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Apresentacao:

A soja é uma cultura de fundamental importancia econdmica e nutricional, devido ao
seu alto teor de proteina e a sua versatilidade na industria alimenticia e na producao de
biocombustiveis. No entanto, a produtividade da soja € severamente afetada por doencas
como a pustula bacteriana, causada por Xanthomonas axonopodis pv. glycines. A resisténcia
crescente dessas doengas aos tratamentos convencionais tem aumentado a dependéncia de
produtos quimicos prejudiciais ao meio ambiente e a saide humana. A busca por alternativas
bioldgicas é essencial para um manejo mais sustentavel das pragas e doencas da soja. O uso
de biopesticidas e agentes biocontroladores, como Bacillus velezensis, oferece uma solugédo
promissora para reduzir a dependéncia de agroquimicos, minimizar impactos ambientais
negativos e promover uma agricultura mais equilibrada e segura.

No capitulo I, é fornecida uma reviséo tedrica abrangente que aborda os principais
temas essenciais para a compreensdo deste trabalho. Inicialmente, discorre-se sobre a cultura
da soja, detalhando sua origem, expansdao no Brasil, avancos tecnolégicos, impacto
econémico e producéo atual. Em seguida, sdo discutidos os principais desafios e doencas
que afetam a soja, destacando a necessidade de controle de fitopatdgenos com produtos
bioldgicos. Sdo apresentados os agentes de controle biolégico de doencas de plantas, com
destaque para o uso de Bacillus no combate a fitopatdgenos. O capitulo também explora as
caracteristicas gerais das abelhas sem ferrdo, focando no alimento larval e na microbiota
associada. Por ultimo, sdo abordadas as tecnologias “Omicas”, com énfase no
sequenciamento de DNA de nova geracdo (NGS), que proporcionam avancos significativos
na pesquisa e desenvolvimento de solucdes biotecnoldgicas para a agricultura.

Ja no capitulo Il, apresenta um artigo cientifico sobre o uso de agentes biologicos
para o controle sustentavel de doencas de plantas. Destacam-se 0s resultados promissores do
Bacillus velezensis na inibi¢do do crescimento de Xanthomonas axonopodis pv. glycines. O
sequenciamento genémico revelou genes codificadores de proteinas com propriedades
antimicrobianas, destacando o potencial desses agentes bioldgicos no manejo eficaz de

doencas de plantas e a importancia das abordagens biologicas na agricultura sustentavel.



Capitulo 1

Fundamentacao Teorica




1 A CULTURA DA SOJA

1.1 Origem e introducgéo no Ocidente

A Glycine max, comumente conhecida como soja, é uma leguminosa pertencente a
familia Fabaceae, originaria do nordeste da China. A histéria de seu cultivo remonta a
aproximadamente 3000 anos A.C. A soja se espalhou do Oriente para o Ocidente, facilitada
pelas exploragbes maritimas (EMBRAPA, 2019; MANDARINO, 2017). A espécie resultou
do cruzamento de variedades selvagens que foram domesticadas na antiga China,
destacando-se como uma fonte alimentar acessivel e rica em Gleo e proteinas de alta
qualidade tanto para humanos quanto para animais, superando outras leguminosas e
proteinas animais (MACEDO et al., 2003).
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Figura 1: Origem e difusdo geogréafica da soja pelo mundo - Fonte: Bonetti, 1970

A introducdo da soja na Europa ocorreu por volta de 1730, inicialmente com
propdsitos ornamentais. Em 1880, a cultura chegou ao continente americano, sendo
introduzida nos Estados Unidos. No Brasil, os primeiros experimentos com soja datam de
1882, realizados na Bahia por Gustavo D'utra (CAMARA, 1998). No entanto, as variedades
importadas dos EUA mostraram melhor desempenho em termos de solo e clima no Sul do
Brasil (BONATO & BONATO, 1987; MANDARINO, 2017; ZANON, 2018).



No continente americano, a introducdo 1917, os americanos inovaram ao adotar
processos industrializados na extracdo de farelo de soja para a alimentagdo animal. Na
década de 1970, os Estados Unidos consolidaram sua posi¢do como os principais produtores,

contribuindo com dois tergos da producdo global de soja (HARTMAN et al., 2011).
1.2 Expanséo da Cultura no Brasil

A evolucdo da cultura da soja no Brasil pode ser dividida em quatro fases distintas
(GAZZONI & DALL’AGNOL, 2018):1- Fase Inicial de Expanséo no Sul (1960-1970): A
producéo atingiu 8,9 milhdes de toneladas em 1979. 2- Expanséo no Centro-Oeste (1980-
1990): A producéo alcancou 13,36 milhdes de toneladas em 1999. 3- Incorporacédo da Regido
MATOPIBA (2000-2010): Producdo de 4,3 milhdes de toneladas em 2011. 4- Expansdo
Recente (2011-presente): Expansdo para novas areas como Para, Ronddnia, Roraima e
regides do Nordeste e Sudeste do Mato Grosso.

1.3 Avangos Tecnoldgicos

A expansdo da soja no Brasil foi impulsionada por avangos tecnoldgicos,
especialmente no aprimoramento genético das cultivares para melhor adaptacdo as
condicBes regionais, particularmente em éareas de baixa latitude com clima tropical
(ZANON, 2015).

A implementacdo de programas de aprimoramento genético da soja no Brasil
propiciou a expansdo da cultura para regides de baixas latitudes. Isso foi alcangcado por meio
do desenvolvimento de cultivares mais adaptadas, incorporando genes que retardam o
florescimento, mesmo em condicBes de fotoperiodo indutor, conferindo a planta a

caracteristica de apresentar um periodo juvenil prolongado (KIIHL & GARCIA, 1989).
1.4 Impacto Econdmico e Producgéo Atual

Conforme a Empresa Brasileira de Pesquisa Agropecuaria (Embrapa), a soja é uma
das principais commaodities agricolas globais. No ciclo agricola 2022/23, o Brasil produziu
mais de 150 milhdes de toneladas, consolidando-se como o maior produtor mundial, a frente
dos Estados Unidos e Argentina, conforme indicado pelo levantamento da Companhia

Nacional de Abastecimento (Conab).



Entre 1973 e 2023, a produgdo aumentou mais de 1000%, e a area cultivada cresceu
mais de 400%, com grande parte destinada a exportacdo, principalmente para a China
(CONTINI et al., 2018; BARBOSA et al., 2021).

1.5 Perspectivas e Desafios

Para a safra 2023/24, a producdo de grdos no Brasil € prevista em 316,7 milhdes de
toneladas, uma reducdo de 1,5% em relacdo a safra anterior devido a condi¢fes climaticas
adversas. A producdo de soja esta projetada para alcancar 162,4 milhGes de toneladas, com
um aumento de 2,8% na area cultivada, reforcando a lideranca do Brasil na producéo global

de soja segundo dados da Companhia Nacional de Abastecimento (CONAB).
1.6 Utilizag&o e Beneficios

A soja é utilizada em diversos produtos alimentares, substituindo carne, leite e ovos.
Oferece beneficios a satide humana, como reducdo do risco de cancer de prostata e mama,
alivio dos sintomas da menopausa e melhora da saude 6ssea (XIAO, 2008). Produtos
derivados da soja incluem leite de soja, molho de soja, tofu, iogurte de soja, farinha de soja
e brotos de soja (BEHRENS, 2004).

A soja desempenha um papel vital na agricultura e economia global, com o Brasil
sendo um dos principais produtores e exportadores. A evolugdo da cultura da soja no pais
demonstra avancos tecnoldgicos e estratégias de adaptacdo podem impulsionar a agricultura,

contribuindo significativamente para a seguranca alimentar global (HOLT, 1997).

0 QUE E PRODUZIDO A PARTIR DA SOJA?
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Figura 2: O que pode ser produzido a partir da soja. Fontes: EMBRAPA e APROSOJA.



2 ASPECTOS GERAIS DA CULTURA DA SOJA

A soja cultivada Glycine max é uma planta herbacea anual, autbgama, originaria da
costa leste da Asia, na regido da Manchuria, localizada no nordeste da China. Esta planta
adota um mecanismo de fixacdo de carbono do tipo C3. Classificada na classe
Dicotyledoneae, ordem Fabalaes, familia Fabaceae, subfamilia Faboidae e subtribo
glycininae (JUDD et al., 2008). A ocorréncia de polinizacdo cruzada em uma populacgéo é
bastante limitada, ndo ultrapassando 1% (BOREM et al., 1999).

O ciclo da soja, que compreende desde a germinacdo até a maturacéo fisioldgica,
apresenta uma variacdo temporal que se estende de 75 a 200 dias. A trajetoria da planta é
distintamente dividida em duas fases, a vegetativa e a reprodutiva, representadas pelas letras
V e R, respectivamente. Ambas as fases sdo subdivididas em indices numéricos que
identificam estéagios especificos do desenvolvimento da planta (FARIAS et al., 2007).

