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“Human beings are amazed to find that an insect colony is able
to function as a unit although human soctety finds it difficult to live
in harmony..."

J.C. BIESMEIJER.



RESUMO

Nacif-Marcal, L. 2017. Comunidades bacterianas associadas a col6nias de abelhas
amazonicas sem ferrdo da espécie Melipona seminigra: diversidade e potencial enzimatico.
Tese (Doutorado), Programa Multi-Institucional de Pds-Graduacdo em Biotecnologia,
Universidade Federal do Amazonas.

As abelhas, assim como outros insetos sociais, apresentam complexas interacGes simbioticas
com microrganismos, que vado desde o nivel do individuo (abelha) até os diferentes
microambientes do ninho/colonia. Estas relagfes afetam diretamente a imunidade e o
potencial nutricional das abelhas bem como influenciam processos produtivos dentro da
colbnia, como a producdo e armazenamento de alimentos. Considerando que: i) Sa0 escassos
o0s estudos sobre a microbiota de abelhas silvestres, sendo grande parte da literatura voltada
para as abelhas exoéticas Apis mellifera; ii) o conhecimento dos microrganismos simbi6ticos
contribue para o entendimento das relacGes ecoldgicas que garantem a homeostase da col6nia
bem como fornece ferramentas para a prospecc¢do de produtos de interesse biotecnoldgico; iii)
a producdo fermentativa do polen, principal alimento da colbnia, € um processo pouco
conhecido embora fundamental para o desenvolvimento das colonias de abelhas sociais; 0
objetivo deste trabalho foi elucidar as comunidades bacterianas associadas as provisoes
alimentares a base de pdlen da abelha amazdnica Melipona seminigra e ao seu intestino, com
a finalidade de se conhecer melhor os microrganismos associados a esta abelha e ao
armazenamento e preservacdo do polen na col6nia, vislumbrando aplicacbes biotecnolégicas.
Os experimentos deste trabalho foram realizados em trés fases, iniciando-se com a descricao
da microbiota bacteriana presente em potes e células de alimento da abelha Melipona
seminigra, por meio de métodos independentes de cultivo (sequenciamento direto de DNA
microbiano das amostras) e métodos dependentes de cultivo (cultivo bacteriano). Os isolados
bacterianos obtidos pelo cultivo do pdlen e alimento larval foram avaliados quanto ao seu
potencial de producdo de enzimas hidroliticas e, por fim, realizou-se o estudo da microbiota
bacteriana intestinal, a partir da clonagem génica e sequenciamento do gene 16S rRNA.
Foram identificados 26 géneros bacterianos associados as provisfes polinicas de Melipona
seminigra, muitos dos quais sdo de origem ambiental e relacionados com processos
fermentativos naturais e/ou industriais. Mudanc¢as na composicao bacteriana do pdlen, desde a
sua coleta até sua maturacdo sugerem que a producdo deste alimento é mediada por um
processo de sucessao microbiana. Grande parte das bactérias isoladas do polen produz lipases,
amilases, proteases e celulases com altos indices enzimaticos, indicando o potencial dessas
bactérias para a bioprospeccdo de enzimas de interesse industrial. Em relacdo a microbiota
intestinal, demonstrou-se que as populacGes bacterianas colonizam diferencialmente as partes
morfofuncionais do intestino, sendo a maior diversidade de bactérias encontradas nos
intestinos médios e posteriores. Este trabalho resultou em dados inéditos acerca da microbiota
associada a abelhas M. seminigra, que contribuem para o melhor entendimento das complexas
e fascinantes relagfes simbioticas entre abelhas sociais e microrganismos.



ABSTRACT

Nacif-Marcal, L. 2017. Bacterial communities associated to the stingless amazonian bees
Melipona seminigra: diversity and enzymatic potential. Thesis (PhD), Programa Multi-
Institucional de P6s-Graduacao em Biotecnologia, Universidade Federal do Amazonas.

Bees, as other social insects, present complex symbiotic interactions with microorganisms,
ranging from the individual level (bee) to the different microenvironments of the nest/ colony.
These relationships can directly affect the nutritional potential and immunity of bees as well
as influence productive processes within the colony, such as food storage and production.
Considering that: i) there are few studies on the microbiota of wild bees, in constrast with the
available literature of exotic bees Apis mellifera; ii) the knowledge about the symbiotic
microorganisms contribute to the understanding of the ecological relationship that guarantee
the colony homeostasis and it also provides tools for the prospection of products of
biotechnological interest; iii) the fermentative production of bee pollen, the main food of the
colony, is a little known process regardless its fundamental importance to the social colonies
development; the objective of this work was to elucidate the bacterial communities associated
with the bee gut and food supplies based on pollen of the Amazonian bee Melipona
seminigra, with the purpose of knowing better the microorganisms associated to this bee and
the process of storage and preservation of the bee pollen in the colony, glimpsing
biotechnological applications. The experiments were carried out in three phases, starting with
the description of the bacterial microbiota present in the pollen supply of Melipona seminigra
bee, using independent culture methods (direct sequencing of microbial DNA samples) and
culture-dependent methods ( Bacterial culture). Bacterial isolates obtained by pollen and
larval food cultivation were evaluated for their hydrolytic enzyme production. Finally, the
study of the Melipona seminigra gut microbiota was carried out based on cloning and
sequencing of the 16SrRNA gene. It was identified 26 bacterial genera associated to pollen
provisions of Melipona seminigra, many of which are of environmental in origin and related
to natural and / or industrial fermentation processes. Changes in the bacterial composition of
pollen from its collection until maturation suggest that the production of this food is mediated
by a microbial succession process. Most of the bacteria isolated from pollen produce lipases,
amylases, proteases and cellulases with high enzymatic indexes, indicating the potential of
them for the bioprospection of enzymes of industrial interest. Regarding to the gut microbiota
it was demonstrated that the bacterial populations colonize differentially the
morphofunctional parts of gut, being the greater diversity of bacteria found in the middle and
posterior intestines. This work resulted in unprecedented data on M. seminigra microbiota,
which largely contribute to a better understanding of the complex and fascinating symbiotic
relationships between social bees and microorganisms.
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1. INTRODUCAO GERAL

Quando o poeta inglés John Donne postulou “Nenhum homem ¢ uma ilha, isolado em
si mesmo...” talvez ndo imaginasse a abrangéncia de sua frase ndo somente para a especie
humana como para todos 0s seres vivos que habitam o planeta terra. Nenhuma espécie vive
sozinha, pelo contrario, h& diferentes tipos de associacBes e interacdes bioldgicas entre as
especies e essas relacdes podem trilhar a evolucdo bioldgica das mesmas. O termo simbiose,
ou “viver junto”, criado em 1879 por Anton de Bary (De BARY, 1879, apud HUGUES et al.,
2008) resume bem o conjunto das relagdes proximas e duradouras entre espécies diferentes,
normalmente reciprocas e benéficas (mutualismo).

Microrganismos sdo protagonistas de relacGes simbidticas complexas e diversas que
podem afetar diretamente a saude, nutricdo, imunidade e processos vitais dos hospedeiros aos
quais estdo relacionados. Em abelhas, a importancia das relacbes simbidticas com
microrganismos ja é bem reconhecida, embora o conhecimento sobre a composicao e funcdo
desses microrganismos seja ainda escasso em muitos grupos de abelhas, como os da tribo
Meliponini (Apinae: Apidae: Apoidea: Hymenoptera). Abelhas da tribo Meliponini sao
insetos verdadeiramente sociais de ampla distribuicdo no Brasil. Essas abelhas sé&o
comumente chamadas de abelhas sem ferréo e dentre elas se destacam as do género Melipona:
abelhas exclusivamente neotropicais cuja maior diversidade é encontrada na bacia amazénica
(SILVEIRA et al.,, 2002; CAMARGO;PEDRO, 2013). As abelhas sem ferrdo do género
Melipona estéo entre os principais polinizadores da flora nativa ocupando uma posicdo chave
nos diferentes ecossistemas do bioma amazonico (KERR et al. 1996; KERR et al., 2001).
Além de sua importancia ecoldgica, as meliponas sdo fontes de produtos alimenticios e
medicinais e, portanto, fonte de renda para as populacdes locais, que praticam a
meliponicultura (CARVALHO-ZILSE; NUNES-SILVA, 2012).

Abelhas meliponas, assim como outras abelhas sociais, apresentam complexas
interacdes simbidticas com microrganismos, que vao desde em nivel do individuo (abelha) até
os diferentes microambientes do ninho/colmeia (ENGEL; MORAN, 2013). Especialmente, a
producdo e armazenamento dos alimentos dentro do ninho ocorrem com a participagdo de
microrganismos, além de enzimas e secrec¢des glandulares das abelhas. O polen coletado pelas
abelhas € a principal fonte de proteinas e lipidios para a coldnia sendo também rico em outros
macro e micronutrientes (ROUSTON; CANE, 2000; REBELO et al. 2016). Apesar de

fornecer praticamente todos 0s nutrientes necessarios para o desenvolvimento e manutencao



da coldnia, o pélen normalmente ndo é consumido em seu estado bruto: a maturacdo do pélen
dentro dos potes de cerume do ninho parece ser necessaria para a adequada alimentagdo das
abelhas e homeostase da colonia (GILLIAM et al., 1990; VOLLET-NETO et al., 2016). Os
mecanismos que culminam na maturacdo do pdlen ndo sdo completamente conhecidos, mas
presume-se que 0s mesmos dependam de transformacBes metabdlicas mediadas por
microrganismos que vivem em simbiose com as abelhas (GILLIAM et al., 1979; VASQUEZ;
OLOFSSON, 2009; ANDERSON et al., 2011). N&o ¢é claro, no entanto, se esses simbiontes
atuam diretamente na biodisponibilizacdo e/ou conversdo metabodlica dos nutrientes do polen
ou se atuam na preservacdo de suas propriedades quimicas e nutricionais ou ainda em todas
essas funcbes (HERBERT & SHIMANUKI, 1978; FERNANDES-DA-SILVA & SERRAO,
2000; ANDERSON et al., 2011; ANDERSON et al., 2014; VOLLET-NETO et al., 2016).

