mobile phase (A) consisted of deionized
water, while phase (B) consisted of ACN, both HPLC grade and containing 20 mM
of formic acid as an additive. Initially, 15% isocratic elution of (B) was applied for 2
min, with subsequent gradient elution from 15% to 95% of (B) during 2-15 min and
a repeated 95% isocratic elution of (B) for 15-21 min. For sample injection, a
volume of 10 pL was used. Mass spectra were visualized using DataAnalysis 4.2
software (Bruker Daltomics). The annotation of molecules was performed through
manual interpretation of the MS/MS spectra and comparison with data available in
the literature.

2.7. Dual culture assays
2.7.1 Inhibition of phytopathogenic fungal mycelial growth

The tests against Corynespora cassiicola (INPA 2671), Colletotrichum
siamense (Col2N), and Rhizoctonia solani (INPA 2942) were performed in triplicate
on BDA medium. For co-cultivation with fungi, a mycelial disk was placed in the
center of the plate, and 4-cm strips of the bacterial cultures were placed 2 cm away
from the disk. The plates were incubated at 30 °C and evaluated every 5 days for 15
days, and the percentage of inhibition of mycelial growth was measured according to

the following formula: (%) = 100
(Thampi and Bhai, 2017).
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2.7.2. Antibiotic activity against Ralstonia solanacearum

The assay against R. solanacearum (V8) was adapted from the methodology
described by Velho-Pereira and Kamat (2011). For this purpose, a 7-cm vertical
streak of 4. nematophilus SOL109 was inoculated on Petri dishes containing LB
agar medium and incubated at 28 °C for 48 hours. After the incubation period, a 3-
cm streak was inoculated perpendicular to SOL 109, using R. solanacearum as the
inoculum, at a distance of 1 cm from the antagonist, and incubated for another 24
hours. All assays were performed in triplicate.

At the end of incubation, the length and width of the pathogen were measured
using a caliper to calculate the growth area. The inhibition of the phytopathogen was

determined using the following formula: (%) =—— 100 , where

PASDAAS represents the percentage of specific antibiotic activity in the area, AWG
is the area without growth, and TSA is the total area of growth of the pathogen. To
calculate the AWG, the area on the treatment plate was subtracted from the TSA of
the control plate.

2.8. Growth-promoting traits
2.8.1. Solubilization of phosphate (P) and zinc (Zn)

P solubilization was carried out in Pikovskaya's medium (Subba Rao, 1977),
while Zn solubilization was conducted according to Saravanan et al. (2004) with
modifications. The medium for Zn solubilization was composed of 798 mL of
distilled water, 200 mL of M95X solution (33.78 g L™ Na:HPO4, 15 g L' KH2POu,
2.5 gL' NaCl, and 5 g L' NH4Cl), 2 mL of IM MgSOa-7H20 solution, 100 pL of 1
M CaCl..2H-0 solution, 15 g of agar, and 1 g of Zn source (ZnO and ZnSOs4). All
tests were carried out in triplicate with 5-mm disks from the culture of the SOL 109
strain, which were incubated for five days at 28 °C for subsequent measurement of
the halos (mm) using a caliper.

2.8.2. Siderophore

The culture of SOL 109 strain was carried out in nutrient medium for 48h at
30 °C and shaken at 150 rpm. At the end of the incubation period, the culture was
centrifuged for 30 min at 5000 rpm to obtain the supernatant. Quantification was
performed using 1 mL of extract and 1 mL of CAS solution (60.5 mg of Chrome
Azurol S in 50 mL of distilled water, 10 mL of FeCl; .6H,O 1 mM diluted with 10
mM HCI and 40 mL solution of 72.9 mg HDTMA). The samples were incubated at
room temperature for 2 h and analyzed using a spectrophotometer at 630 nm. The
tests were performed in triplicate. The percentage of siderophores is estimated by

the formula (%) = =) 100 , where A is the absorbance of the

sample and B is the absorbance of the blank (Ghazy and El-Nahrawy, 2021; Schwyn
and Neilands, 1987).
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2.8.3. Indole acetic acid (IAA)

The SOL 109 strain was grown in LB medium plus tryptophan (150 mg L")
in triplicate at 150 rpm in the dark for 7 days. The extracts were centrifuged for 30
min at 4000 rpm to obtain the supernatant. The test was performed with 1 mL of the
supernatant and 1 mL of Salkoswski’s solution (1.2 g of FeCl,.6H20, 42.1 mL of
H>SO4 and 57.89 mL of distilled water). The reaction was incubated for 60 min in
the dark and then read at 595 nm. Sterile culture medium was used instead of the
supernatant as a blank. The tests were performed in triplicate. For quantification, a
standard curve was made with TAA (Sigma) at concentrations of 0.0156, 0.0312,
0.0625, 0.125, 0.25, 0.5, and 1 mg mL"! (Thampi and Bhai, 2017).