A plantula emerge entre quatro e dez dias ap0s o plantio, variando de acordo com as
condi¢cdes de umidade, temperatura e profundidade de plantio. O periodo vegetativo se
estende até o inicio da floracdo, abrangendo um intervalo de 40 a 70 dias. A fase de floracdo
tem duracg&o varidvel, compreendendo de 7 a 15 dias, marcando o inicio do crescimento do
fruto. A maturacéo fisiologica dos grdos ocorre em um periodo de 40 a 70 dias apds o término
da fase de floracdo (MARTINS et al., 2016).

VE Emergdnga R1 Inicio do Floresamento N

VG Cotiddone R2 Florescimento Pieno

V2 Segundo No R3 Inicio da Formagio do Legume g g g g 6 :

V4 Quarto N6 R4 Legume Completamente Desenvolvido « “

VN Enésimo NG R5 Enchimento de Griso RS0 RS1 RS2 RS RE4  RSS
R6 Grao Chew ou Completo

R7 Inicio da Maturagdo
R8 Matwagdo Plena I

Figura 3: Mostra o ciclo da cultura da soja Fonte: FEHR, CAVINESS (1977)



A janela de plantio recomendada para a cultura da soja, abrangendo a maioria dos
estados produtores do Brasil, estende-se de meados de outubro a meados de dezembro, com
énfase especial no més de novembro (FIETZ & RANGEL, 2008). Em linhas gerais, a
escolha da época de plantio deve propiciar condi¢des térmicas situadas entre 20°C e 30°C,
com énfase nas proximidades de 30°C. Além disso, é desejavel viabilizar uma precipitacdo
na faixa de 400 a 800 mm por ciclo (FARIAS et al., 2007).

Contudo, alguns elementos ainda podem restringir o potencial produtivo maximo das
variedades, como é o caso das pragas e doencas que afetam a cultura. As doencas
representam um dos principais obstaculos que impedem a soja de atingir seu potencial
maximo de producdo, destacando-se aquelas provocadas por fungos, bactérias, virus e
nematoides (SILVA et al., 219; SOUZA et al., 2007).

3 DOENCAS DA CULTURA DA SOJA

3.1 Principais doencas da Soja

As enfermidades que afetam a soja representam um desafio significativo para os
agricultores, com destaque para a Ferrugem Asiatica, provocada pelo fungo Phakopsora
pachyrhizi, que é reconhecida como a mais devastadora, podendo resultar em perdas de
producdo que variam de 10% a 90%. A disseminacdo desse fungo ocorre por meio de
uredosporos transportados pelo vento, sendo crucial a implementacdo de estratégias de
controle, como o manejo integrado com vazio sanitario, o uso de fungicidas especificos e
praticas agricolas adequadas para reducdo do inéculo do patégeno (JULIATTI et al., 2004;
YORINORI et al., 2002; YORINORI et al., 2005).

Além disso, a Antracnose, ocasionada pelo fungo Colletotrichum dematium var.
truncata, e o oidio, causado pelo fungo Microsphaera diffusa, também representam desafios
significativos para os produtores, demandando estratégias de controle como rotacdo de
culturas, tratamento de sementes e utilizagdo de variedades resistentes (GALLI et al., 2007;
MELO et al., 2014; REIS & BRESOLIN, 2007).

Outra doenca de relevancia que impacta a cultura da soja é o crestamento bacteriano,
causado pela bactéria Pseudomonas savastanoi pv. glycinea, cuja propagagao ocorre por
sementes infectadas e residuos de cultivos, prosperando em condic¢Ges de alta umidade e
temperaturas moderadas. O controle eficaz dessa doenca envolve a adogéo de cultivares
resistentes, sementes de qualidade e praticas culturais adequadas, incluindo a rotacéo de
culturas (HENNING et al., 2014; ITO, 2013; LANNA FILHO, 2015). Além disso, 0s
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nematoides causadores de galhas, especialmente Meloidogyne incognita e M. javanica,
representam um desafio adicional para os agricultores de soja, com métodos de controle
eficazes incluindo a rotacdo de culturas e 0 uso de cultivares resistentes, considerando a
temperatura 6tima para o ciclo de vida desses nematoides (FERRAZ et al., 2010; HENNING
et al., 2014; SEIXAS et al., 2020).

O virus do mosaico comum da soja (SMV) também é uma preocupac&o significativa,
sendo transmitido por pulgdes e acarretando prejuizos expressivos na producdo de soja.
Estratégias de controle eficazes incluem o emprego de cultivares resistentes, fundamentais
para mitigar os danos provocados por esse virus e preservar a produtividade das lavouras
(BARROS & SILVA, 1992; HENNING et al., 2014; SEIXAS et al., 2020).

Por dltimo temos a pustula bacteriana, provocada pela fitobactéria Gram-negativa
Xanthomonas citri pv. glycines, € uma enfermidade recorrente que afeta variedades de soja
(GORADIA et al., 2009). A severidade desta doenga, que pode atingir até 70%, é observada
sob condi¢bes ambientais especificas, tais como elevadas temperaturas e umidade, que
propiciam a colonizacdo e desenvolvimento dos patogenos (ZINSOU et al., 2015).

E uma das doencas foliares amplamente difundidas em paises produtores de soja,
incluindo o Brasil, China, Argentina e Estados Unidos (GORADIA et al., 2009). Sua
incidéncia € maior em regiBes caracterizadas por clima quente, tmido e com elevado volume
de precipitacdo. As condicOes ideais para seu desenvolvimento sdo marcadas por alta
umidade e temperaturas entre 28° C e 30° C (ITO, 2013). A bactéria, inicialmente, permanece
na superficie das plantas saudaveis antes de penetrar no apoplasto por meio de aberturas
naturais, como estomatos e ferimentos (CHATNAPARAT et al., 2016).

Os sintomas sdo notados principalmente nas folhas, mas a doenca também pode
afetar hastes, peciolos e vagens. As lesbes sdo arredondadas e de coloracdo parda, nunca
angulares. Na face inferior da folha, no centro da leséo, pode-se observar uma peguena
elevacdo de cor esbranquicada, que € caracteristica da doenca e d& origem ao seu nome
comum, pustula bacteriana. Além dessa elevacdo, a pustula bacteriana se distingue do
crestamento bacteriano pela auséncia de brilho na face inferior da folha (SILVA et al., 2019).

Para o controle da doenca pustula bacteriana, tém-se utilizado cloromicetina,
estreptomicina e fitolan (MEW, 1993), além de estreptomicina e oxicloreto de cobre
(BORAH et al., 2023). Adicionalmente, estratégias como o cultivo de variedades resistentes,
alteracbes no calendario de semeadura e a aplicacdo de agentes biolégicos, como as

rizobactérias, tém sido apontadas como alternativas promissoras a utilizagao exclusiva de



compostos quimicos no controle da pustula bacteriana (HONG et al., 2012; HONG et al.,
2014; KHAERUNI. et al., 2018). Diante da complexidade e do impacto dessas doencas na
cultura da soja, € crucial que os agricultores adotem praticas de manejo integrado e medidas

preventivas para assegurar a sustentabilidade e eficiéncia de suas plantaces.

E 3 )

Figura 04: PUstula bacteriana, tipica de folha, mas também infecta haste, peciolo e vagem. As manchas séo
arredondadas, nunca angulares, e de coloracdo parda. Na face inferior da folha, no centro da leséo, ocorre

pequena elevagdo de cor eshranquicada, parecendo um vulcdozinho. Fonte: Rafael M. Soares

4 CONTROLE DE FITOPATOGENOS COM PRODUTOS BIOLOGICOS

O controle biolégico de doencas de plantas implica na reducdo do in6culo ou das
atividades que causam a doenca por parte de um patdgeno, através da acdo de um ou mais
organismos ndo humanos (CONSTANTIN et al., 2016). Assim, qualquer efeito prejudicial
de um microrganismo sobre o desenvolvimento do patdgeno resulta no controle biol6gico
da doenga.

Os microrganismos que agem contra 0s patdgenos sdo denominados agentes de
controle biologico ou antagonistas. A pesquisa e aplicacdo do controle bioldgico de doengas
de plantas estdo crescendo anualmente, especialmente para fitonematoides (Meloidogyne
spp. e Pratylenchus spp.) e mofo branco (Sclerotinia sclerotiorum) na cultura da soja
(MEDEIROS et al., 2018).