Existem muitas lacunas no conhecimento acerca dos papéis desempenhados pelos
microrganismos associados a maturacdo do pdlen dentro dos ninhos de abelhas sociais. Mas,
no contexto de abelhas sem ferrdo da Amazoénia, ha primariamente uma defasagem de dados
relacionados a composicdo microbiana de suas provisfes alimentares e outros elementos do
ninho. Sdo também incipientes os trabalhos envolvendo a descricdo da microbiota da prépria
abelha. Assim como na maioria dos animais, nas abelhas as comunidades microbianas sao
mais abundantes no trato digestério e podem afetar o seu potencial nutricional e imunoldgico,
bem como outros aspectos fisiologicos (ENGEL & MORAN, 2013). A microbiota intestinal
das abelhas pode também exercer funcbes extracorpdreas, uma vez que a producdo dos
alimentos na col6nia ocorre a partir da inoculacdo de secrecdes e microrganismos do trato
digestorio das abelhas nos recursos coletados (néctar e polen) (LEE et al., 2015).

A elucidacdo da diversidade de microrganismos que vivem em simbiose com abelhas
sem ferrdo é importante para o0 melhor entendimento das rela¢cfes ecoldgicas que mantém o
equilibrio das populacBes nativas e de seus processos vitais na coldnia. Igualmente, essa
diversidade de microrganismos também atrai atencéo do ponto de vista biotecnolégico, para a
prospeccdo de produtos bioativos de interesse médico e industrial. Nas ultimas décadas, a
elucidacdo de simbioses microbianas na natureza culminou no reconhecimento crescente de
que produtos naturais isolados de plantas e animais sdo na maioria das vezes produtos
metabolicos derivados de seus microrganismos co-existentes (CHALLINOR; BODE, 2015;
CRAWFORD; CLARDY, 2011).

A Amaz6nia e sua vasta biodiversidade sdo um hot-spot, ainda pouco explorado, para

a busca de novos bioprodutos. Insetos sociais como 0s meliponineos da Amazo6nia proveem



muitos recursos para seus microrganismos simbidticos: ninhos perenes, alta densidade de
individuos dentro dos ninhos, calor e umidade durante todo o ano, alimento compartilhado
etc. Notadamente, o polen como uma fonte complexa de compostos organicos deve abrigar
microrganismos capazes de utilizar diversos tipos de substratos como fonte de nutrientes e
que, consequentemente, podem apresentar um elaborado sistema enzimatico. Os
microrganismos associados ao pdlen constituiriam um interessante repertorio de biomoléculas
para a industria alimenticia (enzimas hidroliticas) e/ou para producdo de combustiveis
(degradacdo de biomassa vegetal) (BODE, 2011; CHALLINOR; BODE, 2015).

Neste estudo, objetivou-se explorar e identificar sistematicamente a microbiota
bacteriana associada as provisdes alimentares da coldnia (pdlen e alimento larval — defini¢oes
no Apéndice A) e ao trato alimentar da abelha amazénica sem ferrdo Melipona seminigra
Friese, H (1903) (CAMARGO; PEDRO, 2013). Essa espécie ¢ amplamente distribuida na
Amazonia central e possui grande valor social e econdémico na meliponicultura
(CARVALHO-ZILSE; NUNES-SILVA, 2012). PropGe-se aqui, por meio da tecnologia de
sequenciamento de nova geracdo (NGS), descrever a diversidade das comunidades
bacterianas associadas aos diferentes estagios do polen apos sua coleta pela abelha e analisar
como essas variam ao longo do processo de armazenamento, maturacdo e distribuicdo do
polen nas células de cria, bem como acessar a viabilidade das bactérias em cultura e seu
potencial biotecnolégico (enzimas hidroliticas). Essa fase do trabalho foi realizada nas
dependéncias laboratoriais do Centro de Apoio Multidisciplinar (CAM) da Universidade
Federal do Amazonas.

A microbiota da abelha também foi investigada por meio da clonagem molecular de
sequéncias génicas de bactérias associadas ao intestino de Melipona seminigra, em suas trés
partes morfofuncionais: o intestino anterior ou papo/estbmago social, o intestino médio e o
intestino posterior. Essa Ultima abordagem foi desenvolvida na Universidade de Hohenheim,
Sttutgart, Alemanha, sob a supervisdo do Prof. Dr. Martin Hasselmann, do Instituto de
Ciéncia Animal, Departamento de Gendmica populacional (Institute of Animal Science,
Livestock Population Genomics- 460h), no ambito de um estagio de doutorado sanduiche de
curta duragdo apoiado e financiado pelo Centro de Seguranca Alimentar - Food security
Center — FSC da mesma universidade.

Os resultados dessa tese estdo divididos em trés partes, as quais foram organizadas
em formato de artigos cientificos (Figura 1). Cada artigo estd organizado de acordo com as

regras do periodico cientifico escolhido para a submissdo do trabalho, obedecendo o idioma



requerido pela revista, com fins de otimizar e facilitar a divulgacdo em amplo alcance dos

resultados da tese.

Métodos independentes de cultivo

Métodos dependentes de cultivo

Sequenciamento NGS- bactérias
Material da colméia: Pdlen
corbicular (PC), pdlen de pote
aberto (PPA), pdlen de pote
fechado (PPF) e alimento larval
(AL).

ARTIGO

Pélen e alimento larval
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Manaus - Amazonas
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v

Clonagem e sequenciamento.
Bactérias do intestino da abelha

Intestino da abelha
DOUTORADO SANDUICHE
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— > ARTIGO 1 +—

Cultivo bacteriano — Material
da colméia: Pdlen de pote
aberto (PPA), pdlen de pote
fechado (PPF) e alimento
larval (AL)

ARTIGO 2

Ensaios enzimaticos

Potencial hidrolitico dos isolados
bacterianos obtidos do cultivo do
poélen e alimento larval
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Figura 1. Fluxograma da divisdo metodolégica da tese e organizacdo dos resultados em

artigos cientificos.




2. REFERENCIAL TEORICO

2.1. Abelhas nativas sem ferréo

As abelhas juntamente com as vespas e formigas compdem a ordem Hymenoptera da
grande classe Insecta (Filo Arthropoda). A funcdo ecoldgica mais importante desempenhada
pelas abelhas é a atividade polinizadora, que garante a perpetuacdo das espécies vegetais, e,
do ponto de vista econémico, garante a sustentabilidade de sistemas agricolas para a producao
de alimentos e outros produtos (MICHENER, 2007). Existem mais de 20 mil espécies de
abelhas documentadas e todas estdo reunidas taxonomicamente na superfamilia Apoidea, que
por sua vez é constituida por diversas familias de abelhas - sete, segundo Michener (2007).
Além de habitos solitarios, que é o predominante na maioria das espécies, as abelhas podem
apresentar varios niveis de socialidade, desde o mais primitivo (colénias comunais ou
semissociais) até o mais avancado (eussociais). As abelhas eussociais estdo situadas dentro da
familia Apidae (Apoidea: Hymenoptera: Insecta) e caracterizam-se por apresentar col6nias
com divisdo de trabalho e de esforco reprodutivo (castas), e sobreposicdo de geracdes
(MICHENER, 2007; HUGUES et al., 2008).

De acordo com Michener (2007) a familia Apidae é dividida em trés subfamilias
(Apinae, Nomadinae e Xylocopinae), sendo a subfamilia Apinae a mais diversificada. Dentre
as diferentes tribos que compdem a subfamilia Apinae, quatro delas (Apini, Bombini,
Euglossini e a Meliponini) se destacam pela presenca de uma estrutura denominada corbicula
— modificacdo morfoldgica nas pernas posteriores das fémeas para o transporte do polen- e
essas abelhas sdo chamadas de corbiculadas. As abelhas corbiculadas sdo as mais
popularmente conhecidas, tanto pela sua importancia econémica na polinizacdo de sistemas
agricolas e naturais, quanto pela producdo do mel e pélen (MARTINSON et al., 2011).

As abelhas nativas sem ferrdo (stingless bees) séo abelhas corbiculadas e eussociais de
distribuicdo pantropical. O nome “abelhas sem ferrdo” remete ao fato das fémeas desse grupo
apresentarem um ferrdo atrofiado e, portanto, ndo funcional (NOGUEIRA-NETO, 1997).
Pertencem a tribo Meliponini Lepeletier, 1836, (Apinae: Apidae: Hymenoptera: Insecta) e,
juntamente com as abelhas da tribo Apini (Apinae: Apidae: Hymenoptera: Insecta),
representam o nivel mais avancado de socialidade em abelhas (MICHENER, 2007). As
abelhas sem ferrdo apresentam coldnias “permanentes”, que podem apresentar de dezenas a
centenas de milhares de individuos; as fémeas sdo divididas em duas castas com base na
diferenciacdo morfoldgica e comportamental: a rainha, pertencente a casta reprodutora, e a

operaria, pertencente a casta responsavel por todas as outras funcées da colonia. Os machos
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nédo sdo considerados uma casta (MICHENER, 2007) e possuem como principal funcéo a de
copula e podem participam da producéo de cera e desidratacdo do néctar (KERR et al. 1997).

A dificuldade em se catalogar e classificar toda a diversidade existente de
meliponineos (Tribo Meliponini), somado ao grande nimero de espécies cripticas, cria
incertezas quanto ao nimero de taxons presentes no grupo. Camargo e Pedro (2013)
reconhecem 33 géneros validos, dos quais o género Melipona Illiger, 1806 se destaca pelo
maior numero de espécies. Abelhas do género Melipona ocorrem em toda a regido neotropical
e apresentam maior diversidade de espécies na bacia amazénica (SILVEIRA et al., 2002).
Dada a sua abundéncia de espécies e individuos na Amazonia, abelhas meliponas s&o
consideradas polinizadores indispensaveis da vegetacdo nativa deste bioma (KERR et al.,
1996). Além disso, abelhas Melipona podem atuar na dispersdo de sementes e se destacam
dentre as abelhas sem ferrdo como boas produtoras de mel (BACELAR-LIMA et al., 2006;
CARVALHO-ZILSE; NUNES-SILVA, 2012).