2.8.4. Ammonia

The SOL 109 strain was grown in 10 mL peptone-water medium (10 g L!
peptone, 5 g L' NaCl) for 48h at 30 °C. The extracts were centrifuged, and the
supernatant was transferred to test tubes. 500 uL of Nessler's solution (2 g HgCl, 7 g
KI, 4 g NaOH and 100 mL distilled water) was added, and the color changed to
yellow or brown (Cappucino and Sherman, 1992).

2.8.5 Catalase

The SOL 109 strain was grown in LB medium for 24h at 28 °C.
Subsequently, 1 mL of H,O> (3%) was added to the cultures to observe the formation
of bubbles. Visualization of an effervescent reaction was considered positive for
catalase production.

2.9. Growth promotion of tomato

The evaluation of growth promotion under greenhouse conditions was
performed using the Yoshimatsu cultivar obtained from the Germplasm Bank of the
National Institute for Amazonian Research (INPA). For this purpose, 1-L pots were
used in a completely randomized design with 3 treatments and 20 replicates each.
The seedlings were grown for 30 days and transplanted into 1 L pots containing
Vivatto plus® substrate. The seedlings from the group inoculated with A.
nematophilus SOL 109 were inoculated with 5 mL of a bacterial cell solution (10
CFU mL"). The growth promotion of the SOL 109 strain was also compared with
commercial Plantafol® fertilizer (Nitrogen (N): 20%, phosphorus (P20s): 20%,
potassium (Kz): 20%, boron (B): 0.02%, iron (Fe): 0.1%, copper (Cu): 0.05%, and
EDTA: 0.75%), to which 5 mL of solution (1.5 g L!) was added, whereas in the
control group (without fertilizer or bioinoculant) 5 mL of sterile distilled water was
added. After 30 days of inoculation, the height (cm), stem diameter (cm), root (cm),
flowers (units), aerial dry weight (g), and root dry weight (g) were measured. The
experiment was conducted in May — June (27.3+4 °C and humidity 77.24+6.8%) and
September— October (30.4+1.3 °C and humidity 48+7.1%)).

2.10. Biocontrol of Rhizoctonia solani in tomato

The in plant evaluation of the protective effect of inoculating the SOL 109
strain against Rhizoctonia solani was performed under greenhouse conditions in 1-L
pots using a completely randomized design with 3 treatments and 20 replicates each.
The substrate for the mycelial growth of R. solani was prepared in 2 kg
polypropylene bags with 100 g of pasteurized rice grains and 100 mL of distilled
water, which were autoclaved at 120 °C for 25 minutes. Soon after, ten 5 mm
diameter discs of the phytopathogen culture were inoculated into each bag. and
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incubated at room temperature under light for 10 days, turning the contents every
two days.

To obtain seedlings, tomato seeds cv. Yoshimatsu were cultivated in
seedbeds for 30 days. On the 23rd day, the biocontrol agent SOL 109 (5 mL at 10'°
CFU mL"") was inoculated and distilled water (5 mL) was added to the positive and
negative controls. On the 30th day, the seedlings were transplanted into 1L pots
containing Vivatto plus® substrate and colonized with pasteurized rice (375:6; w/w).
The negative control was inoculated with rice free of phytopathogens. The negative
control was inoculated with rice free of phytopathogens. The calculation of the
percentage of disease incidence is given by

(%) = —x100

Where DP is the number of diseased plants and TP is the total number of
plants in the experiment. Tomato plants were considered to be diseased when they
presented at least one of the symptoms: thinning and blackening of the stem,
superficial necrosis on the neck, and seedlings falling over (Figure S1). Survival was
calculated using the following formula:

(%) = — %100

Where LP is the number of live plants and TP is the total number of plants in
the experiment. To evaluate the effect of the biocontrol agent on aspects related to
plant development in the presence of the pathogen, the following were measured:
height (cm), stem diameter (cm), root length (cm), as well as shoot dry weight (g)
and root dry weight (g). The seedlings were measured using a measuring tape and
caliper. The experiment was conducted in April — May (264 °C and 82+10%
humidity) and August (2947 °C and 66+5% humidity).

2.11. Statistical analysis

The data were subjected to analysis of variance (ANOVA) using R 4.3.1.
software, and when significant (p < 0.05), the Scott-Knott mean test was applied.
The assumptions of ANOVA, such as normality and homoscedasticity of residuals,
were verified using the Shapiro-Wilk and Levene's tests, respectively.