No Brasil, o primeiro produto bioldgico para controle de doencas de plantas foi
registrado em 2008 e o nimero de registros tem aumentado anualmente (BETTIOL et al.,
2019). Atualmente, diversas empresas de biocontrole com produtos eficazes estdo
estabelecidas no Brasil. Algumas oferecem agentes de alta qualidade a precos acessiveis,
enquanto outras estdo em processo de regularizagdo junto ao Ministério da Agricultura
(MAPA).



Além disso, as mudancas na pesquisa e na legislacdo do controle bioldgico de
doengas no Brasil estdo progredindo para uma melhor integracdo da pesquisa com a
aplicacdo no campo e garantia de qualidade (HERRMANN et al., 2014). A busca por
produtos registrados no MAPA como biodefensivos e a confirmacéo de sua eficacia por meio
de pesquisa sdo aspectos cruciais na decisdo de compra. Atualmente, o mercado de controle
bioldgico tem enfrentado o problema do "desvio de uso”, onde produtos registrados como
fertilizantes sdo comercializados/divulgados como biodefensivos. Os registros séo distintos

e essa questdo merece atencao.

4.1 Agentes de controle bioldgico de doencas de plantas e seus principais alvos

No cenério atual, a estratégia de controle biologico através de microrganismos
emerge como uma solucdo inteligente para mitigar ou mesmo erradicar a necessidade de
agroquimicos no manejo de fitopatégenos. A ampla diversidade de microrganismos,
acompanhada de suas interagdes antagonicas, assume um papel crucial no contexto do
controle biologico. Notavelmente, no caso das bactérias, ha uma consideravel quantidade de
pesquisas dedicadas a compreensdo das interacbes entre antagonistas, patdgenos e
hospedeiros (ROMEIRO et al., 2005; HALFELD et al., 2006; RYAN et al., 2008).

O aumento da busca por novos agentes de biocontrole nos ultimos anos tem sido
impulsionado pelos avancos na pesquisa genética combinados com trabalhos préaticos
(CHENTHAMARA & DRUZHININA, 2016). Embora diversos grupos demonstrem
atividades antag6nicas, como virus, protozoarios e nematoides de vida livre, a maioria dos
estudos ainda se concentra em poucos grupos de microrganismos como antagonistas de
patdgenos de plantas (Medeiros et al., 2018). A maioria dos produtos comerciais registrados
globalmente sdo compostos por fungos e bactérias como agentes de controle de doencas de
plantas.

Ademais, alguns desses agentes também sdo utilizados como agentes biologicos de
controle de pragas nas lavouras, devido ao sucesso obtido ao longo dos anos na aplicagédo de
géneros como Trichoderma e Bacillus contra diversos patdgenos e pragas em importantes
culturas ao redor do mundo. Entretanto, outros fungos e bactérias demonstram atividade
significativa contra importantes patdgenos de plantas, despertando o interesse de empresas
e pesquisadores. (MEDEIROS et al., 2010; POMELLA & RIBERO, 2009).
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O género Trichoderma spp. destaca-se como um dos casos de sucesso tanto na
pesquisa quanto na aplicagdo em campo e lidera em nimero de produtos registrados. Este
género atua principalmente contra fungos do solo e nematoides. As principais espécies
estudadas para o controle de doencas de plantas sdo T. harzianum, T. asperellum, T. virens
e T. atroviride (MEDEIROS et al., 2010). No Brasil, 0 uso de produtos registrados a base de
Trichoderma tem levado a uma reducao no numero de aplica¢des de fungicidas quimicos em
muitas culturas. A incidéncia de mofo branco em cultivos de soja, feijdo e algoddo pode ser
reduzida com a aplicacdo de Trichoderma. No plantio direto, os restos culturais oferecem
condic@es ideais para a colonizacdo dos esclerddios pelo agente de controle (POMELLA &
RIBERO, 2009).

4.2 Bacillus no controle de fitopatdgenos

Especificamente, o género Bacillus spp. destaca-se por sua capacidade de formar
endosporos e apresentar uma diversidade de mecanismos antagdnicos. Essa caracteristica
confere-lhe uma notavel capacidade de adaptacao e sobrevivéncia em ambientes especificos,
além de uma versatilidade significativa nos mecanismos de ac¢do utilizados para contornar

as defesas dos fitopatdgenos (LIU et al., 2004).

O género Bacillus tem sido extensivamente estudado e aplicado no controle
bioldgico, tanto na parte aérea quanto no solo. No Brasil, a maioria dos produtos bacterianos
registrados para o controle de doengas de plantas é baseada em Bacillus. Sua diversidade de
mecanismos de acdo contra fungos, bactérias e nematoides, juntamente com a formacéo de
estruturas de resisténcia, como os endosporos, fazem deste género uma escolha preferencial
na formulacéo de produtos bioldgicos (MARIANO et al., 2005; MEDICE, 2011).

O tratamento de sementes com produtos a base de Bacillus possibilita a colonizagao
das raizes e a protecdo contra infecgdes transmitidas pelo solo, além de algumas cepas
promoverem o crescimento das plantas. Varios isolados de B. subtilis e B. amyloliquefaciens
tém sido estudados em varias culturas, demonstrando eficicia na protecdo contra patdgenos
no solo, em frutos apos a colheita e na parte aérea (LIU et al., 2013; MORA et al., 2015).

Dentre as espécies consideradas importantes como PGPR, destaca-se 0 género
Bacillus, que é capaz de produzir uma ampla variedade de metabdlitos secundarios com
atividades bioldgicas relevantes, os quais tém potencial para inibir o crescimento de

patogenos de plantas e microrganismos prejudiciais na rizosfera (ONGENA & JACQUES,
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2008). Bacillus spp. sdo particularmente vantajosos em sistemas agricolas devido & sua
capacidade de formar esporos, que conferem resisténcia ao calor e a dessecacdo, e a sua
capacidade de serem formulados em pds secos estaveis, com longa vida util
(CHOWDHURY et al., 2013).

Em destaque esta o Bacillus velezensis é uma bactéria do género Bacillus conhecida
por suas propriedades de promocdo do crescimento vegetal e controle biologico de
fitopatdgenos. Possui caracteristicas como a producdo de substancias antimicrobianas,
enzimas que degradam a parede celular de patdgenos e a capacidade de colonizar as raizes
das plantas, formando uma relacdo simbidtica benéfica. Essas caracteristicas fazem do
Bacillus velezensis um agente eficaz na supressdo de doengas de plantas causadas por uma
variedade de patdgenos, incluindo fungos, bactérias e nematoides (BUTKHOT et al., 2019;
FAN et al., 2018).

A acdo do Bacillus velezensis contra fitopatdgenos é atribuida a producdo de uma
variedade de metabolitos secundarios, como antibioticos, surfactantes, enzimas hidroliticas
e peptideos antimicrobianos. Esses compostos atuam de varias maneiras, como inibicédo do
crescimento patogénico, competicdo por nutrientes e inducdo de resisténcia nas plantas
hospedeiras. Estudos tém demonstrado a eficacia do Bacillus velezensis no controle de
fitopatdgenos como Rhizoctonia solani, Fusarium oxysporum e Pseudomonas syringae,
oferecendo uma alternativa sustentdvel e ecologicamente amigavel aos métodos
convencionais de controle de doencas de plantas (LEE et al., 2023; WANG et al., 2023; WEI
etal., 2023;).

5 ABELHAS SEM FERRAO

5.1 Caracteristicas gerais

A biodiversidade das abelhas sem ferrdo € uma area de interesse crescente na
comunidade cientifica, com aproximadamente 500 espécies identificadas,
predominantemente distribuidas na América Latina, Austrélia, Africa e Asia (JOHNSON &
HUBBELL, 1974; SILVEIRA et al.,, 2002; SANTOS, 2022). Uma das caracteristicas
primordiais desse conjunto de abelhas é a inexisténcia de um ferrdo funcional (MELO et al.,
2020).

Esta peculiaridade distingue as abelhas sem ferrdo de outras espécies de abelhas,

influenciando seus comportamentos sociais, estratégias de defesa e interagbes com o
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ambiente. Pertencentes a ordem Hymenoptera e a tribo Meliponini, essas abelhas podem ser
agrupadas em dois géneros principais: Melipona e Trigona (MICHENER, 2013). Esta
diversidade taxondmica e geografica desses insetos polinizadores destaca sua importancia
ecologica e econdémica em diferentes ecossistemas ao redor do mundo.

As abelhas sem ferrdo desempenham um papel crucial na polinizagdo das arvores
nativas, acredita-se que sejam responsaveis por uma ampla faixa, de 40 a 90%, deste
processo (KERR et al.,, 1996). Além disso, essas abelhas sdo reconhecidas como
polinizadores eficientes em culturas economicamente relevantes, como morango, tomate,
urucum, pimentédo e guarand (HEARD, 1999; ROSELINO et al., 2010; SLAA et al., 2006).