As abelhas do género Melipona séo robustas (8-15mm) (MICHENER, 2007) e suas
col6nias sdo compostas por milhares de individuos. Os ninhos sdo construidos geralmente em
cavidades ocas dos troncos de arvores; suas estruturas sao feitas a partir de cerume - mistura
da cera, produzida e secretada pela superficie dorsal das abelhas, com resina vegetal e/ou
barro (KERR et al., 1996). Dentro dos ninhos, as abelhas armazenam os alimentos (mel e
poélen) em potes de cerume, predominantemente de formato oval, e alojam suas crias em
estruturas em discos (favos), formados pelo agrupamento de células individuais de cerume
(alvéolos) (Figura 2). Nao ha “células reais”, ou seja, os machos, operarias e rainhas se
desenvolvem dentro de células de igual tamanho e recebem a mesma quantidade de alimento;
ndo ha evidéncias de que as rainhas recebam alimentacdo especial para o seu
desenvolvimento, visto que a diferenciacdo de castas parece estar relacionada com um limiar
da quantidade de alimento juntamente com fatores genéticos (HARTFELDER et al., 2006;
BRITO et al., 2015). As células de cria sdo, portanto, igualmente aprovisionadas com o
alimento larval (mistura de pdlen, mel e secrecdes glandulares das abelhas) e, apés a
ovoposicao pela rainha, essas células sdo lacradas e permanecem fechadas até a eclosdo dos
individuos adultos (KERR et al., 1996; NOGUEIRA-NETO, 1997; VIT et al., 2013).



Figura 2. Ninho de abelha Melipona seminigra. Vista interna do ninho com destaque para: (A) pote
de pdlen, (B) pote de mel, (C) disco de cria (favo) e (D) disco de cria, com células de cria
propositadamente abertas para a visualizacdo do alimento larval, ovos e larvas. Fotos: Diego Cunha de
Albuquerque.

Toda a dieta das abelhas meliponas baseia-se no néctar e polen coletados dos recursos
florais. As abelhas sugam o néctar das flores com sua longa lingua até o0 “papo” ou “estdmago
de mel” (dilatagdo do intestino anterior do trato digestério da abelha), onde o néctar seréa
acumulado e transportado de volta para a coldnia. Na colbnia, o néctar é entregue a outras
abelhas que o desidratam e o acumulam em potes de cerume, até atingir a concentragdo de 70
a 80 % de agUcar, caracterizando assim o mel propriamente dito (KERR et al., 1996;
NOGUEIRA-NETO, 1997; VIT et al., 2013).

Os gréos de pdlen sdo coletados das flores e transportados nas corbiculas das abelhas
campeiras até a col6nia, onde sdo depositados e acumulados nos potes de cerume. As abelhas
realizam a compactacdo do p6len no pote amassando-o com a cabeca e manipulando-o com as
mandibulas. Durante esse processo sdo acrescentadas secrecdes das glandulas mandibulares e
hipofaringeanas das abelhas, além de néctar que pode ser regurgitado sobre o estoque de
polen (NOGUEIRA-NETO, 1997). Geralmente, o pote de polen é preenchido em todo o seu
volume antes de ser fechado pelas abelhas e, apds fechado, pode permanecer de dias a
semanas nessa condicdo (VIT et al., 2013). O poblen armazenado nos potes de cerume
fechados é fermentado e adquire uma consisténcia mais pastosa, formando uma verdadeira
“massa” de pdlen ou Sabura, como € popularmente denominado nas regides norte e nordeste
do Brasil (KERR et al., 1996; NOGUEIRA-NETO, 1997; VIT et al., 2013). O saburé (pdlen
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maturado) além de alimentar as abelhas jovens da colonia é o elemento principal do alimento
larval e, portanto, € a base alimentar para a continuidade das geracGes de abelhas. O
Apéndice A traz um resumo das definicdes das nomenclaturas utilizadas nesta tese em

relacdo ao polen.

2.2. Polen: da flor para a colénia

O grdo de polen é o gametdfito masculino, ou seja, é a estrutura que gera 0s gametas
masculinos da planta. As caracteristicas morfoldgicas do grdo de pdlen, como o tamanho,
forma, ornamentacGes e cor, variam muito de uma espécie de planta para outra e, em
consequéncia, a andlise dessas caracteristicas € uma ferramenta muito utilizada para a
identificacdo taxondémica (ARRUDA et al., 2013).

De um modo geral, um grdo de p6len é composto por trés partes: o citoplasma e duas
camadas externas, a intina e a exina. O envoltorio externo do grdo de pdlen é resistente e
duravel e oferece uma grande protecdo as duas células que residem internamente no seu
interior: a célula do tubo, que acabara por se tornar o tubo polinico, e uma célula generativa,
que contém os nucleos espermaticos masculinos necessarios para a fertilizacdo (RAVEN et
al., 2001). A exina € a camada mais externa do grdo de pdlen e € rica em uma substancia
denominada esporopolenina. A composicdo da esporopolenina é incerta; trata-se de uma
mistura complexa de biopolimeros, impermedveis e resistentes a deterioracdo
(ROULSTON;CANE, 2000). A exina é normalmente perfurada por poros que levam a
camada mais interna, a intina. A intina é rica em celulose e pectina e forma a Gltima barreira
antes do rico citoplasma do grdo de polen (ROULSTON;CANE, 2000). Em plantas
polinizadas majoritariamente por insetos, o grdo de p6len é normalmente produzido com uma
camada externa adicional, o polenkitt, que apresenta propriedades adesivas e € composta
basicamente por lipideos (PACINI; HESSE, 2005).

O transporte dos grdos de pdlen da parte masculina (estames) de uma flor para a parte
feminina (estigma) da mesma ou de outra flor € chamado de polinizagdo (RAVEN et al.,
2001). Por garantir a polinizagcdo ou, reproducdo sexuada de muitas plantas, as abelhas sdo
fundamentais para a conservagdo e perpetuacdo de diferentes ecossistemas naturais. Em
contrapartida, como polinizadores, as abelhas se beneficiam dos nutrientes do grdo de pdlen
para sua alimentacdo e crescimento da col6nia (PASQUALE et al., 2013).

O polen (aglutinagédo de gréos de polen) e um alimento de alto valor nutricional devido

a sua riqueza de constituintes, que incluem proteinas, aminoacidos, lipideos, carboidratos, sais



minerais, vitaminas e flavonoides (SOUZA et al., 2004; ALMEIDA-MURADIAN, 2005;
SILVA et al., 2006; VANDERPLANCK et al., 2014; REBELO et al., 2016;). A composi¢ao
nutricional de um dado polen varia fortemente com a espécie da planta de origem e sua
localizagdo geografica, além de depender de outros fatores como condi¢fes climaticas e tipos
de solo (ROULSTON;CANE, 2000; FEAS et al., 2012). O polen é altamente recomendado
como suplemento alimentar da dieta humana e algumas de suas propriedades terapéuticas ja
foram evidenciadas em estudos cientificos, tais como a antioxidante e a antimicrobiana
(KROYER; HEGEDUS, 2001; SILVA et al., 2006; FEAS et al., 2012).

Apesar de o poélen fornecer praticamente todos 0s nutrientes necessarios para o
desenvolvimento e manutencdo das colbnias das abelhas, ele normalmente ndo € consumido
em seu estado bruto, sendo primeiramente maturado dentro do ninho (GILLIAM et al., 1990;
HUMAN; NICOLSON, 2006; VOLLET-NETO et al., 2016). A transitoriedade das flores
frente as estacGes do ano é um fator crucial para a estocagem e consequente maturacdo do
pélen nos ninhos (ANDERSON et al., 2011) e, além disso, algumas hipéteses justificam a
necessidade da transformacdo quimica e armazenamento do pdélen, como por exemplo, a
resisténcia da parede celular do polen a digestdo ou a conveniéncia de se misturar
previamente grdos de pdlen de origens variadas para se obter maior diversidade nutricional
(MATTILA et al., 2012; ECKHARDT et al., 2013).

A maturacdo do pdlen dentro da coldnia da abelha é visualmente notada pela alteracéo
de suas caracteristicas fisico-quimicas (sabor, odor, cor e textura). Em alguns casos as
diferencas entre o pélen coletado da planta e o pdlen maturado também se expressam em
termos nutricionais e quimicos, com variacdes nas concentracdes de lipideos, agucares, e
proteinas bem como alteracdes de pH e umidade (HERBERT & SHIMANUKI, 1978; LOPER
et al., 1980; STANDIFER et al., 1980; HUMAN & NICOLSON, 2006). Mas, nem sempre a
maturagdo do pdlen parece ser acompanhada de um incremento nutricional do produto
estocado ou do aumento da sua digestibilidade (HERBERT & SHIMANUKI, 1978;
FERNANDES-DA-SILVA & SERRAO, 2000, ANDERSON et al., 2014).

E proposto que no processo de maturacdo do polen em sabura microrganismos sejam
0s responsaveis pela conversdo, biodisponibilizacdo e/ou preservagdo dos nutrientes do polen,
principalmente por meio de processos fermentativos. Esses microrganismos podem ter origem
ambiental e/ou serem inoculados pelas abelhas, por meio da saliva e néctar regurgitado
(GILLIAM et al., 1979; LOPER et al., 1980; GILLIAM et al., 1990; GILLIAM, 1997;
VASQUEZ & OLOFSSON, 2009; ANDERSON et al., 2011; MATILLA et al., 2012). Em
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abelhas Apis mellifera (Apini; Apinae; Apidae; Apoidea; Hymenoptera; Insecta), Vasquez e
Olofsson (2009) sugerem que as Bactérias do Acido Lactico (BAL) exercem um papel chave
neste processo. Adicionalmente as BAL, outros grupos bacterianos ja foram descritos como
associados ao polen estocado de A. mellifera, como por exemplo, Actinobacterias e bactérias
entéricas (MATTILA et al., 2012; ANDERSON et al.,2013; ANDERSON et al., 2014).

Em trabalhos pioneiros, Gilliam e colaboradores (1979; 1990) ja relatavam a
importancia de fungos e bactérias do género Bacillus na producdo do poélen, inclusive para a
abelha sem ferrdo Melipona fasciata. No entanto, a maioria dos estudos sdo focados nas
abelhas do género Apis e, se considerarmos as abelhas do género Melipona, hd uma grande
defasagem de dados referentes a composi¢do microbiolédgica do alimento polinico e de outros
elementos do ninho. Fato que nos alerta para a necessidade de estudos voltados para este
grupo tdo importante para os ecossistemas brasileiros (CARVALHO-ZILSE; NUNES-
SILVA, 2012). O conhecimento da microbiota associada ao pélen de Melipona além de
auxiliar no entendimento do processo de maturacdo do mesmo, que € importante para a
manutencdo e desenvolvimento das coldnias, tem implicacBes diretas no manejo, controle e

conservacao dessas abelhas.