3. Results
3.1. Strain identification

Taxonomic identification of SOL 109 based on the complete genome
revealed that the Amazonian isolate obtained from sediments of the Solimdes River
has dDDH values >70% in the formula d2 (92.6%) and d4 (83.0%), indicating that
the strain belongs to the species Alcaligenes nematophilus. In addition,
phylogenomic analysis revealed the formation of a monophyletic clade of the type
species A. nematophilus A-TC2 with high pseudobootstrap support (Figure 1). The
species most closely related to A. nematophilus were A. faecalis (AIDDH d4: 66.5%)
and A. pakistanensis (ADDH d4: 30.5%). In addition, an ANI value of 98.04% for
SOL 109 in the presence of A. nematophilus A-TC2 corroborates the dDDH data
because ANI values >95% are also indicative of known species (Figura S2).

Notably, A. endophyticus did not form a monophyletic clade with other
Alcaligenes representatives in the whole genome-based phylogram, contrary to
previous 16S rRNA-based phylogenies. It exhibited low dDDH values (<18%) with
Alcaligenes sp. and was more related to FEoetvosiella caeni (dADDH: 21.7%),
suggesting potential misclassification (Table S1 and S2).
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Figure 1. Phylogram generated by Type Strain Genome Server (TYGS) based on
whole genome sequence of amazonian strain SOL 109 and closely related species
genomes. The numbers in the branches indicated the pseudobootstrap.

3.2. Morphological and biochemical characterization

Alcaligenes nematophilus SOL 109 colonies exhibited an opaque yellow
(#FFFFCC) with a smooth surface, flat elevation, wavy margin, and viscous texture.
The cells were gram-negative coccobacilli. Biochemical assays revealed no amylase,
lipase, protease, cellulase, H2S production, or indole activity. Positive reactions were
observed for the hydrolysis of urea and citrate. Chitinase activity was detected (11=1
mm halo). The strain demonstrated the ability to oxidize glucose and lactose but
showed no response to mannitol, fructose, sucrose, cellobiose, galactose, maltose,
mannose, trehalose, or arabinose.

3.3 Genome mining and comparative analysis

Detailed analysis of the A. nematophilus SOL 109 genome revealed several
biosynthetic gene clusters (BGCs) of interest. Importantly, no plasmids were
detected in the SOL 109 genome using the PlasmidFinder database, indicating that
all identified BGCs were chromosomal-encoded. This genomic organization may
contribute to the genetic stability of biosynthetic pathways.

Type species?



Genomic mining of A. nematophilus SOL 109 identified biosynthetic gene
clusters (BGCs) of betalactone (2), ectoine (1), NRPS (1), terpene (1), PKS I (1), and
phosphonate-like (1) compounds. Intraspecific variation in BGC composition was
observed between the A. nematophilus strains SOL 109 and A-TC2, with SOL 109
possessing a phosphonate-like cluster absent in A-TC2 (Figure 2). A. nematophilus
SOL 109 and 4. faecalis ZD02 shared identical BGC compositions. Unique clusters
(singletons) of butyrolactone and Ni-siderophore classes were identified in A.
parafaecalis and A. phenolicus, respectively. A. ammonioxydans and A. endophyticus
exhibited unique variations in NRPS cluster gene composition, whereas A.
endophyticum showed unique betalactone BGC variations. Ectoine- and terpene-
related BGCs were conserved across all compared strains (Figures 2 and 3).
Hydrogen cyanide biosynthesis clusters were exclusive to A. pakistanensis, A.
nematophilus, and A. faecalis (Figures 2 and 4).
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Figure 2. Comparative heatmap of the composition of biosynthetic gene clusters
(BGCs) and biosynthetic gene cluster families (GCF) of Alcaligenes nematophilus
SOL 109 and 9 other strains of the genus, including the type species. Purple indicates
presence and yellow indicates absence.
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Figure 3. a. Molecular network of ectoine biosynthetic gene clusters (BGCs) from
different species. b. Dendrogram based on the ectoine synthase gene and BGC
composition. ¢. Synteny analysis of ectoine BGC from Alcaligenes nematophilus
SOL 109 and A-TC2 compared with a well characterized ectoine BGC from
Streptomyces sp.
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Figure 4. a. Molecular network of hydrogen cyanide biosynthetic gene clusters
(BGCs) from different species of Alcaligenes. b. Dendrogram based on the gene core
and BGC composition.

Orthologous gene comparisons revealed 3009 protein clusters shared among
A. nematophilus SOL 109, A. faecalis ZD02, A. pakistanensis, and A. nematophilus
A-TC2. Additionally, 153 clusters were shared exclusively between A. nematophilus
strains A-TC2 and SOL 109. Three orthologous clusters containing seven proteins
(two encoding DNA binding protein dnaC and five hypothetical proteins) were
unique to SOL 109 (Figure S3).

Genome annotation of SOL 109 identified resistance genes for various heavy
metals, including cadmium, zinc, cobalt, chromium, and copper (Table 1).