No entanto, apesar de sua importancia, aproximadamente 100 espécies de
meliponineos no Brasil enfrentam o risco iminente de extincdo, atribuido principalmente a
perda de habitat e ao desmatamento das florestas nativas (LOPES et al., 2005;
PALAZUELOS, 2008). Esta situacdo ressalta a urgéncia de medidas de conservagéo para
proteger esses polinizadores e 0s ecossistemas dos quais dependem.

5.2 O Alimento Larval

As abelhas sociais possuem um regime alimentar fundamentado na coleta de néctar
e pélen. O néctar, uma substancia agucarada, € coletado pelas abelhas e armazenado em seus
papos de mel ou intestinos anteriores até ser entregue a colmeia. L4, o néctar é submetido a
processos de desidratacdo e fermentacdo (KERR et al., 1996; NOGUEIRA, 1997; VIT et
al., 2013). Estes processos bioquimicos transformam o néctar em mel, que se torna a
principal fonte de carboidratos para essas abelhas. Enquanto isso, o pdlen coletado é
transportado para a colnia, onde é processado pelas abelhas em um ciclo de maturacédo
(NOGUEIRA, 1997).

O polen maturado constitui a principal fonte de proteinas, lipideos, e uma variedade
de macro e micronutrientes essenciais para o desenvolvimento e a saude da colbnia
(REBELO et al.,, 2016; ROULSTON, 2000). Este complexo sistema de coleta e
processamento de alimentos € crucial para a sobrevivéncia e o funcionamento das colmeias
de abelhas sociais. O pélen maturado e o mel sdo essenciais para a confec¢do do alimento
larval, substancia responsavel por nutrir a prole da col6nia. Este alimento larval é uma
composicdo complexa de polen maturado, mel e secre¢des glandulares, e é depositado nas

células de cria. Apds a postura dos ovos pelas rainhas, essas células sdo seladas até que as
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larvas se desenvolvam completamente (KERR et al., 1996; NOGUEIRA, 1997; VIT et al.,
2013).

A composicao do alimento larval varia, mas em média contém cerca de 40 a 60% de
agua, 5 a 12% de acucares, 1,1 a 19,4% de proteinas e 0,2 a 1,3% de aminoacidos
(HARTFELDER, 1989). Este complexo nutriente é fundamental para o desenvolvimento
saudavel das larvas e, consequentemente, para o crescimento e a viabilidade da colénia como

um todo.

Figura 05: A - Disco de cria Melipona quadrifsciata, B - Disco de cria de Tetragonisca angustula Fonte: Ana

Santos.

5.3 Microbiota associado ao alimento larval

Os microrganismos associados ao alimento larval das abelhas sem ferrdo possuem
um potencial significativo na area da biotecnologia, sendo recursos valiosos para diversas
aplicacdes devido as suas propriedades Unicas e capacidade de fermentacdo dos alimentos
(HAMZAH et al. 2020). Enzimas produzidas por esses microrganismos podem ser
exploradas na industria alimenticia para melhorar processos de fermentagdo e producao de
alimentos, assim como na produgdo de biocombustiveis a partir de matéria organica
(MORAIS et al., 2012; SANTOS et al., 2023; TEJERINA et al., 2023).

Além disso, os metabolitos secundarios produzidos por esses microrganismos podem
ser de interesse médico, podendo ser utilizados no desenvolvimento de novos medicamentos
e tratamentos farmacéuticos (CAMPOS et al., 2022; ENGEL et al., 2016; SANTOS et al.,
2022). O estudo e a caracterizagdo desses microrganismos oferecem oportunidades para a
descoberta de novas aplicacGes biotecnoldgicas. A investigacdo de suas caracteristicas
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biogquimicas e fisiologicas pode levar a identificacdo de compostos bioativos com potencial
terapéutico ou industrial (SARTON et al., 2023, SANTOS et al., 2022).

Além disso, a compreensdo mais aprofundada de suas interacdes com o ambiente e
com as abelhas sem ferrdo pode abrir caminho para o desenvolvimento de estratégias de
manejo sustentavel desses insetos e de seus habitats (BARBOSA et al., 2021). O estudo
desses microrganismos ndo apenas expande nosso conhecimento sobre a biodiversidade
microbiana, mas também oferece perspectivas promissoras para a inovacgao biotecnologica

€a conserva(;éo da natureza.

6 TECNOLOGIAS “OMICAS”

6.1 Sequenciamento de DNA de Nova Geracgao (NGS)

O uso de metodologias de Sequenciamento de Nova Geragdo (NGS) tem se destacado
no estudo da composicdo e estrutura de comunidades microbianas (SHENDURE & JI,
2008). Além de apresentarem custos reduzidos e serem mais rapidas, essas técnicas
proporcionam novas perspectivas em comparacdo com abordagens baseadas em cultivo,
especialmente considerando que cerca de 90% da diversidade microbiana é composta por
organismos ndo-cultivaveis (YU et al., 2017; RAPPE & GIOVANNONI, 2003;
HANDELSMAN, 2004).

Entre as tecnologias de NGS, o sequenciamento shotgun utilizando Nanoball
Sequencing (DNseq) tem ganhado destaque. Essa técnica baseia-se na preparacdo de
bibliotecas de DNA, permitindo a andlise de milhares de fragmentos de DNA
simultaneamente. O sequenciamento shotgun DNseq oferece uma abordagem abrangente
para a caracterizacdo de genomas completos e metagenomas, proporcionando uma Vvisao
detalhada da diversidade genética e funcional de comunidades microbianas. (GOODWIN et
al., 2016; KUMAR et al., 2024; RAJESH & JAYA, 2017).
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Figura 06: Esquema de NGS de DNA utilizando Nanoesferas de DNA. Fonte:

https://www.completegenomics.com/technology/

A caracterizacdo detalhada de genomas bacterianos através da DNseq possibilita a
identificacdo de genes e suas funcgdes, revelando processos metabolicos e mecanismos de
resisténcia a antibidticos. Analises comparativas entre diferentes genomas ajudam a elucidar
a evolucdo e as relacdes filogenéticas entre bactérias, além de identificar aglomerados de
genes responsaveis pela biossintese de metabolitos secundarios com propriedades
antimicrobianas (DRMANAC et al., 2010; SINGH et al., 2009; TAN et al., 2015).

Essas descobertas tém implicacGes significativas para a biotecnologia e a medicina,
incluindo o desenvolvimento de novos probidticos, agentes de biocontrole para a agricultura

sustentavel, e terapias antibacterianas inovadoras (YU et al., 2017).
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Abstract

The use of biological agents for plant disease control is a sustainable alternative as it
reduces the reliance on chemical agents and mitigates soil and water contamination. In
this study, various bacteria isolated from the larval food of stingless bees were evaluated
for their antimicrobial action against Xanthomonas axonopodis. Bacillus velezensis
demonstrated a high ability to produce compounds that inhibit the growth of X
axonopodis, with no toxicity observed when applied to soybean seeds. Moreover,
complete genome sequencing revealed a genome size of 4,011 M bp and a GC content
of 46,31 %. The analysis identified 4094 protein-coding genes, including at least 11
gene clusters with known antimicrobial properties. Thirteen genomic regions were
predicted to contain putative gene clusters involved in metabolite biosynthesis.
Additionally, metabolomic analysis identified 23 compounds, 8 previously unknown,
with potential antimicrobial activity. These findings highlight the importance of Bacillus
velezensis metabolites in controlling Xanthomonas axonopodis pv. glycines and their

potential application in managing other plant diseases.

Background



The indiscriminate use of pesticides in agriculture has raised significant concerns
globally[1, 2]. Farmers have traditionally relied on these substances to protect crops
from various plant diseases and boost productivity. However, this practice has led to the
emergence of pesticide-resistant pathogens, posing a severe threat to both plant and
human health. Moreover, the environmental impact of excessive pesticide use is
alarming, resulting in soil and water contamination and negatively affecting non-target
organisms[1, 3, 4]. To address these critical issues, there is an urgent need to shift
towards more sustainable agricultural practices.

One promising alternative to the heavy reliance on pesticides is the use of
biopesticides[5]. Biopesticides, derived from natural sources such as plants, bacteria,
and minerals, provide an eco-friendly approach to managing pests and diseases in
agriculture [6-9]. They are generally less toxic than conventional pesticides, reduce the
risk of resistance development, and are often more specific in their action [10]. By
integrating biopesticides into pest management strategies, farmers can maintain crop
health and yield while minimizing environmental harm [11]. This approach aligns with
the broader goal of reducing antibiotic use and promoting sustainable agriculture.