2.3. Relagdes simbidticas entre abelhas e microrganismos

Microrganismos sdo protagonistas de relagdes simbi6ticas complexas e diversas que
podem afetar diretamente os processos vitais dos hospedeiros aos quais estdo relacionados. O
dueto formado por insetos e microrganismos exemplifica bem a magnitude das relacdes
simbioticas: a classe Insecta compreende o maior e mais abrangente grupo de animais na
Terra e, estima-se que de 15% a 20% de todas as espécies de insetos mantém associaces
persistentes com microrganismos simbiontes (FELDHAAR; GROSS, 2009). Estes simbiontes
permitem que os insetos ampliem seu potencial nutricional e/ou mecanismos de defesa e
possibilitam melhores respostas fisiologicas as adversidades do meio ambiente (DILLON;
DILLON, 2003; FELDHAAR; GROSS, 2009). Essa variedade de interacfes parece ser a
chave para o enorme sucesso adaptativo dos insetos a incontaveis ecossistemas (ALCAIDE et
al., 2015; FLOREZ-PATINO et al., 2015; SALEM et al., 2015).

As relagdes simbidticas mediadas por microrganismos sdao normalmente classificadas
em funcdo do tipo de interagdo com seu hospedeiro: intracelular ou extracelular, obrigatoria
ou facultativa (KIKUCHI, 2009), extracorpérea (ectosimbiontes) ou pelas formas

especializadas de simbiose, como os sistemas de “agricultura” (SCHULTZ; BRADY, 2008;
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YUKI et al., 2015). O estudo dessas relacbes normalmente é focado nos dois integrantes da
interagdo: o simbionte e o seu “hospedeiro”. Em insetos sociais, no entanto, as interacdes
simbioticas sdo mais complexas e devem ser analisadas em um contexto mais amplo: o da
colénia/ninho. As coldnias de insetos sociais sediam organismos intimamente ligados a um
complexo e dindmico sistema de interacOes entre fatores bioticos e abioticos, de forma a
proteger as futuras geracOes e preservar e/ou processar estoques de alimento (TURNER,
2000; HUGHES et al., 2008; ANDERSON et al., 2011). As colbnias de insetos sociais e seus
(micro) organismos podem ser caracterizados, neste contexto, como uma unidade ou um
“super organismo” (TURNER, 2000), um conceito que nos permite entender e explicar as
organizagcBes de insetos sociais em nivel da col6nia e ndo somente do individuo
(BIESMEIJER, 1997).

Os topicos a seguir trazem informacdes baseadas, em sua maioria, nas abelhas do
género Apis, pois, como ja comentado, grande parte dos estudos envolvendo microbiota de
abelhas se concentra neste grupo.

2.3.1. Bactérias associadas ao pélen e alimento larval

A presenca de bactérias, especialmente do género Bacillus, bem como de fungos e
leveduras, em provisdes alimentares de colmeias de Apis mellifera foi inicialmente
demonstrada nas décadas de 70 e 80, por métodos dependentes de cultivo (revisados em
Gilliam, 1997). Estes trabalhos forneceram uma perspectiva importante sobre o mundo
microbiano da colméia, mas, nos anos subsequentes, o advento e aprimoramento de técnicas
independentes de cultivo (clonagem, tecnologias de sequenciamento) possibilitaram uma
melhor elucidagéo da microbiota da abelha e da colonia (MATTILA et al., 2012).

De um modo geral, o polen corbicular de abelhas do género Apis possui grupos
bacterianos tipicamente encontrados em sedimentos, solos, flores e raizes, como
Gammaproteobacteria, Actinomicetos e Enterobacterias (MATIILA et al., 2012
ANDERSON et al., 2013; CORBY-HARRIS et al., 2014), enquanto o p6len armazenado nas
col6nias é especialmente abundante em bactérias do acido-lactico (BAL) como as do género
Lactobacillus (destaque para a espécie Lactobacillus kunkeei) (VASQUEZ; OLOFSSON,
2009; ANDERSON et al., 2013; ANDERSON et al., 2014). A presenca de bacterias
acidofilicas no polen armazenado na col6nia é um reflexo — sendo a causa- da acidez tipica do
polen pos maturacdo (pH entre 3,0 e 4,0) (ANDERSON et al., 2011; REBELO et al., 2016).
Outros grupos de bactérias encontrados no polen, como Bradyrhizobiaceae e
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Xanthomonadaceae, ndo possuem origem definida e podem refletir os varios microambientes
visitados pela abelha ou ainda serem oriundos da prépria abelha (ANDERSON et al., 2014).
Bactérias derivadas do trato digestorio de abelhas A. mellifera também sdo normalmente
encontradas nas comunidades bacterianas do polen armazenado e do pélen corbicular, mas
suas respectivas proporgdes nessas comunidades ainda ndo sdo bem definidas e variam entre
diferentes amostras e locais de coleta (VASQUEZ; OLOFSSON, 2009; ANDERSON et al.,
2014; CORBY-HARRIS et al., 2014).

Analogamente, para abelhas sem ferrdo as primeiras evidéncias para a presenca de
bactérias no pdlen foram obtidas por métodos dependentes de cultivo (MACHADO, 1971).
Bactérias do grupo Bacillus foram detectadas em estoques de pélen e de alimento larval de
Melipona quadrifasciata e no alimento larval de outras treze espécies de abelhas sem ferréo
(MACHADO, 1971). Espécies de Bacillus foram também reportadas em provisdes
alimentares (mel, polen e alimento larval) de Melipona fasciata (GILLIAM et al., 1990). No
entanto, os estudos acerca das bactérias associadas as abelhas sem ferrdo e seus ninhos néo

avancaram muito desde entdo (VIT et al., 2013).

2.3.2. Bacteérias associadas ao intestino

Estudos independentes mostram que o intestino da abelha operéria da espécie Apis
mellifera apresenta um conjunto consistente de oito a dez clusters (grupos) de bactérias
(Tabela 1) JEYAPRAKASH et al., 2003; COX-FOSTER et al., 2007; BABENDREIER et
al., 2007; SABREE et al., 2012; MARTINSON et al., 2011; CORBY-HARRIS et al., 2014;
ENGEL et al., 2016), as quais estdo sendo melhor investigadas quanto aos seus efeitos na
salde e doenca das populacBes de abelhas Apis sp. Estes clusters estdo presentes na grande
maioria dos individuos de Apis mellifera e representam de 95 a 99,9% da comunidade
bacteriana intestinal (MORAN et al., 2012) - embora as proporc¢Ges dos diferentes clusters
variem entre individuos (SABREE et al., 2012).

Entende-se por Cluster de espécies ou filotipos grupos que contenham cepas ou
espécies de bactérias filogeneticamente relacionadas (monofiléticas), as quais desempenham o
mesmo nicho ecologico (KWONG; MORAN, 2016), visto que o conceito de “espécie” em
procariotos € de dificil consenso. Em estudos taxonémicos baseados no 16S rDNA, estes
clusters normalmente compartilham 97 % ou mais de identidade entre suas sequéncias e sao
agrupadas nas chamadas Unidades Taxonémicas Operacionais (OTU) (KWONG; MORAN,
2016).
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Tabela 1. Bactérias dominantes da microbiota intestinal da abelha Apis mellifera.

Bactéria Filo Hospedeiro Caracteristicas
Snodgrassella alvi Proteobacteria Apis, Bombus Abundante. Forma biofilmes
Gilliamella apicola Proteobacteria Apis, Bombus Abundante. Fermentadores.
Lactobacilllus spp. Firm-4 Firmicutes Apis, Bombus, Meliponini Abundante. Fermentadores.
Lactobacillus spp. Firm-5 Firmicutes Apis, Bombus, Meliponini Abundante. Fermentadores.
Frischella perrara Proteobacteria Apis Raras. Filogeneticamente

préxima a Gilliamella.

Bartonella apis Proteobacteria Apis Raras.

Parasaccharibacter apium Proteobacteria Apis, Bombus Raras. Podem crescer na geléia
real.

Bifidobacterium spp. Actinobacteria Apis, Bombus, Meliponini Raras. Fermentadores.

Espécies do grupo Proteobacteria Apis Raras.

Gluconobacter (Alpha 2.1.)

KWONG; MORAN, 2013; KWONG; MORAN, 2016; ENGEL et al., 2016.

A descricdo da microbiota presente no intestino da A.mellifera foi corroborada por
diferentes estudos envolvendo abelhas meliferas de varias partes do mundo (BABENDREIER
et al., 2007). Essa consisténcia na composicdo bacteriana sugere que as abelhas Apis mellifera
coevoluiram simbioticamente com algumas ou todas as bactérias dominantes de seu intestino
e, que, essas associacles sdo principalmente mantidas e transferidas entre geracdes de abelhas
e ndo adquiridas do meio ambiente (MARTINSON et al., 2011). Corroborando essa hipotese,
as bactérias dominantes do intestino de A.mellifera sdo majoritariamente anaerdbias
facultativas ou microaerofilas; ou seja, dificilmente habitam os ambientes da colbnia e
provavelmente dependem das interacdes sociais para serem transmitidos de hospedeiro para
hospedeiro (KWONG; MORAN, 2016). Estudos metagenébmicos e metatranscriptdmicos
revelam que esses microrganismos intestinais possuem genes envolvidos com a digestdo do
polen (ex. pectinases), biossintese de nutrientes, neutralizacdo de toxinas e imunidade contra
patdgenos (ENGEL et al., 2012; LEE et al., 2015). Grande parte da microbiota intestinal de
A.mellifera carrega genes envolvidos com a fermentacdo de carboidratos, condizente com a
dieta dessas abelhas (néctar, mel e pdlen) (TAMARIT et al., 2015; KWONG; MORAN,
2016).

A microbiota intestinal de Apis mellifera segue uma distribuigdo especifica ao longo

do trato digestorio (revisado por KWONG; MORAN, 2016). A porcdo anterior do intestino ou
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papo de mel (lugar onde a abelha transporta e armazena o néctar) apresenta poucas bactérias,
principalmente espécies membros da familia Enterobacteriaceae e as espécies Lactobacillus
kunkeei e Parasaccharibacer apium tipicamente encontradas nos microambientes da colmeia.
Da mesma forma, o intestino médio é pouco colonizado por bactérias, as quais se encontram
principalmente na regido de transicdo entre o intestino médio e intestino posterior (piloro). A
maior parte da comunidade bacteriana intestinal das abelhas Apis concentra-se no intestino
posterior (ileo e reto): aproximadamente 99% de todas as bactérias da abelha adulta residem
no intestino posterior (KWONG; MORAN, 2016).