Table 1. Resistance and tolerance genes of Alcaligenes nematophilus SOL109 to
heavy metals annotated by RAST

Gene Annotation Scaffold Size (pb) Amino acids (aa)
. Divalent metal cation

FieF (Fe/Co/Zn/Cd) transporter 2 897 299

ChrA Chromium resistance protein 2 1263 421

CutE Copper resistance protein 2 1620 540

CopD Copper resistance protein 1 1623 541

The antibiotic resistance genes qacG and adeF were present in all analyzed
Alcaligenes strains (Figure 5), conferring resistance to fluoroquinolone, tetracyclines
(adeF), and disinfectants/antiseptics (qacG). Notably, adeF gene copy numbers
varied: A. parafaecalis DSM139 and A. faecalis ZD02 possessed two copies each, 4.
nematophilus SOL 109 had three copies, and A. nematophilus A-TC2 had only one
copy.

Alcaligenes ammonioxydans and A. faecalis exhibited the most diverse
antibiotic resistance profiles, uniquely possessing sull, catB3, and qacEdeltal genes
conferring resistance to sulfonamides, phenicols, and disinfectants/antiseptics,
respectively. 4. faecalis additionally harbored resistance genes for macrolides
(mphA, Mrx) and aminoglycoside (AAC.6.31, aadA3). A. ammonioxydans uniquely
possessed genes conferring resistance to cephalosporins (OXA.21), tetracyclines



(tetA), and aminoglycosides (AAC.6.1Ia). The gene encoding fluoroquinolone
resistance QnrD1 is exclusive to Alcaligenes aquatilis MMA.
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Figure 5. Comparative heatmap of resistance genes in 10 Alcaligenes strains.
3.4 Metabolites annotation

LC-MS analysis of A. nematophilus SOL 109 extracts led to the annotation of
five distinct molecules (Table 2, Figure S4). Compound 1 was identified as an amino
acid, compounds 2 and 3 as peptides, and compound 5 as a primary fatty amide.
These metabolites were detected based on m/z pairs corresponding to protonated
structures. These metabolites were detected based on m/z pairs corresponding to
protonated structures.

Table 2. Molecules annotated in the extract of Alcaligenes nematophilus SOL 109
grown in LB medium.

n° Molecule Chemical m/z [M+H]* l}etentigm Mass error
formula time (min) (ppm)
1 Tryptophan C11H12N202 205,0987 1.0 4,88
2 CyClO(TyI‘-PI’O) Ci4H16N203 261,1241 1.2 0,76
3 Val-Leu-Pro-Val-Pro C31Hs3N7Os 652,4042 2.1 1,22
4 [le-Pro-Ile Ci7H31N304 342,2380 2.1 -3,51
5  13-docosenamide  CzH43NO 338,3426 13.4 0,88

3.5 In vitro antimicrobial activity and growth promotion traits

Alcaligenes nematophilus SOL 109 demonstrated significant antifungal
activity against phytopathogens through antibiosis. The highest inhibition rates were
observed against Rhizoctonia solani (93%), Corynespora cassiicola (77.4%), and
Colletotrichum siamense (74.81%). In contrast, antibacterial activity against
Ralstonia solanacearum was minimal, with only 7% inhibition (Figure S5).



Regarding plant growth promotion traits, SOL 109 exhibited the ability to
solubilize zinc and iron sources and produce indole acetic acid and ammonia (Table
3). However, phosphate solubilization and catalase production were not observed.

Table 3. Production of plant growth inducers by Alcaligenes nematophilus SOL 109.
Nutrient solubilization (mm) . o 1
P 7Zn0 ZnSOs Siderophore (%) IAA (ng mL™") NH; Catalase
0 11£2 11+£2 25.742 18.4+1 ++ -

- no reaction; + weak reaction; ++average reaction; +++ strong reaction; triplicate average.

3.6. Growth promotion under greenhouse condition

Growth promotion assays were conducted during two seasonal periods: the
rainy season (May-June) and the summer (September-October). During the rainy
season, plants inoculated with SOL 109 showed no significant differences in height
or diameter compared to control and Plantafol treatments. Root size in SOL 109 was
comparable to that of Plantafol but smaller than the control. The aerial and root dry
weights were lower than those of the fertilizer and control treatments. Notably, SOL
109 inoculation stimulated flowering, with an average of 2 flowers per plant,
whereas no flowering occurred in the control or fertilizer treatments (Figure 6; Table
4).

In the summer, SOL-109-inoculated plants exhibited significantly greater
heights and root diameters than control and Plantafol-treated plants. The stem
diameter was larger in the control treatment. The aerial and root dry weights
surpassed those of the control and Plantafol treatments. Consistent with the rainy
season results, flowering was observed only in SOL 109-inoculated plants. These
summer data strongly support the growth-promoting capabilities of SOL 109.

Table 4. Growth promotion using Alcaligenes nematophilus SOL 109 in tomato
seedlings cv. Yoshimatsu in Amazonas rainy and summer seasons.