Among the various biopesticides, Bacillus velezensis stands out as a potent
source of biomolecules. This bacterium produces a range of bioactive compounds,
including antibiotics, antifungals, and enzymes, which can effectively combat plant
pathogens [12—-14]. Research has demonstrated the potential of B. velezensis in
controlling a wide array of agricultural pests and diseases[15—19]. Its application not
only helps in managing crop health but also supports sustainable farming practices by
reducing the dependency on chemical pesticides [20]. This makes B. velezensis an

important tool in the transition towards more sustainable agricultural systems.



The significance of sustainable agricultural practices is particularly evident in
soybean cultivation, where bacterial pathogens like Xanthomonas axonopodis pv.
glycines pose serious challenges[21, 22]. Soybeans are a crucial crop due to their high
protein content and versatile use in food and industry [23]. Effective control of X.
axonopodis pv. glycines is essential to prevent significant yield losses and ensure the
sustainability of soybean production[24]. Leveraging biopesticides, such as those
derived from Bacillus velezensis, offers a promising strategy to mitigate the impact of
this pathogen, thereby safeguarding soybean crops and contributing to global food
security [25-27]. By connecting these advancements in biopesticide use to the broader
context of sustainable agriculture, we can better address the intertwined issues of crop
health, environmental impact, and food production [9, 28, 29].

The significance of a Bacillus strain isolated from the larval food of stingless
bees lies in its potential as a robust and effective source of biocontrol agents. Isolating
strains from specific environments, such as larval food, can uncover microorganisms
adapted to unique conditions, exhibiting beneficial traits such as the production of
antimicrobial compounds or secondary metabolites effective against agricultural
pathogens. This study presents a new perspective on the use of Bacillus velezensis
mandacaium and its metabolites for the control of soybean diseases caused by
Xanthomonas axonopodis pv. glycines and suggests its potential application in

managing diseases in other important crops.

Methods

Strains

The bacteria in this study were isolated from the larval food of the Melipona
quadrifasciata and Tetragonisca angustula stingless bees, a member of the Collection

of Isolated Microorganisms of Stingless Bees (CoMISBee)[30]. For the experiments,



the microorganism was reactivated in Brain Hearth Infusion (BHI) and incubated at
37°C for 48 hours [30]. Table 1 shows the coding of the ten bacteria selected from the

committee collection.

Table 1. Coding of bacteria of the CoMISBee

Stingless Bees Bacteria code

Melipona
Mg-ISP-1A  Mg-ISP-1B Mg-MCK-7 Mg-MRS-9 Mq-OAT-27 Mqg-NUT-54B
guadrifasciata

Tetragonisca
Ta-TSA-11 Ta-BHI-19 Ta-BHI-29 Ta-TSA-55
angustula

Supernatant production

To produce supernatant, a bacterial suspension was prepared in SmL of BHI and
incubated at 37°C for 24 hours. A 200uL rate of the suspension was inoculated in 200
mL of LB broth (Luria-Bertani) and incubated at 31°C+1 for 48h under shaker agitation
at 200 rpm. The broth obtained was centrifuged at 10,000 g for 4 minutes for bacterial
cell sedimentation, and the supernatant was separated from the precipitated and filtered

at 0.45 um [31]. The supernatants were stored in a -20°C freezer for later use in assays

(Fig.1).
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Figure 1: Methodology for producing supernatants from microorganisms isolated from stingless
bees (CoMISBee) at the Laboratory of Genetics, UFU, including fractionation and antimicrobial

assays. Images adapted from 'Smart Servier Medical Art' (https://smart.servier.com/).

Fractionation of the supernatant

To obtain protein and metabolic fraction, the supernatant with significative
results in antimicrobial assay was lyophilized and resuspended in 3 mL of methanol,
followed by incubation at four °C for 3 hours and centrifugation at 8000 g for 5 minutes
[32]. The protein precipitate was separated from the metabolic, and the solvent
evaporated in a speed vacuum. To evaluate antimicrobial activity, the protein and
metabolic fractions were resuspended in 3 mL of distilled water, and the inhibitory assay
was performed with both supernatant fractions (Fig. 5). After fractioning of the
supernatants tested, we used the codes "P" (for protein) or "M" (for metabolic) for

identify the samples.
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Liquid-liquid fractionation

Given that the metabolic fraction demonstrated inhibitory effects against X.
axonopodis pv. Glycines underwent liquid-liquid fractionation [33]. The process
involved a sequential use of the following solvents: hexane, dichloromethane (DCM),
ethyl acetate, and n-butanol. After drying the metabolic material under vacuum, it was
resuspended in 1 mL of water and vortexed for 15 seconds or until fully homogenized.
Subsequently, 10 mL of hexane was added to each tube and vortexed for 30 seconds to
facilitate phase separation, resulting in a hexane phase and residual metabolic phase.
The hexane phase was then extracted using a pipette, and this step was repeated. Each
tube was subsequently washed twice in sequence with each solvent. Finally, the
remaining phase that did not interact with any of the chemical reagents was identified

as the aqueous phase.

Antimicrobial assay

The supernatants and their fractions were evaluated for their ability to inhibit
Xanthomonas axonopodis pv. glycines, a pathogen of agricultural significance. The
modified Kirby-Bauer disk diffusion test[34] was employed, where sterile 6 mm white
discs were placed on plates in triplicate and inoculated with 20 pL of each supernatant
(Fig.1). The negative control used was water. The diameter of the inhibition zone around
each disc was measured to assess the sensitivity of X. axonopodis pv. glycines to the
supernatants. Additionally, after the initial tests, the minimum inhibitory concentration
(MIC) test was performed following the fractionation process and testing of the

supernatants [35].

Toxicity assay



This assay enabled the investigation of how the supernatants with antimicrobial
action influenced soybean seed germination and seedling development in a controlled
experimental setup. In this study, soybean seeds were initially sanitized using a 2%
sodium hypochlorite solution for 30 seconds, followed by thorough rinsing with distilled
water. Subsequently, 200 sanitized soybean seeds were divided into two groups: one
group was treated with 25 mL of supernatant with significative action against X.
axonopodis pv glycines, and the other group (control) was treated with 25 mL of water.
The experiment was conducted in germination boxes, with 25 seeds placed in each of
four boxes. To maintain appropriate moisture levels, germination paper (Germintex) was
used at a volume of water equivalent to three times the weight of the paper[36].

The treated seeds were placed in germination chambers maintained at 25°C for
seven days with daily moisture maintenance. After the germination period, the seedlings
were assessed for various characteristics, including the number of normal, abnormal,

dormant, hard, and dead seedlings.

Chemical Characterization of Compounds by UFLC-DAD-MS

An equipment LC20AD ultra-fast liquid chromatograph (UFLC)(Shimadzu)
coupled to a diode array detector (DAD) and a mass spectrometer micrOTOF-Q III
(Bruker Daltonics) with electrospray ionization source (ESI) and quadrupole, and time-
of-flight analyzers was used to analyze the chemical profile from the Bacillus velezensis
extracts. For the MS analysis, nitrogen was applied as a nebulizer (4 Bar), drying (9
mL/min), and collision gas. The capillary voltage was 4500 kV. The samples were
analyzed in both negative and positive ion modes (m/z 120—-1300). The chromatographic
analyzes were performed using a Kinetex C18 column (2.6pum, 150 < 2 1 mm,

Phenomenex) on 50° C, and a flow rate of 0.3 mL/min. The mobile phase consisted of



deionized water (A) and acetonitrile (B), both containing 0.1% formic acid, and the
following elution gradient profile was applied: 0—2 min-3% B; 2-25 min-3-25% B; 25—
40 min-25-80% B; and 40—43 min-80% B, followed by a 5 min column washing and
reconditioning. The sample were prepared at 1 mg/mL in methanol and deionized water
(7:3, v/v), and 1 puL was injected into the chromatographic system via autosampler. The
annotation of the compounds was performed using mass spectra data and fragmentation

profile, and spectral UV compared to the literature[37].

Bacterial Identification

DNA extraction and Sequencing

The bacteria were cultured in Brain Heart Infusion (BHI) medium and incubated
for 48 hours at 37°C with agitation at 200 rpm. Following incubation, the bacterial
culture was centrifuged at 14,000 rpm for 10 minutes at 25°C, and the supernatant was
discarded. Next, 1 mL of extraction buffer (0.1 M Tris-HCI or 100 mM Tris-HCI, 500
mM NacCl, 50 mM EDTA, and 0.4% SDS) was added to the bacterial pellet and vortexed
for 15 seconds. Subsequently, 50 puL of proteinase K was added, and the samples were
incubated at 56°C for 30 minutes. After incubation, the samples were centrifuged at
14,000 rpm for 10 minutes at room temperature[38].