Enquanto certos grupos de bactérias intestinais parecem ser restritos ao seu hospedeiro
A. mellifera, tais como a Bartonella apis e a Frischella perrara (KWONG; MORAN, 2016),
outros clusters bacterianos também estdo presentes em abelhas corbiculadas, como
demonstrado para as abelhas do género Bombus (Bombini; Apinae; Apidae; Hymenoptera;
Insecta) (KOCH; HEMPEL, 2011). Em contraste, abelhas solitarias e abelhas sociais nédo-
corbiculadas parecem ndo compartilhar dessa microbiota especializada; ao contrario,
apresentam uma microbiota intestinal composta basicamente por bactérias de origem
ambiental (MARTINSON et al., 2011; MCFREDERICK et al., 2012; MCFREDERICK et al.,
2014). Tais diferencas sugerem que o grupo das abelhas corbiculadas compartilha de uma
historia evolutiva comum, também no que diz respeito a aquisicdo e manutencdo de sua
microbiota intestinal (MARTINSON et al., 2011; MCFREDERICK et al. 2014). No entanto,
ndo ha informacdo suficiente sobre a microbiota da maioria dos grupos de abelhas existentes
para que as relaces filogenéticas sejam exploradas também sob a 6tica microbioldgica.

Até o momento, poucos trabalhos abordaram, de alguma perspectiva, a microbiota
intestinal de abelhas sem ferrdo da tribo Meliponini: CRUZ-LANDIM, 1996- Melipona
quadrifasciata, VASQUEZ et al., 2012 — Melipona Beecheii, KOCH et al., 2013 - Melipona
panamica, Meliponula bocandei LEONHARDT; KALTENPOTH 2014- Tetragnula
carbonaria, Tetragonula hockingsii e Austroplebeia australis e DIAZ et al., 2016 — Melipona
quadrifasciata (ocorre no Brasil). Em margo deste ano (2017), um estudo pioneiro apresentou
uma abordagem comparativa da microbiota intestinal de abelhas corbiculadas de diferentes
continentes (KWONG et al., 2017). O estudo abrangeu dez espécies de abelhas da tribo
Meliponini, sendo duas de ocorréncia no Brasil, pertencentes ao género Trigona. Permanecem
escassos, para ndo dizer inexistentes, 0s registros de microbiota intestinal para as abelhas sem
ferrdo nativas da Amazonia, regido que abriga a maior diversidade de meliponineos do

mundo.
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2.4. Métodos de estudo de diversidade bacteriana

O estudo da composicao e estrutura de comunidades microbianas ndo é uma questéo
trivial. As metodologias disponiveis para identificacdo taxonémica de microrganismos sejam
elas baseadas em métodos dependentes ou independentes de cultivo possuem limitacGes. Em
termos de cultivo bacteriano, é ainda dificil prover todas as condigdes apropriadas para
inducdo do crescimento de microrganismos fastidiosos (SUENAGA, 2012). Estima-se que
apenas de 1 a 10% dos microrganismos ambientais ja tenham sua forma de cultivo
determinada (RAPPE; GIOVANNONI, 2003; HANDELSMAN, 2004; SINGH et al., 2009).

O desenvolvimento de técnicas independentes de cultivo ultrapassou a necessidade de
isolamento prévio do microrganismo representando um grande avanco para os estudos de
diversidade microbiana, inaugurando a era metagenémica (SUENAGA, 2012; MATTILA et
al.,, 2012). O termo metagendbmica, ou analise genbmica de uma populacdo de
microrganismos, refere-se a analise de material genético obtido a partir de uma mistura de
populacbes microbianas de origem ambiental, das quais o DNA ou RNA extraido é
representativo do coletivo de microrganismos ali presentes (HANDELSMAN et al., 1998). A
clonagem do DNA microbiano total de um dado ambiente em vetores plasmidiais permitiu o
acesso a informacGes funcionais e filogenéticas de comunidades microbianas até entdo nao
estudadas (HANDESLMAN, 2004). De grande importancia neste cenario, os trabalhos
pioneiros de Carl Woese evidenciando os genes codificadores do RNA ribossomal como
“cronometros moleculares” foram fundamentais para a sistematizagdo dos métodos de
identificacdo e classificacdo bacteriana (FOX et al., 1977).

Recentemente, as tecnologias de Sequenciamento de Nova Geragdo (SNG)
revolucionaram os estudos de diversidade microbiana com a possibilidade de se analisar
milhGes de fragmentos de DNA. A alta cobertura dessas tecnologias permite que a estrutura
microbiana de uma dada amostra ambiental seja revelada minuciosamente, incluindo os
microrganismos menos abundantes (MARDIS, 2008). Ainda assim, os métodos moleculares
de estudo de diversidade microbiana utilizados para 0 SNG, como a amplificagcdo do gene
16SrRNA utilizando primers universais, podem incluir viés nos resultados que culminem em
distor¢des na identificacdo da comunidade microbiana analisada (MAO et al., 2012). Além
disso, as sequéncias obtidas por NGS sdo pequenas em extensdo (até 400pb no maximo) e
algumas vezes insuficientes para a resolucdo taxondmica.

Trabalhadas em conjunto, as abordagens de identificagdo microbiana se completam e

permitem uma caracterizagdo mais consistente da diversidade de microrganismos de um dado
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material, bem como de seu potencial biotecnolégico. Nesta perspectiva, as comunidades
bacterianas associadas as abelhas podem ser acessadas por meio da associacdo do
isolamento/cultivo com o SNG. Enquanto o sequenciamento permite a elucidacéo taxonémica
da diversidade dos grupos bacterianos presentes, 0 método de isolamento possibilita 0 acesso
as caracteristicas bioquimicas e fisioldgicas dos grupos cultivavéis, bem como 0 acesso as

moléculas bioativas produzidas por esses microrganismos.
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3. OBJETIVOS

3.1. Objetivo geral

O objetivo deste projeto foi elucidar as comunidades bacterianas associadas as

provisbes alimentares & base de pdlen e ao intestino da abelha amazbnica Melipona

seminigra, com a finalidade de se conhecer melhor os microrganismos envolvidos com a

dindmica de producdo e preservacdo do polen na colbnia, vislumbrando aplicacdes

biotecnologicas.

3.2. Objetivos especificos

1.

Descrever a diversidade das comunidades bacterianas associadas ao polen e ao alimento
larval de Melipona seminigra.

Testar se hd uma sucessdo microbiana ao longo do processo de armazenament e
maturacgdo do pdlen na col6nia.

Acessar a culturabilidade, isolar e identificar as bactérias associadas ao pdlen de potes
abertos e fechados da colénia e ao alimento larval de Melipona seminigra.

Avaliar o potencial de producéo de enzimas hidroliticas das bactérias cultivadas.
Selecionar os isolados bacterianos com melhor atividade enzimatica.

Elucidar a microbiota bacteriana associada ao intestino da abelha Melipona seminigra e
comparar a composi¢do bacteriana das trés partes do intestino (anterior médio e posterior).
Verificar se a composicdo bacteriana do intestino de Melipona seminigra é afetada pela
localizacdo geografica do meliponario (area urbana versus area natural).

Verificar se existe uma relacéo entre a microbiota do intestino da abelha com a microbiota

associada ao polen armazenado dentro da coldnia.
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4. MATERIAL E METODOS

4.1. Area de estudo

As amostras de pdlen, alimento larval e abelhas utilizadas neste trabalho foram
provenientes de colbnias de abelhas da espécie Melipona seminigra mantidas no meliponério
urbano do Grupo de Pesquisas em Abelhas (GPA) do Instituto Nacional de Pesquisas da
Amazonia (INPA) (Manaus-AM, Brasil, 03° 05 50.91”’S, 59°59’ 06.32”W). O meliponario
esta situado no Bosque da Ciéncia — campus sede do INPA, Manaus-AM- que compde um
fragmento florestal urbano de mata secundaria com 130 mil m? (http://bosque.inpa.gov.br/); o
meliponario conta com 28 colénias de Melipona seminigra dispostas lado a lado numa area de
12.25 x 7.4 metros (Figura 3). O meliponario possui também 52 caixas de abelhas da espécie
Melipona interrupta. Ha outra area de fragmento florestal situado proximo ao meliponario: a
area da Universidade Federal do Amazonas (UFAM), com 6,7 milhdes de metros quadrados -
o terceiro maior fragmento verde em &rea urbana do mundo e o primeiro do pais. Nela sdo
encontradas varias espécies da fauna - como preguicas, pacas, sauins-de-coleira - e da flora,
em meio a uma grande porcdo de mata virgem (http://www.ufam.edu.br).

Amostras de abelhas da espécie Melipona seminigra foram também coletadas de um
meliponario rural situado no Ramal do Brasileirinho, na propriedade do Sr. José Carvalho
Coutinho, Sitio Renascer S/N (Manaus-AM, Brasil, 03° 00” 27.20”* S; 59° 51 49.23”W)
(Figura 4). A comunidade do Brasileirinho encontra-se no limite da cidade com as bordas da
floresta Amazonica e é formada por propriedades agroflorestais (sitios) circundadas por areas
de floresta priméria e secundaria. Nas propriedades sdo encontradas diversas espécies nativas,
como acai, mamao, pupunha e cupuacu, além de plantacdes de espécies exdticas como manga,

banana e jambo.
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Figura 3. Vista frontal e lateral do meliponario do Grupo de Pesquisas em Abelhas
(GPA) instalado no INPA (Manaus-AM).

Figura 4. Meliponério rural do ramal do Brasileirinho (Manaus-AM), Sitio Renascer,
proprietario Sr. José Carvalho Coutinho.

4.2. Coleta do material bioldgico

No meliponario do GPA-INPA, amostras de pdlen corbicular (PC), de pdlen
armazenado (saburd) em potes abertos (PPA) e fechados (PPF) e de alimento larval (AL)
foram coletadas de 10 col6nias/caixas de Melipona seminigra (Figura 5 e Apéndice A e
Apéndice B).

O pélen corbicular foi coletado manualmente, com uso de luvas de procedimento, a
partir da interceptacdo de abelhas vindas do forrageamento, na entrada de cada colonia. Uma
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tela de ago com pequenos furos foi colocada na entrada da col6nia para atrasar a entrada da
abelha e facilitar a intercep¢do da mesma (Figura 5, PC). O polen armazenado nos potes
dentro das colbnias foi coletado a partir de duas condicBes: A) pote aberto com
preenchimento de pélen até a metade do volume do mesmo (PPA) e B) pote fechado (PPF). O
polen foi amostrado do pote por meio de duas a trés insercOes verticais de ponteiras de
1000uL estéreis de pontas cortadas, a fim de coletar pdlen de todas as camadas no pote
(Figura 5, PPA e PPF). Para a coleta do alimento larval, discos de cria foram removidos de
cada coldnia e os alvéolos de cria foram abertos em fluxo laminar para recolhimento do
alimento larval (Figura 5, AL). O alimento larval (composto por polen, néctar e secre¢des)
foi removido das células com auxilio de pipeta automatica, sendo 0s ovos primeiramente
removidos com uma pinca esteéril.