May-June (rainy)

Flower ADW RDW

Test Height (cm) Root (cm) Stem diameter (cm) (unit) () (@)
Control  70.88+7.8a 15.4+2.71 a 0.41+0.07 a 0Ob 17.14  2.24
Plantafol  67.75+7a 12.92+2.2b 0.45+0.11 a 0b 1635 2.83

SOL 109  66.62+7a 13.7242.1b 0.41+0.08 a 2+1a 1338 2.13

September-October (summer)

Flower ADW RDW

Test Height (cm) Root (cm) Stem diameter (cm) (unit) () ()
Control  58.04+6.3b 14.1£2.57 b 0.32+0.07 a 0b  20.13 3.8
Plantafol 57.86+5.4b 14.4£3.15b 0.16+0.05 b 0b 15.68 3.8

SOL 109 71.0149.3a 20.6+6.03 a 0.17+0.07 b I+la 2292 4.3

ADW - Air summer weight (total); RDW - Root dry weight (total); *Means followed by the same letter do not differ from each
other using the Scott-Knott test at 5% probability.
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Figure 6. Aspect of tomato seedlings cv. Yoshimatsu during the growth promotion
experiment in the rainy (May-June) and summer (September-October) seasons
comparing the effect of the application of chemical fertilizer (plantafol) and
Alcaligenes nematophillus SOL 109 in relation to the control group.

3.7. Biological control under greenhouse condition

The biological control efficacy against Rhizoctonia solani was evaluated
during April-May (rainy season) and August (summer ). In the rainy season, SOL
109 inoculation delayed symptom onset by three days compared with pathogen-only
treatments. The disease incidence was reduced by 70% and the plant survival rate
increased to 95% compared with the survival rate of 50% in pathogen-only
treatments (Figure 7).

The summer season results differed slightly, with 25% of R. solani-
inoculated seedlings remaining asymptomatic, whereas overall survival decreasing to
65%. In contrast, SOL 109-treated seedlings maintained 100% survival.

Regarding plant development under pathogen pressure, rainy season data
revealed significantly higher plant heights and diameters in SOL 109-treated plants
than in the positive and negative controls. Root size did not differ significantly
between treatments. Aerial and root dry weights were higher following SOL 109
treatment. The summer data revealed greater plant heights in the SOL 109 group
than in the positive control group but lower heights in the negative control. No
significant differences in root size were observed between treatments. The plant
diameter after SOL 109 treatment was comparable to the positive control. The aerial
and root dry weights were highest in SOL 109-inoculated plants. These results
collectively demonstrate the efficacy of 4. nematophilus SOL 109 in controlling R.
solani and promoting plant development under pathogen stress (Table 5; Figure 8).
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Figure 7. Incidence and survival rate in the (a) rainy and (b) summer seasons of
Amazonas in biocontrol experiments of Rhizoctonia solani in tomato seedlings cv.
Yoshimatsu using Alcaligenes nematophilus SOL 109 as a biocontrol agent.

Table 5. Biocontrol of Rhizoctonia solani using Alcaligenes nematophilus SOL 109
on tomato seedlings cv. Yoshimatsu in Amazonas rainy and summer seasons.
April-May (rainy)
Test Height (cm) Root (cm) Stem diameter (cm) ADW (g) RDW (g)

Negative 40.05+4.1b 8.72+1.51 a 0.15+0.05 ¢ 4.39 1.04
Positive 28.39+7.32c 7.73+1.48a 0.2+0.06 b 2.15 0.45
SOL 109 44.4+2.98a 9.18+2.63 a 0.28+0.05 a 5.97 1.07

August (summer)
Test Height (cm) Root (cm) Stem diameter (cm) ADW (g) RDW (g)

Negative  54.5+5.5a 12.7+l.1a 0.37+0.07 a 12.97 2.12
Positive ~ 38.7+6.7c¢  8.7+2.1b 0.3+0.06 b 8.99 1.46
SOL 109 47.4£93 b 10.1£3 b 0.3+0.07 b 7.77 1.73

ADW - Air dry weight (total); RDW - Root dry weight (total); Means followed by the same letter do not differ from each other
using the Scott-Knott test at 5% probability.
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Figure 8. Appearance of tomato seedlings cv. Yoshimatsu infected with Rhizoctonia
solani and treated with Alcaligenes nematophilus SOL 109 compared to negative and
positive controls in the periods of April-May (rainy) and August (summer).

4. Discussion

Control methods based on microorganisms have emerged as a sustainable
alternative to chemical methods and have become a growing priority in modern
agriculture. This shift is driven by concerns about environmental impacts, pathogen
resistance to synthetic pesticides, and food safety. In this context, we conducted a
comprehensive characterization of SOL 109 strain isolated from sediments of the
Solimdes River, focusing on its taxonomy, genomics, secondary metabolism, and
capacity for plant growth promotion and biological control of Rhizoctonia solani in
tomato plants.