The resulting supernatant was transferred to a new microtube containing 330 uL.
of isopropanol. The tubes were gently inverted 30 times and then centrifuged at 14,000
rpm for 10 minutes at room temperature. The supernatant was discarded, and 500 pL of
70% ethanol was added to the pellet. After a brief centrifugation (30 seconds), the
supernatant was discarded, and this step was repeated twice to ensure thorough DNA
purification. Subsequently, 250 uL of absolute ethanol was added to the pellet, followed

by centrifugation at 14,000 rpm for 5 minutes. The supernatant was discarded, and the



DNA pellet was air-dried for 15 minutes.[38, 39]. Finally, the pellet was resuspended in
50 pL of ultrapure water, and the quality of the extracted DNA was assessed using a
Nanodrop 2000 Spectrophotometer and agarose gel electrophoresis. After, 1000 ng of
DNA was used to construct the whole genome library with fragment sizes of < 800bp
(BGI Americas in-house protocol). Library quality was assessed using the Agilent 2100
bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), and paired end (150bp)

sequencing was performed using the DNBseq™ sequencing strategy.

Genomic Assembly and Bioinformatic Analysis

The raw data underwent pre-analysis using SOAPnuke software, developed by
BGI, to filter out adapter or low-quality sequences and remove contamination. Scaffold
assemblies were using SPADES version 3.14.0, with default k-mer values (21, 33, 55,
and 77 bp). RAGTAG software was used for scaffold assembly and alignment to a
reference genome. The reference genome was selected by comparing the similarity and
sizes of scaffolds with all nucleotide sequences from the offline NT database at the
NCBI database. For functional annotation, we employed the genome annotation pipeline
PANNOTATOR [40]. PANNOTATOR assigns color tags according to three similarity
levels of alignment size and protein identity: green to for sure (>95%), yellow to high
similarity (< 95% and >70%), and red (<70%) assigned as hypothetical proteins.

The genome was analyzed by ABRIcate on Galaxy Plattaform to screen genes
for antimicrobial resistance or virulence genes. The gene cluster responsible for the
biosynthesis of secondary metabolites was identified through the analysis of the strain
B. velezensis mandacaium V2.1 using antiSMASH 7.1.0 software[41], which facilitated
the identification, annotation, and analysis of these gene clusters.

To assess pangenome conservation, we used the GENPPI software [42].

GENPPI was initially designed to predict protein interactions and generate core and



accessory pangenomes for subsequent interaction analyses. We demanded that the
GENPPI software use a machine learning model to predict the pangenome, the former
step before investigating the Conserved Neighborhood (CN) and Phylogenetic Profile

(PP) in prominent similar proteins.

Statistical Analyses

The data obtained from the inhibitory assay test tests with total supernatant and
fractions were expressed as arithmetic means + standard error of the mean. They were
analyzed according to the variance for one-way (ANOVA), followed by Dunnet's post-
test, using the GraphPad Prism software version 8.0.2. For the germination test was used

qui-square test. Statistical significance was considered when p < 0.05.

Results

Antimicrobial Assay

Among the ten supernatants tested against X. axonopodis pv. Glycines, only
supernatant 27, showed a significant inhibitory effect, suggesting that this bacterium

produces substances capable of inhibiting the growth of this soybean pathogen (Fig. 2).
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Figure 2: Antimicrobial Activity of supernatant the bacteria isolated from larval food
stingless bees against Xanthomonas axonopodis.

Consequently, the supernatant 27 was fractionated to determine which fraction
contains the molecules with inhibitory action against phytopathogens. The metabolic
fraction showed the formation of an inhibition halo. In contrast, the protein fraction did
not exhibit any halo formation, indicating that the antimicrobial substances are present
in the metabolic fraction (Fig. 3A). The metabolic fraction underwent liquid-liquid
fractionation to isolate and identify the compounds responsible for the antimicrobial
action. The fraction containing molecules with affinity for ethyl acetate was the only
one that formed an inhibition halo, indicating that the antimicrobial biomolecules are

contained within this fraction (Fig. 3B).
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Figure 3:A Antimicrobial Activity of Protein and Metabolic Fractions from B.
velezensis against Xanthomonas axonopodis. B Antimicrobial Activity of Hexane,
DCM, Ethyl Acetate, n-Butanol, and Aqueous Extracts from B. velezensis against X.

axonopodis. Data show the SEM mean of three independent replicates. * p < 0.05; ** p

<0.01; *** p <0.001.

The ethyl acetate fraction was diluted nine times, resulting in various
concentration levels being tested. Among these, the minimum inhibitory concentration
(MIC) that effectively inhibited the growth of Xanthomonas axonopodis was determined
to be 0.015 mg/mL (Fig. 4). This indicates that, even at a low concentration, the
compounds contained in this fraction exhibited significant antimicrobial activity against

this bacterium highlighting its potential as a potent antibacterial agent.
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Figure 4: Minimum inhibitory concentration assay of the ethyl acetate fraction against
Xanthomonas axonopodis. Data show the SEM mean of three independent replicates. *

p <0.05; ** p <0.01; *** p <0.001.

Germination assay

The supernatant produced by bacteria 27, identified as B. velezensis, was
analyzed for its toxicity regarding the germination capacity of soybean seeds (Fig. 5). It
was found that this supernatant does not contain substances that inhibit the germination
of soybean seeds, showing no significant difference compared to the water control for

Chi-square test (Table 2). This experimental approach provided insights into the impact



of the supernatants on soybean seed germination and early seedling growth under

controlled conditions.

Figure 5: Toxicity assay to evaluate the toxicity of supernatant 27 in soybean seeds. A -
Soybean seeds treated with water; B - Soybean seeds treated with supernatant; C -

Normal soybean seeds; D - Abnormal soybean seeds.

Table 2: Results the toxicity assay

Normal Abnormal Dead Dormant
H>O 97 2 1 -
Supernatant 27 99 1 - -

Metabolites Identification

The chemical profiling of Bacillus velezensis HPLC-DAD-MS/MS reveals a

complex array of metabolites, predominantly comprising diketopiperazines (DKPs),



cyclic dipeptides known for their diverse biological activities, including antimicrobial

and pharmacological properties (Figure 7).
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Figure7: Base peak chromatogram obtained in negative (above) and positive (below)
ion mode from Bacillus velezensis extract.

Early eluting compounds such as Cyclo-(histidyl-proline) and its isomer,
detected at retention times (RT) of 1.2 and 2 minutes, respectively, exhibit relatively
high polarity (Peaks 2 and 3). The presence of multiple forms of Cyclo-(prolyl-tyrosine)
or Cyclo-(Hydroxy-Pro-Phe) and its isomers around 9 minutes (Peaks 4, 5, and 6) with
a consistent molecular formula (C14H16N203) indicates structural or conformational
variations which could influence their biological activity and stability (Table 3).
However, due to the non-fragmentation of ions in the mass spectrometry analysis, it was
not possible to conclusively determine the specific identities of these compounds. This
limitation underscores the need for further analytical techniques to resolve these

ambiguities and fully characterize the molecular structures present.



Table 3. Compounds annotated from Bacillus velezensis extract by LC-DAD-MS.

uv Negative mode Positive mode
MF Compound
RT (Amax) (m/z) (m/z)
Peak
(min) MS [M-HJ MS/MS MS MS/MS
[M+H]*
1 1.1 CsHioN4O4 191.0143 NI
2 1.2 257 C11H14N4O, 235.1174 71 Cyclo-(histidyl-
proline)[43]
Diketopiperazine
3 2 265 CuH14N4O; 235.1180 222 Cyclo-(histidyl-proline)
Diketopiperazine -
Isomer
4 9.1 277 CisHisN2O3  259.1093 261.1211 129 Cyclo-(prolyl-tyrosine)
[44—47]or Cyclo-
(Hydroxy-Pro-Phe)
5 9.5 277 CisHisN203  259.1095 261.1218 138 Cyclo-(prolyl-tyrosine)
or Cyclo-(Hydroxy-Pro-
Phe) - isomer
6 9.7 277 CisHisN2O3  259.1091 261.1219  130- Cyclo-(prolyl-tyrosine)
146, 138; or Cyclo(Hydroxy-Pro-
129, 105, Phe) - isomer
77,53
7 10.1 CioHi16N202 197.1281 166, 134 Cyclo(Pro-Val)-
Diketopiperazine[48,
49]
8 11 CoH16N20: 185.1299 143 Cyclo(Ala-Leu/Ile) -
Diketopiperazine[50]
9 11.7 CoH16N20; 185.1293 o4 Cyclo(Ala-Leu/Ile) —

Diketopiperazine isomer
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23

14.1

14.7

15.2

16.3

17.3

33.1

333

335

33.6

33.7

34.1

343

343

353

277

268

272

267

272

269

Ci1H1sN20;

CiiHisN2O»

C1iHisN2O,

Ci14H16N>0,

Ci14H16N20,

Ci6H35sNO;

Ci3H30NO;

C20H43NO4

C2sH3607

C24H3003

C24H3003

C24H3003

C23H330g

C33H3306

447.2385

365.2116

365.2111

501.2489

437,
383,
339,
311,
261,

200.