A amostragem do material biologico baseou-se na coleta de aproximadamente 2,0g de
cada tipo de material por coldnia, com agrupamento de material de diferentes potes ou células
de cria (1 pool para cada tipo de material por colénia). Para o p6len corbicular, um total de
abelhas operérias suficientes para a coleta de aproximadamente 1,0g de pélen foi interceptado
por colénia. O material coletado foi acondicionado em tubos plasticos estéreis, no gelo, até a
abertura em camara de fluxo laminar para homogeneizacdo dos pools e divisdo do material
em microtubos. Os microtubos contendo as amostras foram imediatamente encaminhados
para as analises ou armazenados em freezer a -80°C até o momento do uso. As coletas do
material bioldgico foram realizadas na estacdo chuvosa, entre os meses de dezembro de 2014
e janeiro de 2015, com excecao do pdélen corbicular, cuja coleta se estendeu até agosto de
2015.

Para a obtengdo dos intestinos das abelhas, foram coletados cinco individuos de
abelhas campeiras de cada colbnia, total de cinco colénias por localidade (Ramal do
Brasileirinho e GPA), somando um total de 50 abelhas, as quais foram dissecadas para a
remogdo do intestino. O desenho experimental do estudo da microbiota intestinal esta

esquematizado na Figura 6. As abelhas foram coletadas no més de junho de 2016.
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Melipona seminigra

Coldnia/caixa- N=10 Coleta do pdlen armazenado em potes de cerume dentro da colénia:

POLEN DE POTE ABERTO (PPA
POLEN DE POTE FECHADO (PPF

Abertura dos alveolos de cria para a coleta do ALIMENTO LARVAL (AL)

Intercep¢do da entrada do ninho com uma tela de ago pata a coleta do

POLEN CORBICULAR (PC)

Figura 5. Esquema da coleta de material biolégico de colénias de Melipona seminigra do meliponario do Grupo de Pesquisas em Abelhas (GPA-INPA,
Manaus-AM). As abelhas de cada coldnia sdo mantidas em caixas padronizadas, as quais sdo formadas por modulos de madeira e subdivididas em alcas denominadas

melgueira, sobreninho, ninho e lixeira.



Desenho experimental:

MELIPONARIO GPA-INPA (ambiente urbano)

N=5 coldnias de Melipona seminigra

S abelhas coletadas->1 poolde cada parte do intestino por coldnia

3 pools por coldnia (anterior/médio/posterior) X 5 colonias = 15 amostras

RAMAL DO BRASILEIRINHO (ambiente agroflorestal):

N=5 coldnias de Melipona seminigra

5 abelhas coletadas -> 1 poolde cada parte do intestino por coldnia

3 pools por coldnia (anterior/médio/posterior) X 5 coldnias = 15 amostras

TOTAL: N = 10 colénias: 30 amostras s
10 intestino anterior/ 10 intestino médio / 10 intestino posterior

Procedimentos:

1°. Coleta de cinco abelhas por colénia

2°. Dissecac¢do de cada abelha individualmente, remocdo do trato intestinal e divisdo
em trés partes (intestino anterior, intestino médio e intestino posterior).
3°. Agrupamento das partes do intestino por coldnia: pool de cinco intestinos
anteriores, pool de cinco intestinos médios e pool de cinco intestinos posteriores.

4°. Encaminhamento para a extragdo de DNA metagendmico.

oo Mot
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Figura 6. Esquema do desenho experimental utilizado para o estudo da microbiota intestinal de operarias de Melipona seminigra, de colénias
mantidas em meliponario urbano (GPA-INPA) e rural (Ramal do Brasileirinho), Manaus-AM.
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4.3. Analise da diversidade bacteriana do pdlen e do alimento larval por NGS

Para elucidar a diversidade de microrganismos associados ao polen (PC, PPA e PPF)
e alimento larval (AL) de Melipona seminigra, foi utilizado o método de sequenciamento de
nova geracdo (NGS, do inglés Next Generation Sequencing), o qual tem potencial de revelar
com profundidade as sequéncias microbianas de uma dada amostra. Nesta abordagem, as
amostras de podlen e alimento larval foram diretamente submetidas a extracbes de DNA
microbiano, sem passar por cultivo prévio. Foram utilizadas dez coldnias e as quatro
condicdes coletadas de cada col6nia (PC/ PPA/ PPF/ AL), com excecao do pélen corbicular
(PC), para o qual foram utilizadas amostras de apenas trés colonias, pois ndo se obteve massa
suficiente para a extracdo de DNA das outras colonias e/ou as extragcdes ndo renderam DNA
de qualidade.

4.3.1 Extracdo de DNA microbiano total

Para a extracdo do DNA dos microrganismos associados aos polens corbicular e de
pote e alimento larval, aproximadamente 0,4 g de cada amostra foi ressuspendido em 1 mL de
tampdo TEN (20 mM Tris-HCI, 2 mM EDTA, 1% tritonX-100 pH 8.0) e homogeneizado em
vortex por 3 minutos. As amostras foram entdo centrifugadas por 15 segundos em baixa
velocidade (2500 g) e o sobrenadante foi transferido para um novo microtubo de 1,5mL e
centrifugado a 12.000 g, 4 °C por 20 minutos para a sedimentacdo das células bacterianas. A
amostra foi submetida a quatro ciclos de lavagem em tampdo TEN para aumentar o
desprendimento das células bacterianas do polen/alimento larval, de acordo com o proposto
por Corby-Harris et al. (2014) e Anderson et al. (2014). Ao pellet celular obtido foram
adicionados 350 uL de beads de vidro (Glass beads 0.5mm — cat# 11079.105) e TEN
recuperado das lavagens e submetido a 20 minutos de vortex para a lise celular. O
sobrenadante dessa etapa foi recuperado em um novo tubo e centrifugado novamente a 12.000
g, 4 °C por 30 minutos, rendendo um pellet que foi submetido a extracdo do DNA pelo kit
Purelink™ Genomic DNA mini kit (Invitrogen™) conforme protocolo para bactérias gram-
positivas (adicdo de enzima lisozima). A qualidade e quantidade do DNA obtido foram
analisadas por eletroforese em gel de agarose a 0,8% e leituras no fluorimetro Qubit 2.0

(Thermo Fisher™) respectivamente.
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4.3.2. Preparo da biblioteca de amplicons

O DNA extraido das amostras foi amplificado pela Rea¢do em Cadeia da Polimerase,
a partir de oligonucleotideos iniciadores de DNA (primers) desenhados com base nas
sequéncias de nucleotideos que compdem as regides variaveis V1 e V2 do gene bacteriano 16S
rRNA (ANDERSON et al., 2014; CORBY-HARRIS et al., 2014) (figura 7). Estes primers
foram sintetizados de acordo com o método PCR de fusdo (fusion PCR method),
recomendado pelos protocolos do lon Torrent (ThermoFisher Scientific™). O PCR de fusdo
permite que os amplicons gerados possuam sequéncias adaptadoras “A ¢ P1” necessarias para
a reacdo de sequenciamento no lon Torrent, além de sequéncias barcodes para a identificacdo
das diferentes amostras. Esses adaptadores estdo no terminal 5’ adjacentes as sequéncias-alvo,
nos primers forward (A) e reverse (P1) respectivamente (Figura 7). As reacGes de PCR
foram montadas a partir da mistura de DNA total obtido de cada amostra com os primers de
fusdo, dNTPs e os reagentes do kit Platinum Tag DNA polymerase High Fidelity-
ThermoFisher Scientific™ (enzima 5U/uL, 10X High Fidelity Buffer- 600 mM Tris-SOa4, pH
8.9, 180 mM NH4SO4 e 50 mM MgSOs). As condigdes de ciclagem foram as seguintes: 95 °C
por 30 segundos, seguido por 28 ciclos de 94 °C por 15s, 61 °C por 15s e 68 °C por 30s, e
extenséo final a 68 °C por 5 minutos. Os fragmentos de DNA amplificados, esperados na faixa
de 400pb, foram visualizados em gel de agarose a 1,0%.
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1) Gene 168 rRNA
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2)

Adaptador —P1 Primer Reverse —V2 338R
5'- CCTCTCTATGGGCAGTCGGTGAT _Barcode TGCTGCCTCCCGTAGGAGT- 3/

Adaptador - A Primer Foward - V1 27F
5'- CCATCTCATCCCTGCGTGTCTCCGACTCAG Barcode AGAGTTTGATCCTGGCTCAG- 3

Figura 7. Primers para a amplificacdo parcial do gene 16S rRNA bacteriano
desenhados para sequenciamento em plataforma lon torrent. (1) Esquema do
gene 16S rRNA, onde as regifes conservadas estdo em verdes e as variaveis em
cinza. As setas indicam a regido de anelamento dos primers utilizados no preparo
da biblioteca de amplicons. 2) Par de primers forward e reverse, indicando as
posicdes e sequéncias dos adaptadores e regides-alvo de anelamento.

4.3.3. Purificacdo e quantificacdo das bibliotecas de amplicons

Os amplicons foram purificados dos residuos da reacdo da PCR por meio do kit
Agencourt AMPure XP (Beckman Coulter™), o qual utiliza beads magnéticas para a purificacao
do DNA de interesse. As bibliotecas de amplicons purificadas foram quantificadas por
fluorimetria no equipamento Qubit 2.0 (Thermo Fisher™) seguindo as recomendagdes do
fabricante. Ao total 33 bibliotecas foram preparadas: 10 de PPA, 10 de PPF, 10 de AL e 3 de PC.
Apos quantificacdo, as diferentes bibliotecas foram misturadas (pool) em quantidades

equimolares para 0 sequenciamento.