Using phylogenetic inference, dDDH, and ANI data, we confidently
identified the strain at the species level as Alcaligenes nematophilus. This species
was recently proposed in Tunisia, with its etymology (nemato + suff. -philus)
referring to the phylum nematoda, as the type strain was isolated from the nematode
Oscheius tipulae (Machado et al., 2023). Interestingly, our phylogenetic analysis
revealed some discrepancies within the Alcaligenes genus. While A. endophyticus
forms a monophyletic clade in the 16S region-based phylogram (Lu et al., 2017), it
does not cluster with other Alcaligenes species when the complete genome is
considered (Figure 1). Our dDDH analysis suggests that A. endophyticum might be
misclassified given its closer proximity to bacteria from other genera (Table S2).

Based on the taxonomic data, we analyzed the biochemical and
morphological characteristics of the SOL 109 strain, comparing it with the type
species A. nematophilus A-TC2. Our results not only confirm the phenotypic
characteristics described by Machado et al. (2023) but also provide new insights into
the species metabolism. We observed the production of amylase, lipase, cellulase,
and urea, as well as the ability to utilize various sugar sources (arabinose, cellobiose,
fructose, glucose, lactose, maltose, and trehalose). This study is the first report of A.
nematophilus in Brazil, as well as the first to provide a genomic overview and
potential agricultural applications for this species.



The genomic analysis of A. nematophilus SOL 109 revealed a promising
profile for bioremediation applications, particularly in the context of heavy metal
contamination. We identified genes associated with the bioremediation of cadmium,
copper, chromium, and zinc, suggesting that SOL 109 has potential as a metal
bioremediator. These findings align with previous research on the Alcaligenes genus,
which has demonstrated significant capabilities in heavy metal bioremediation (Diels
et al., 1995; Ibrahim et al., 2022; McEntee et al., 1986; Sodhi et al., 2021, 2020). For
instance, Sodhi et al. (2023) identified similar heavy metal resistance genes in
Alcaligenes aqualitis strain MMA. However, unlike A. aqualitis MMA, which also
showed resistance to the antibiotic amoxicillin, our analysis did not detect similar
antibiotic resistance genes in SOL 109. This difference could be advantageous in
certain bioremediation applications where antibiotic resistance is a concern.

The antibiotic resistance profile of SOL 109 further distinguishes it from
other Alcaligenes species. Unlike 4. ammonioxydans and A. faecalis, which possess
genes for various antibiotic classes and can pose risks to immunocompromised
patients (Huang, 2020), SOL 109 only presented resistance genes for
fluoroquinolone-like antibiotics, antiseptics, and disinfectants (benzalkonium
chloride and ethidium bromide). These resistance traits are shared by all Alcaligenes
species (Figure 5), suggesting that SOL 109 could be safely used as both a
bioremediator and a bioinoculant without the risk of being categorized as an
opportunistic pathogen like 4. faecalis.

Our comparative analysis of biosynthetic gene clusters (BGCs) among
Alcaligenes species revealed both conserved and unique features. All ten analyzed
strains, including all valid type species, shared clusters for terpene and ectoine
production. However, the presence of non-shared clusters indicates untapped
chemodiversity within the genus, warranting further exploration. Among the shared
BGCs, those related to ectoine and hydroxyectoine production are particularly
noteworthy. These osmolytes are abundant in nature and act as biofunctional
stabilizers, protecting macromolecules and cells under high salt stress. Interestingly,
both molecules have been reported to inhibit the formation of B-amyloid peptide, the
main constituent of senile plaques in Alzheimer's disease (Calderdn et al., 2004;
Kanapathipillai et al., 2005; Liu et al., 2021; Pastor et al., 2010). Their water
retention properties have also led to applications in skin care products (Eiberweiser
et al., 2015; Graf et al., 2008; Saum and Miiller, 2008).

A notable finding in our BGC analysis was the presence of clusters for
hydrogen cyanide (HCN) production in only four of the ten studied Alcaligenes
strains, including the 4. nematophilus strains. HCN has been associated with plant
growth promotion, fungicidal, and insecticidal activities, particularly in
Pseudomonas species active against Galleria mellonella (Flury et al., 2017;
Sehrawat et al., 2022). This discovery in A. nematophilus SOL 109 suggests
potential applications in biocontrol and plant growth promotion.

Indeed, our physiological characterization of SOL 109 revealed several traits
indicative of plant growth promotion capabilities, including the production of
ammonia, indole acetic acid (IAA), siderophores, and the ability to solubilize zinc
sources. These characteristics are consistent with other plant growth-promoting
strains within the Alcaligenes genus. For example, Alcaligenes sp. AF7 has been
shown to increase root size, stem size, and biomass in rice plants (Fatima et al.,
2020), while A. faecalis NBRI NB2.5 promoted growth in maize plants (Dixit et al.,
2020). Our greenhouse experiments confirmed that 4. nematophilus SOL 109 can



indeed promote tomato plant growth, extending these findings to a new crop and
species within the genus.