211.1434

211.1431

211.1435

245.1268

245.1272

274.2746

318.2993

362.3265

367.226!

367.228

367.227

531.2760

168 Cyclo-(Pro-Leu/Ile)
Diketopiperazine [51—
54]
Cyclo-(Pro-Leu/Ile)
Diketopiperazine isomer
Cyclo-(Pro-Leu/Ile)

Diketopiperazine isomer

135 Cyclo(Phe-Pro)
Diketopiperazine[51,
55]
70 Cyclo(Phe-Pro)

Diketopiperazine isomer
Hexadecasphinganine[5
6]
Hydroxysphinganine[56
»57]

NI
NI
NI
NI
NI

NI

NI

RT: retention time; MF: molecular formula; NI: non-identified; All the MF was determined from the errors and

mSigma below five ppm and 30, respectively.



Further along the chromatogram, compounds such as Cyclo-(Pro-Val) and
Cyclo-(Ala-Leu/Ile) appear around 10 to 11 minutes (Peaks 7 and 8). These DKPs,
featuring aliphatic side chains, could potentially affect their stability and biological
interactions. Notably, Cyclo-(Pro-Leu/Ile) presents in several isomeric forms (Peaks 10,
11, and 12) between 14 and 15 minutes, suggesting subtle variations that could modulate
biological activity. Additionally, aromatic structures such as Cyclo-(Phe-Pro) detected
at 16.3 minutes, and its isomer (Peaks 13 and 14) offer distinct biological interactions
due to the phenyl ring, possibly influencing binding and activity against microbial
targets (Table 3).

Towards the latter part of the chromatogram, compounds detected around 33
minutes, such as Hexadecasphinganine and Hydroxysphinganine (Peaks 15 and 16),
alongside a series of unidentified higher molecular weight compounds (Peaks 17 to 23),
suggest the presence of more complex lipid-related or secondary metabolites (Table 3).
These compounds with more extensive molecular structures could play crucial roles in

the physiological adaptations or defensive mechanisms of B. velezensis.

Genomic Assembly and Bioinformatic Analysis

Genome characteristics of strain Bacillus velezensis mandacaium

Whole genome sequencing analysis was performed on Bacillus velezensis
mandacaium. After trimming the sample data and removing adapter, the genomic
sequencing depth was 1,203,462,600 bases and 4,011,542 clean reads with a GC content
of 46.31% and Q20 96.58 % indicating a high level of data quality. The SPADES
software assembled 1357 scaffolds with a median size of 257 base pairs. The three
largest scaffolds have sizes of 963 thousand, 591 thousand, and 580 thousand base pairs.

These scaffolds were then aligned to reference genomes using the RAGTAG software.



A query to our standalone NCBI genome database using the assembled scaffolds
returned that Bacillus velezensis strain JS25R, CP009679 in GenBank, is the most
probable organism in our scaffolds. Only 1.7% of our scaffolds aligned with the genome
(GenBank number: CP009679); the sum of nucleotides from our aligned scaffolds
amounted to approximately four million base pairs. Our genome, constructed using the
reference genome CP009679, consists of 4,040,490 pairs of bases and no plasmids.

Moreover, our genome has 2500 Ns distributed along 68 gaps.

We named our novel DNA strand Bacillus velezensis strain mandacaium as a
remembrance of the local indigen nomenclature of this organism. The Bacillus
velezensis strain mandacaium genome has a GC content of approximately 46%, with a
gene density of 0.899 genes per kilo-base and 84% of coding bases. Within this genome,
there are 3707 protein-coding sequences (CDS) and 74 false genes. Among these total
CDSs, 3161 (85%) show greater than 95% size and protein identity to the reference
genome CP009679. Another 238 (6%) fall within the 95% to 70% range, while the
remaining 308 (8%) CDS exhibit below 70% of the identity and alignment size of the

proteins present in the reference genome CP009679 (Fi. 6).
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Figure 6: A region of the Bacillus velezensis strain mandacaium genome displaying

coding sequences in green to for sure (>95%), yellow to high similarity (< 95% and



>70%), and red (<70%) assigned as hypothetical proteins with the reference genome of

B. velezensis strain JS25R (CP009679).

Antimicrobial resistance gene prediction

The ABRIcate analysis showed that our strain of Bacillus velezensis has two
antimicrobial resistance genes: c¢fr(B), which encodes a protein of the Cfr family 23S
rRNA (adenine(2503)-C(8))-methyltransferase located in the forward strain region from
512386 to 513435, and tet(L) gene, which encodes a protein of the Tet(L)/Tet(K)/Tet(45)
family tetracycline efflux MFS transporter located in the reverse strain region from

2540494 to 2541870.

Prediction gene cluster responsible for the biosynthesis of metabolites

Thirteen genomic regions were predicted to contain putative gene clusters
involved in metabolite biosynthesis. An analysis of the interaction network among the
13 gene clusters, predicted in silico as secondary metabolite synthesizers, was conducted
to observe the interaction among the 531 genes that comprise the 13 clusters. The gene
clusters are composed of 41 genes in Cluster 1, 8 genes in Cluster 2, 41 genes in Cluster
3,22 genes in Cluster 4, 42 genes in Cluster 5, 53 genes in Cluster 6, 67 genes in Cluster
7, 22 genes in Cluster 8, 49 genes in Cluster 9, 58 genes in Cluster 10, 45 genes in

Cluster 11, 40 genes in Cluster 12, and 43 genes in Cluster 13(Table 4).

Table 4. Genomic mapping of gene cluster related to metabolites biosynthesis predicted by antiSMASH.

Most similar Biosynthetic

Region Type From To known cluster class Similarity
. . NRP:
Region 1 NRPS 286,002 351,412 surfactin . . 82%
Lipopeptide
Region 2  phosphonate 616,222 628,363



butirosin

Region3  PKS-like 917 958,244 o Saccharide 7%
A/butirosin B

Region4  terpene 1,040,974 1,061,714

Region5  transAT-PKS 1,370,062 1,458,292 macro'a“t'” Polyketide 100%
. transAT- . .

Region 6 PKS T3PKS,NRPS 1,680,598 1,790,706 bacillaene Polyketide+NRP 100%
. NRPS, transAT- : 0

Region 7 PKS betalactone 1,855,724 1,993,552 fengycin NRP 100%

Region 8  terpene 2,016,976 2,038,859

Region9  T3PKS 2,119,030 2,160,130

Region 10 transAT-PKS 2,275,094 2,379,191 difficidin Polyketide 100%
. NRP-metallophore, e - 0

Region 11 NRPS, RiPP-like 3,079,604 3,131,400 bacillibactin ~ NRP 100%

Region 12 NRPS 3,425,826 3,493,707

Region 13  other 3,697,991 3,739,409 bacilysin Other 100%

Regions designated by antiSMASH as 5, 6, and 10 are associated with Polyketide

biosynthesis, while regions 1 and 12 are linked to non-ribosomal peptide synthetase (NRPS)

synthesis (Fig. 8).
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Figure 8: Genomic mapping of the gene cluster associated with metabolite biosynthesis as predicted
by antiSMASH, emphasizing the regions involved in polypeptide production. A- Region 5; B- Region

6; C- Region 10.

Pangenome and Genome Functional Annotation



The number of genomes used in crafting the pangenome was seventy, and our
genome assembled in this work was accompanied by sixty-nine other genomes of the
same species downloaded from the NCBI. At the time of this experiment, there were
169 genomes of the B. velezensis available for download. However, hardware
limitations obligated us to select only sixty-nine out of 169 to create the pangenome and
predict Conserved Neighborhoods (CN) and Phylogenetic Profiles (PP) for all genomes.
The accompanying genomes had a mean of 3941 genes, while our genome has 3778
genes. So, the filtering criteria were based on the number of predicted proteins per
genome.

Afterward, the GenPPI software predicted CN and PP using default parameters,
plus the -ml parameter to use a machine learning algorithm predicting pairs of homolog
proteins, an initial step before running CN and PP algorithms. A protein figures in the
interaction network of a genome only if there were CN and PP compared to the
accompanying genomes. All the proteins composed the interaction network of our B.
velezensis mandacaium, a network containing 82622 edges. The mean nodes and edges
for all seventy genomes are 3948 and 94203, respectively. These are pieces of evidence
that most proteins obtained from our crafted genome proceed compared to sixty-nine
genomes of the same species deposited at the NCBI.