4.3.4. Sequenciamento na plataforma lon Torrent PGM

O sequenciamento na plataforma lon Torrent PGM e toda preparagdo amostral que
antecede o mesmo, foram feitos de acordo com os protocolos e recomendagdes do fabricante
(lon torrent- ThermoFisher Scientific). Em sintese, o pool de bibliotecas combinadas

(denominada template) € amplificado pelo método da PCR em emulsdo (amplificacdo clonal),
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0 qual se baseia em um sistema formado por milhGes de micro reatores em uma emulséo de
Oleo. Esses reatores contém todos 0s reagentes necessarios para uma reacdo de PCR e
pequenas esferas (lonSheres™) cobertas com a sequéncia complementar ao adaptador “A”-
presente no primer fusion- , o qual servira para fixacdo da sequéncia de interesse, enquanto o
adaptador P1 servira de iniciador para a reagdo da PCR. Apds a amplificacdo clonal, ha uma
etapa de enriquecimento, para eliminacdo de esferas vazias sem fragmentos amplificados, no
instrumento lon OneTouch (lon Torrent™/ ThermoFisher). O template enriquecido é entdo
submetido a uma corrida no sequenciador lon torrent (lon PGM™ System, ThermoFisher),

seguindo os parametros recomendados pelo fabricante.

4.3.5. Andlises de bioinformética

As analises de bioinformatica foram realizadas em colaboracdo com a Dra. Taina

Raiol, pesquisadora da FIOCRUZ, unidade Brasilia, Brasil. As sequéncias foram
avaliadas por qualidade e presenca de adaptadores por meio do programa FastQC v0.11.2
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) e sequéncias com tamanho
inferior a 100 pb e média de valores de qualidade PHRED <20 foram removidas com uso do
programa PRINSEQ. Scripts na linguagem de programacéo Perl foram desenvolvidos para a
separacao das sequéncias por amostra e remogéo de barcodes. A identificacdo destes foi feita
por matches exatos entre cada sequéncia analisada e as sequéncias de ambos os barcodes. A
analise de diversidade foi realizada utilizando o programa QIIME v1.8 - Quantitative Insights
Into Microbial Ecology (CAPORASO et al., 2010). As sequéncias que atenderam aos critérios
de classificacdo e qualidade foram alinhadas contra as sequéncias disponiveis no banco de
dados Greengenes pelo método PyNAST (CAPORASO et al., 2009). As sequéncias validas
foram classificadas em Unidades Taxon6micas Operacionais (UTOs) assumindo-se 97%
como valor limite de similaridade pelo método UCLUST. Curvas de rarefagdo foram geradas
para avaliacdo da riqueza de espécies por meio de amostragens de igual tamanho de cada
amostra e verificagdo do aumento no nimero de UTOs unicas por condigdo experimental. Os
dados obtidos foram submetidos a analise de diversidade alfa pelos indices de Shannon e
Chaol. Além disso, medidas de diversidade beta foram calculadas usando a técnica de
jackknife, que consiste na reamostragem de um subconjunto de dados de profundidade
referente a 75% da menor amostra, sendo produzidas 10 reamostragens (repeticdes) para cada
amostra. As matrizes de distancia para cada conjunto de dados foram calculadas com o

método UniFrac com peso (weighted-UniFrac) e sem peso (unweighted-UniFrac), sendo em
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seguida utilizadas como base para o0 agrupamento hierarquico com UPGMA (Unweighted Pair
Group Method with Arithmetic Mean) e componentes de PCoA (Principal Coordinates
Analysis), para avaliar o grau de variacdo entre as repeticdes e diferentes tipos de amostra,
exibida por elipses de confianca. Empregou-se o teste T para verificar diferencas
estatisticamente significativas entre os grupos. Para esta analise, as amostras foram agrupadas
por condigéo, alimento larval, pote aberto, pote fechado e corbicular. O pacote phyloseq do R
(McMurdie & Holmes, 2013) foi utilizado para as analises complementares em diferentes

niveis taxondmicos e representacdo grafica dos resultados obtidos.

4.4. Cultivo bacteriano dos p6lens de pote e do alimento larval

Para acessar a fracdo cultivavel da microbiota do polen e do alimento larval de
colbnias de Melipona seminigra, realizou-se o cultivo bacteriano do pdlen obtido de potes
abertos e fechados e do alimento larval obtidos de seis col6nias. O polen corbicular ndo foi
incluido nesses procedimentos, por ser obtido em pequenas quantidades. Anteriormente ao
cultivo das amostras, realizou-se um estudo piloto para padronizacdo das seguintes condicdes
de cultivo: (1) proporcao pélen/volume do veiculo (salina 0,9% NaCl m/v), (2) nimero de
diluicdes seriadas a serem adotadas e (3) temperatura de incubagéo. Os resultados dos ensaios
pilotos nédo estdo apresentados na tese, mas serviram como direcionamento para as condic¢oes
de cultivo aqui adotadas, descritas a seguir.

4.4.1. Preparo das diluicGes seriadas e plagueamento

De cada coldnia (N=6) utilizou-se um grama (1 g) do material homogeneizado de cada
condicdo (pdlen de pote aberto/ pélen de pote fechado/ alimento larval), o que gerou um total
de 18 amostras. Cada 1 g de amostra foi ressuspendido em 10 mL de solucdo salina estéril
(0.9% NaCl m/v) e homogeneizado em vdrtex por dois minutos (Figura 8). A partir da
solugdo-mae obtida, diluicBes seriadas foram feitas até a ordem de 10, das quais 100 pL
foram semeados pela técnica de spread plate em placas de petri contendo os meios de cultura
de uso geral Agar TSA (Tryptone soy Agar), Agar BHI (Brain Heart Infusion), Agar
Nutriente com concentracio reduzida a 50% e o meio de cultura Agar MRS (Man Rogosa
Sharpe), seletivo para Lactobacillus sp. As formulas dos meios de cultura utilizados estédo
descritas no apéndice C. As placas de petri de 20 cm de didmetro (288 unidades) foram
incubadas em estufa bacteriologica a 30 °C e foram monitoradas em intervalos de 24h para

observacao do crescimento bacteriano.
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Figura 8. Representacdo da metodologia utilizada para o cultivo bacteriano do p6len e alimento larval de seis colénias de Melipona seminigra
mantidas no meliponario GPA-INPA, Manaus-AM.

28



4.4.2. Medicao da temperatura e pH

A temperatura das amostras de pdlen e alimento larval foram medidas por meio de
Termo-higrometro digital com sensor duplo (Incoterm®). A afericdo do pH foi realizada por
meio da insercdo de eletrodo nas solucdes-mae das diluicGes seriadas (item 3.3.2), com

pHametro modelo PHS-3D — pH meter, Sanxin.

4.4.3. Contagem de bactérias

Transcorrido o tempo de incubagdo das culturas bacterianas (de 48 a 72 horas por
placa), realizou-se a contagem de bactérias totais e de morfotipos por placa e, posteriormente,
a estimativa do nimero de Unidades Formadoras de Col6nia por grama de amostra (UFC/g),
considerando o intervalo de 15 a 150 UFC como os limites de precisdo e repetibilidade.
Seguiu-se a seguinte formula para os calculos: “[UFC/g] = UFC observadas x fator de
diluicdo da placa x fator de correcdo do volume plaqueado (mL) (fator=10)", sendo o
resultado expresso em poténcia de 10. Como critério de contagem, adotou-se a média das
duas menores diluicGes de placas contendo o meio BHI &gar ou, em caso de valores abaixo
dos limites de precisdo, adotou-se a contagem da menor diluicdo de placa BHI. Em raras
excecdes, por auséncia de crescimento em placas BHI, adotou-se a placa de menor diluicdo de
meio TSA. O meio BHI foi escolhido para contagem por ter apresentado o melhor

crescimento bacteriano entre as col6nias.

4.4.4. 1solamento de Unidades Formadoras de Coldnia (UFC)

Os clones bacterianos morfologicamente distintos de cada placa cultivada foram
selecionados e subcultivados para a obtencdo de clones isolados. O isolamento foi realizado
por meio de estrias compostas e /ou de esgotamento do clone em placas de petri contendo o
mesmo meio de cultura de onde o clone foi originalmente obtido. As placas foram incubadas
de 24 a 72 horas a 30 °C. Apos o isolamento, confirmado por coloracdo de Gram, 0s repiques
de rotina passaram a ser realizados em meio de cultura Luria Bertani (LB). Os isolados foram
também analisados a olho nu para documentacdo das suas caracteristicas morfologicas tais

como: borda, didmetro, brilho, elevacdo e superficie, textura e cromogénese.

4.4.5. Preservacgao das bactérias
Os isolados bacterianos obtidos foram submetidos a séries de preservacdo em meio
soft (meio LB com Agar reduzido em 50%), em tubo inclinado (meio LB Agar em tubo falcon
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de 15 mL) e criopreservados em freezer a -80 °C, em solugdo de meio LB com glicerol
diluido a 25%.

4.4.6. Extracdo de DNA gendmico bacteriano

Para extragdo de DNA gendmico, os isolados bacterianos foram inoculados em 5 mL
de meio LB liquido e mantidos em incubadora com agitacdo a 30 °C e 150 rpm. Apos a
turbidez do meio, as culturas bacterianas foram centrifugadas a 12.000 g por 2 minutos e 0s
pellets celulares obtidos foram submetidos a extracio de DNA pelo método Fenol-
cloroférmio (SAMBROOK; RUSSEL, 2001), com a adi¢do de enzima Lisozima para a lise da
parede de bactérias Gram-positivas. A qualidade e quantidade do DNA obtido foram
analisadas respectivamente por eletroforese em gel de agarose a 0.8 % e por

espectrofotometria (Bio Spectrometer, Eppendorf).

4.4.7. Reacdo de amplificagdo do gene codificador do 16S rRNA

O gene codificador da subunidade menor do cistron ribossémico (16S rRNA) do DNA
extraido dos isolados bacterianos foi amplificado pela Reacdo em Cadeia da Polimerase
(PCR), a partir dos oligonucleotideos iniciadores (primers) 530F (5-TGA CTG ACT GAG
TGC CAG CMG CCG CGG -3 e 1492R (5°-TGA CTG ACT GAG AGC TCT ACC TTG
TTA CGM YTT-3") recomendados por Borneman e Triplett (1997), os quais amplificam o
gene entre as regides variaveis V3 e V9 e originam fragmentos de aproximadamente 1000
pares de bases. A amplificacdo foi realizada nas seguintes condicdes: desnaturacdo inicial a
95 °C por 2 minutos, seguido por 30 ciclos de 95 °C por 60s, 59 °C por 40s e 72 °C por 90s, e
extensdo final a 72 °C por 5 minutos. Os reagentes e suas respectivas concentracfes na reagdo
estdo descritos na Tabela 2. Os fragmentos de DNA amplificados foram visualizados em gel de
agarose a 0,8% e em seguida purificados com o kit Agencourt Ampure XP (beckman Coulter™)

de acordo com as recomendagcdes do fabricante.
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Tabela 2. Volume e concentragdo dos reagentes utilizados na reagdo de PCR.