Our experiments also revealed a seasonal dependency in the growth
promotion effects of SOL 109. Significant promotion of tomato plant growth
occurred only during the September—October period (summer season), characterized
by higher temperatures (average 3.05°C higher) and lower humidity (10% lower)
compared to the May—June period (rainy season). Under these summer conditions,
SOL 109 outperformed commercial fertilizer in promoting shoot growth and root
length (Table 4). This seasonal variation in efficacy can be attributed to the influence
of environmental factors on plant-microbe interactions, with the summer conditions
potentially favoring these beneficial associations (Barman and Jha, 2021; Dunfield
and Germida, 2003; Pramanick et al., 2023).

The biocontrol capabilities of SOL 109 against R. solani were consistent
across seasons. In both in vitro and greenhouse conditions, during rainy and summer
seasons, SOL 109 reduced disease incidence by up to 75% and achieved a 100%
plant survival rate in the summer season. These results demonstrate the ability of the
strain to suppress the pathogen in contaminated soil and mitigate plant symptoms
under biotic stress caused by R. solani. Within the Alcaligenes genus, A. faecalis has
been the most reported species for biocontrol, effective against various pathogens
including Sclerotium rolfsii, Fusarium graminearum, Pyricularia oryzae (syn.
Magnaporthe oryzae), Botrytis cinerea, and others (Ray et al., 2023; Kakar et al.,
2018; Lahlali et al., 2020; Sriram and Poornachanddra, 2013; Honda et al., 1998).
Our findings with 4. nematophilus SOL 109 expand the biocontrol potential within
the genus, particularly for managing R. solani in tomato plants.

The observed seasonal plasticity in the efficacy of 4. nematophilus SOL 109
for growth promotion and biocontrol is particularly intriguing. While growth
promotion was more pronounced in summer, biocontrol showed enhanced
effectiveness during the rainy season. This functional versatility suggests an ability
to adapt to environmental conditions and pathogen pressure, potentially allocating
resources to protective or growth-promoting functions as needed. The consistent
stimulation of flowering by SOL 109 across both seasons indicates a possible effect
on plant hormonal balance, which could be an interesting area for future research.

Our metabolomic analysis of 4. nematophilus SOL 109 revealed several
noteworthy secondary metabolites, including erucamide (13-docosenamide),
Cyclo(Tyr-Pro), Val-Leu-Pro-Val-Pro, and Ile-Pro-Ile. This represents the first
annotation of these metabolites within the Alcaligenes genus, expanding our
understanding of its metabolic capabilities. Erucamide, in particular, has been shown
to repress virulence genes in Ralstonia pseudosolanacearum and reduce bacterial
wilt symptoms in mulberry seedlings (Li et al.,2024). The non-ribosomal peptides
(NRPs) Val-Leu-Pro-Val-Pro and Ile-Pro-Ile have demonstrated pharmacological
properties, acting as antihypertensives and inhibitors of dipeptidyl peptidase IV and
HIV entry into certain cell types (Abiram and Kolandaivel, 2007; FitzGerald and
Meisel, 2000; Liu et al., 2007; Nongonierma et al., 2018; Tulipano et al., 2011). The
NRP Cyclo(Tyr-Pro) has shown bactericidal activity against Bacillus subtilis and
Staphylococcus aureus when encapsulated in liposomes, though its effects on plant
pathogens remain unexplored (Kilian et al., 2011).

In conclusion, the comprehensive characterization of Alcaligenes
nematophilus SOL 109 reveals a multifaceted microorganism with significant
potential for agricultural and environmental applications. Its unique combination of
plant growth-promoting traits, biocontrol capabilities, potential for heavy metal



bioremediation, and production of bioactive metabolites positions it as a promising
candidate for sustainable agricultural practices and environmental management.

5. Conclusion

A. nematophilus SOL 109 represents a promising tool in the microbial
toolbox for sustainable agriculture and environmental management. Its diverse
capabilities align well with the growing need for environmentally friendly
alternatives to chemical pesticides and fertilizers, as well as solutions for
environmental contamination.The ability of the strain to promote plant growth,
control pathogens, and potentially remediate heavy metals, coupled with its seasonal
adaptability, positions it as a versatile candidate for various agricultural and
environmental applications.

The unique metabolite profile and genomic features of 4. nematophilus SOL
109 open up new avenues for research and development in areas such as plant
protection, bioremediation, and potentially human health. As we continue to unravel
the complexities of plant-microbe interactions and microbial ecology, strains like
SOL 109 may play pivotal roles in shaping the future of agriculture and
environmental stewardship.