Additionally, seventy proteins absent from the interaction network of our
genome may be unique to the B. velezensis we analyzed. The interaction network
analysis reveals how proteins interact with each other, considering their different
subcellular localizations: cytoplasmic, membrane-bound, secreted, and putative surface-
exposed (PSE). All the produced proteins were localized in the cytoplasm, except for
those encoded by the tetAl and tetA2 genes, which showed membrane association. This

pattern is consistent with the interaction network analysis, as visualized in Gephi, further
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highlighting the distinct localization and potential functional roles of these membrane-
associated proteins.

From the three predicted gene clusters associated with metabolite production, 39
genes related to protein synthesis were identified. Of these, 35 were found in our
genome, allowing us to construct a protein interaction network to examine how these
proteins contribute to metabolite production (Fig. 7). Additionally, based on three genes
predicted by AntiSMASH, a protein interaction network revealed six genes involved in
encoding proteins linked to antimicrobial resistance. It was observed that the difM gene,
responsible for metabolite production, interacts with the antimicrobial resistance
network, while the cfr and tetA1 genes, part of the resistance network, connects with

metabolite-producing genes (Fig. 7).

Figure 7: Interaction network of Bacillus velezensis highlighting gene clusters
related to metabolite production and resistance profiles. The colors represent different

protein localizations: white (cytoplasmic), green (membrane-bound), red (surface-



exposed), and blue (secreted). In panel A, yellow indicates genes involved in metabolite

production, while in panel B, purple represents genes associated with resistance traits.

Discussion

Bacteria of the genus Bacillus have been widely explored for use as biocontrol
agents against fungi, nematodes, and as biostimulants [12, 13, 15, 18-20, 58]. These
bacteria are known for their ability to produce a variety of antimicrobial compounds,
cell wall-degrading enzymes, and other secondary metabolites that contribute to
pathogen suppression and plant growth promotion [14, 15, 20, 55]. Is this study, we
identified of a novel Bacillus velezensis strain mandacaium from the larval food of
Melipona quadrifasciata opens new possibilities for the use of this specific strain in
sustainable agricultural practices. The association with a native and important pollinator
bee suggests that this strain of Bacillus velezensis mandacaium can has favorable
ecological attributes that could be utilized in agricultural environments. Additionally,
studying these bacteria can reveal important symbiotic interactions and pathogen
resistance mechanisms that can be exploited to improve plant health[59].

In this study, we found that the supernatant produced by B. velezensis
mandacaium demonstrates inhibitory effects on the bacteria Xanthomonas axonopodis
pv. glycines, suggesting the production of metabolites with activity against this
microorganism. The B. velezensis is known for its plant growth-promoting properties,
including the production of antimicrobial compounds and enzymes that can enhance
nutrient availability and stress tolerance in plants [15, 59—63]. This bacteria is a soil
bacteria known for its ability to produce a variety of secondary metabolites, including
non-ribosomal lipopeptides, cyclic peptides, and other antimicrobial compounds[59, 64,

65]. Our identification of antimicrobial molecule production in the supernatant from B.



velezensis mandacaium isolated from stingless bees, without exhibiting toxicity towards
soybean seed germination, aligns with previous research emphasizing the advantageous
role of this bacteria in agriculture [15, 18, 20].

In our study, we found that the antimicrobial activity compounds present in the
supernatants were in the metabolic fraction rather than the protein fraction. The
subsequent liquid-liquid fractionation of the metabolic fraction provided valuable
insights about the compounds produced by B. velezensis mandacaium. The formation of
an inhibition halo, specifically in the ethyl acetate fraction, suggests that the
antimicrobial molecules are likely non-polar or semi-polar, as these compounds are
partitioned preferentially into the organic phase during liquid-liquid extraction. The
diversity of identified compounds and their structural patterns underscore the rich
metabolic repertoire of B. velezensis mandacaium mandacaium, which is pertinent for
biotechnological applications. The HPLC-MS/MS analysis provides crucial insights
into these compounds, facilitating a deeper understanding of the chemical and potential
biological landscape of this species. This comprehensive profile not only supports
ongoing research but also opens avenues for further studies into the specific roles and
applications of these metabolites in industrial and pharmaceutical contexts.

In our studies, we primarily identified that compounds from diketopiperazine
(DKP) groups, which exhibit a wide variety of structural variations and are abundant in
nature, demonstrate numerous biological functions. The conventional understanding
attributed the formation of the two peptide bonds of DKPs solely to no ribosomal peptide
synthetases (NRPSs)[66] until cyclodipeptide synthases (CDPSs) were functionally
characterized, revealing an alternative biosynthetic route[67, 68]. The Antismash
analysis to find the gene cluster responsible for metabolite biosynthesis showed 3

clusters related to the synthesis of the DKP group and two clusters for NRPSs. These



genomic regions encode proteins involved in DKP biosynthesis; the main metabolites
identified in our analysis of the B. velezensis mandacaium extract using LC-DAD-MS
analysis.

Genomic studies have revealed that different strains of this bacteria possess gene
clusters responsible for the biosynthesis of the metabolites. These compounds have
proven effective in controlling various phytopathogens, such as Ralstonia solanacearum
and Fusarium oxysporum [15, 65, 69—-72]. The B. velezensis has been widely utilized in
agriculture as a biocontrol agent, protecting crops and wheat against fungal diseases[73—
77]. Compounds such as difficidin, bacillomycin D, and fengycins have shown efficacy
as antifungal agents, interfering with the pathogenicity and cell wall formation [78—81].
Furthermore, other compounds such as plantazolicin and amylocyclicin have
demonstrated activity against phytopathogenic bacteria [78, 82].

The results from the pangenome and interaction network analyses highlight the
robustness of protein interactions and the preservation of key phylogenetic
characteristics in Bacillus velezensis. Furthermore, the discovery of genes responsible
for metabolite production interacting with those associated with the resistance profile
underscores the functional importance of these interactions. Research suggests the
existence of a coordinated regulatory network in which metabolic processes and
resistance mechanisms are interconnected[83]. Secondary metabolites may induce
efflux pumps, leading to increased antibiotic resistance and enhancing microbial
survival across diverse environments[84]. These findings provide valuable insights into
the genetic architecture supporting metabolic versatility and antimicrobial resistance in
Bacillus velezensis.

Using metabolites instead of microorganisms can maximize the benefits of

biocontrol while minimizing ecological risks and promoting more sustainable



agricultural practices. Although strains of Bacillus velezensis exhibit various positive
effects, the negative impacts of using sporulated microorganisms on soil microbiota
have not yet been fully elucidated [85]. The introduction of non-native microorganisms
into soil ecosystems can significantly alter the natural composition of the microbiota,
suppressing native beneficial microorganisms and destabilizing crucial ecological
processes such as nutrient cycling. Such disruptions can lead to reduced soil fertility and
plant growth issues. For instance, high-throughput sequencing studies have shown that
introducing specific microbial strains for environmental remediation can impact the
balance of soil microbial communities, affecting nutrient availability and organic matter
decomposition [86, 87]. Furthermore, manipulating soil microbiota for biocontrol
purposes can also lead to shifts in microbial populations, potentially suppressing
beneficial native species and disrupting important ecological functions[88].

This approach also reduces the risk of developing microbial resistance, as it
enables the use of compound combinations or rotations. Furthermore, these metabolites
can be formulated into stable products, ensuring consistent efficacy under various
environmental conditions and providing a sustainable alternative to chemical pesticides
[82]. This approach also reduces the risk of developing microbial resistance, as it
enables the use of compound combinations or rotations. Furthermore, these metabolites
can be formulated into stable products, ensuring consistent efficacy under various
environmental conditions and providing a sustainable alternative to chemical
pesticides[8, 11, 28, 85]. Therefore, focusing on the application of B. velezensis
metabolites maximizes the benefits of biocontrol while minimizing ecological risks and
promoting more sustainable agricultural practices.

This work demonstrates that Bacillus velezensis mandacaium shows significant

potential in biocontrol against Xanthomonas axonopodis pv. glycines due to its diverse



antimicrobial metabolites. Our study highlighted that the metabolites present in the
metabolic fraction, especially in the ethyl acetate fraction, exhibited inhibitory activity
against this bacterium. Genetic analysis revealed the synthesis of compounds such as
diketopiperazines (DKPs) and other essential metabolites. Additionally, the isolation of
this microorganism from the stingless bee Melipona quadrifasciata suggests favorable
ecological attributes and a beneficial symbiotic relationship, which can be leveraged to
enhance agricultural practices. The direct application of these metabolites offers a
sustainable and effective approach, minimizing ecological impact and promoting

specific biocontrol against pathogens in agricultural environments.
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