Further research, including extensive field trials and mechanistic studies, will
be crucial to fully harness the potential of 4. nematophilus SOL 109. This strain
exemplifies the untapped potential of microbial resources in addressing global
challenges related to sustainable food production and environmental conservation.
As such, it underscores the importance of continued exploration and characterization
of beneficial microorganisms for developing innovative, eco-friendly solutions in
agriculture and environmental management.
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SUPPLEMENTARY MATERIAL

Seedling Transplantation  Monitoring symptoms
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=y ’E
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Figure S1. Conducting the Rhizoctonia solani biocontrol experiment with the
Alcaligenes nematophilus SOL 109 strain and monitoring symptoms (thinning and
darkening of the stem, superficial necrosis in the neck and seedling tipping over) in
the control and treatment groups. Image created with BioRender.com.
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Figure S2. Heatmap and phylogram based on calculated ANI values using OAT
software with the genome of isolate SOL 109 and reference species. Values greater
than 95% indicate that the strains belong to the same species.
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Figure S5. In vitro inhibition dual culture of Alcaligenes nematophilus SOL 109
against Colletotrichum siamense, Corynespora cassiicola, Rhizoctonia solani and
Ralstonia solanacearum, phytopathogens of agricultural relevance in Amazonas.
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Table S1. Analysis of dADDHO, dDDH4 and dDDH6 of the Alcaligenes nematophilus
SOL 109 lineage with the close lineages identified by TYGS.

Query strain Subject strain dDDHO (%) dDDH4 (%) dDDH6 (%) G+C (%)

A. nematophilus SOL109 Alcaligenes nematophilus A-TC2 88,4 83 90,2 0,08
A. nematophilus SOL109  A. faecalis subsp. phenolicus DSM 16503 77,3 66,5 77,9 0,08
A. nematophilus SOL109 Alcaligenes faecalis NBRC 13111 83,4 47,6 71,5 0,32
A. nematophilus SOL109  A. faecalis subsp. parafaecalis DSM 13975 75,9 35,8 66 0,31
A. nematophilus SOL109 Alcaligenes ammonioxydans HO-1 68,4 31,6 58 0,84
A. nematophilus SOL109  Alcaligenes pakistanensis KCTC 42083 71,9 30,5 59,8 0,93
A. nematophilus SOL109 Bordetella avium NCTC 12033 13,1 19,3 13,5 5,26
A. nematophilus SOL109 Kerstersia gyiorum DSM 16618 13,1 19,2 13,5 6,02
A. nematophilus SOL109 Foetvoesiella caeni DSM 25520 13,1 19,1 13,4 2,58
A. nematophilus SOL109 Pusillimonas caeni KCTC 42353 13,2 18,7 13,5 6,79
A. nematophilus SOL109 Paenalcaligenes hominis DSM 26613 12,9 18,3 13,3 8,06
A. nematophilus SOL109 Paenalcaligenes hominis CCM 7698 12,9 18,2 13,3 8,06
A. nematophilus SOL109  Alcaligenes endophyticus DSM 100498 13,7 17,8 13,9 6,28
A. nematophilus SOL109 Acidovorax facilis DSM 649 12,6 17,8 13 7,75

Table S2. Analysis of dDDHO0, dDDH4 and dDDH6 of the Alcaligenes endophyticus

lineage with the close lineages identified by TYGS.

Query strain Subject strain dDDHO0 (%) dDDH4 (%) dDDH6 (%) G+C (%)
A.endophyticus Foetvoesiella caeni DSM 25520 12,8 21,7 13,2 8,87
A. endophyticus Pusillimonas minor YC-7-48T 12,8 21,3 13,2 7,32
A. endophyticus Pusillimonas thiosulfatoxidans ye3 12,8 20 13,2 9,29
A. endophyticus Corticimicrobacter populi 3d-2-2T 12,7 19,9 13,1 10,98
A.endophyticus Paenalcaligenes niemegkensis NGK35 13,2 19,6 13,5 2,07
A.endophyticus Pusillimonas harenae JCM 16917 12,8 18,8 13,2 6,21
A.endophyticus Alcaligenes ammonioxydans HO-1 13,6 18,3 13,9 7,12
A.endophyticus Alcaligenes pakistanensis KCTC 42083 13,5 18,2 13,8 5,35
A. endophyticus Alcaligenes nematophilus A-TC2 13,6 18,2 13,9 6,36
A. endophyticus A. faecalis subsp. parafaecalis DSM 1397 13,6 18,1 13,8 5,97
A. endophyticus A. faecalis subsp. phenolicus DSM 16503 13,7 18 13,9 6,36
A. endophyticus Alcaligenes faecalis NBRC 13111 13,7 18 13,9 6,6
A. endophyticus Paenalcaligenes hominis DSM 26613 12,9 17,9 13,3 1,78
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Figure S3. Venn diagram demonstrating the number of proteins shared between

Alcaligenes nematophilus SOL 109, Alcaligenes nematophilus A-TC2, Alcaligenes
pakistanensis KCT 42083 and Alcaligenes faecalis ZD02.
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