Reagentes/ concentragao inicial Quantidade nareagdo  Concentragao final
Taqg DNA polimerase - Platinum® 5U/uL 0,15 pL 1U/reagédo
Tampao 10X 2,5puL 1X
MgCl2 50mM 1.0puL 2,0 mM
mix dNTPs 5,0mM 0,5 uL 0,1 mM de cada
Primer 530F 5uM 0,5 plL 0,1 uM
Primer 1492R 5uM 0,5 uL 0,1uM
DNA bacteriano 10ng/uL 1ul 0,4 ng/uL

25uL

4.4.8. Sequenciamento automatico de nucleotideos

O DNA purificado foi utilizado para o sequenciamento de DNA pelo método de
Terminacdo de cadeia (SANGER et al., 1977), utilizando o kit BigDye Terminator v3.1. As
sequencias foram determinadas em plataforma Applied Biosystems® 3500 e 3500xL Genetic

Analyzers (Life Technologies), seguindo as recomendacdes do equipamento.

4.4.9. Andlises de bioinformatica

As sequéncias obtidas foram analisadas e processadas por meio de ferramentas
disponiveis no programa CLC main workbench 7.6.4. (QIAGEN™). As sequéncias foram
avaliadas quanto a qualidade das bases (trimming) e em seguida o0 consenso das sequéncias
57-3" de cada isolado bacteriano foi montado, a partir do alinhamento das sequéncias obtidas
pelos primers foward e reverse no sequenciamento. O alinhamento comparativo das
sequéncias consenso foi realizado contra o banco de dados de nucleotideos GenBank por meio
da ferramenta BLAST (Basic Local Alignment Searching Tool) do National Center for
Biotechnology Information (NCBI) e paralelamente as sequéncias foram também comparadas
com o banco de dados do “Ribossomal Database Project” (RDP) para a classificacao

taxondmica.

4.5. Ensaios enzimaticos
Cento e treze isolados bacterianos (obtidos pelo item 4.4.4.) foram avaliados guanto ao

potencial de producdo das seguintes classes de enzimas hidroliticas: proteases, amilases,
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celulases e lipases. Anteriormente ao inicio dos ensaios de atividade, os isolados bacterianos
foram repicados, para ativagdo, em meio LB &agar e incubados a 30 °C até o aparecimento de
massa celular. Cada ensaio enzimatico foi realizado em triplicata, para cada isolado
bacteriano, sendo a bactéria avaliada quanto a producédo da enzima (positivo) ou ndo producéo
da enzima (negativo). O resultado final foi tomado como aquele que apareceu em pelo menos
duas repeticdes do ensaio. Do total de cento e treze bactérias, dezenove foram isoladas do
cultivo de amostras de alimento larval e noventa e quatro bactérias foram originadas do

cultivo de pdlen armazenado em potes abertos e fechados dentro das colénias.

4.5.1. Amilases
A atividade amilolitica foi verificada por meio do crescimento dos isolados
bacterianos em placas de petri contendo meio LB agar, reduzido em 1/4 dos seus
componentes e suplementado com amido de milho 1%, pH 7.0. As placas foram incubadas a
30 °C por 48h e a atividade enzimatica foi verificada por meio da formacdo de halos de
degradacdo do polimero, revelados por coloracdo com vapor de iodo (modificado de
ASTOLFI-FILHO et al., 1986).

4.5.2. Celulases (endoglucanases)

A producédo de enzimas celulases da classe endoglucanases foi avaliada a partir do
crescimento dos isolados bacterianos em placas de petri contendo meio LB &gar reduzido em
1/6 dos seus componentes e suplementado com carboximetilcelulose a 1% (CMC, sigma™),
pH 7.0 (modificado de GHOSE, 1987). As placas foram incubadas a 30 °C por sete dias. A
atividade enzimatica foi verificada pela formacdo de halos de degradacdo do polimero, 0s
quais foram revelados a partir da incubacéo das placas em solucdo Vermelho Congo 0,1%, pH
8,0, por 30 minutos e posterior lavagem em solucdo de NaCl 0,5 M por 5 minutos
(TEATHER; WOOD, 1982).

4.5.3. Lipases

A producdo de enzimas lipases foi verificada por meio do crescimento dos isolados
bacterianos em placas de petri contendo meio de cultura a base de azeite de oliva comercial
(marca Gallo) (3g/L Peptona, 2g/L extrato de levedura, 2g/L KoHPO4, 2g/L CaCl,, 1g/L
MgSOs, 10g/L Tween 80, 20g/L Azeite de oliva, 0,002g/L rodamina B e 18g/L &gar, pH 8-
8,5) (modificado de KOUKER; JAEGER, 1987). As placas foram incubadas a 30 °C por sete
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dias. A atividade enzimaética foi verificada pela formac&o de halos de degradacéo do polimero,
0s quais podem ser visualizados a olho nu pelo contraste gerado entre o halo e o corante rosa
rodamina B (KOUKER; JAEGER, 1987).

4.5.4. Proteases
A avaliacdo da producdo de proteases pelos isolados bacterianos foi feita a partir do
crescimento dos mesmos em placas de petri contendo meio de cultura a base de leite em pé
0.2% (marca Molico) e gelatina 0.1% como fontes proteicas (Extrato de levedura 2g/L,
gelatina 1 g/L, Leite molico 2 g/L e &gar 15 g/L, pH 7.0) (HANKIN; ANAGNOSTAKIS,
1975). As placas foram incubadas a 30°C por 48 horas e a atividade enzimatica foi
visualizada a olho nu pela formacdo de halo de degradacdo dos polimeros, o qual gera um

contraste de cor ao redor do clone.

4.5.5. Determinagdo semi-quantitativa da atividade enzimatica

A atividade enzimatica dos isolados bacterianos selecionados como positivos pelo
método qualitativo foi determinada pelo método de Hankin e Anagnostakis (1975), por meio
da relacdo entre o diametro médio do halo de degradacédo (dh) e o didmetro médio da coldnia
bacteriana (dc), expresso como indice Enzimatico (1.E= dh/dc) (LEALEM; GASHE, 1994).
Os didmetros dos halos e das col6nias foram medidos com auxilio de um paquimetro, em
milimetros (mm). As bactérias que apresentaram um |.E maior que 2,0 foram consideradas
potencialmente Uteis para aplicacbes biotecnoldgicas (LEALEN; GASHE, 1994;
FLORENCIO et al., 2012).

4.5.6. Andlises estatisticas

As analises estatisticas foram realizadas no programa BioEstat® for Windows versao
5.0. A normalidade dos dados foi verificada pelo teste de Lilliefors. Para testar diferencgas
significativas na producdo enzimatica dos isolados bacterianos, realizou-se uma analise de
variancia (ANOVA) seguida pelo teste de Tukey. Além disso, realizou-se o teste T de Student
para verificar se o tipo de provisdo alimentar (pdlen armazenado em potes ou alimento larval)
afeta a producdo enzimatica da microbiota associada. Em todos os testes foi considerado o

nivel de significancia 0,05 (a=0,05).
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4.6. Anélise da microbiota intestinal

A composicdo bacteriana do intestino da abelha Melipona seminigra foi explorada por
meio da técnica da clonagem molecular. Para tal, foram utilizadas amostras de intestino de
abelhas coletadas no meliponario urbano do GPA-INPA e no meliponario de éarea
agroflorestal do ramal do Brasileirinho, a fim de se ter uma melhor amostragem da
comunidade bacteriana intestinal da espécie e verificar se a mesma varia em fungdo do
ambiente. No total, foram utilizados cinco pools de cada parte do intestino (anterior, médio e
posterior para cada localidade, somando um total de trinta amostras, como representado na
Figura 6. A maioria dos procedimentos aqui descritos foi realizada na Universidade de
Hohenheim, Stuttgart, Alemanha, sob a supervisdo do prof. Dr. Martin Hasselmann, no

contexto do meu doutorado sanduiche.

4.6.1. Dissecacao dos intestinos e extracdo do DNA gendmico total

A dissecacdo dos intestinos foi realizada pela profa. Dra Maria do Carmo Fialho, no
laboratdério de Morfologia, do Instituto de Ciéncias Biologicas da Universidade Federal do
Amazonas. Abelhas de localidades diferentes foram dissecadas em dias diferentes, para evitar
contaminacdo cruzada entre as localidades. As abelhas foram lavadas em &lcool 70% e
dissecadas com kit de dissecacdo entomoldgica, cujos instrumentos foram inicialmente
esterilizados em luz U.V e depois, a cada troca de amostra, em alcool 70%. O intestino obtido
de cada abelha foi hidratado em solucdo tampdo PBS e dividido nas trés partes
morfofuncionais: intestino anterior ou papo de mel, intestino médio e intestino posterior e
posteriormente agrupados por parte para cada colénia (Figura 6). Cada pool de intestino foi
submetido a extragdo de DNA utilizando o kit Genomic DNA from soil NucleoSpin®
(Macherey-Nagel). A qualidade do DNA obtido foi analisada por eletroforese em gel de

agarose a 0,8%.

4.6.2. Reacdo de amplificagdo do gene codificador do 16S rRNA e clonagem dos
amplicons em vetor pGEM-T

O DNA extraido das amostras foi amplificado pela Reacdo em Cadeia da Polimerase

(PCR), a partir de oligonucleotideos iniciadores de DNA (primers) desenhados com base nas

sequéncias de nucleotideos que compdem as regides variaveis V1 e V9 do gene bacteriano 16S

rRNA (27F-5’-AGAGTTTGATYMTGGCTCAG-3’; 1492R-5-TACCTTGTTAYGYCTT-

3’) e que geram fragmentos de aproximadamente 1500 pares de bases (Tabela 3). As
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condigOes de ciclagem foram as seguintes: 95 °C por 2 minutos seguidos de 35 ciclos de 95
°C por 30 segundos, 52 °C por 30 segundos, 60 segundos a 72 °C e extenséo final a 72 °C por
4 minutos. Os produtos obtidos da PCR foram purificados com O kit MiniElute™ PCR
purification (QIAGEN), seguindo as recomendacGes do fabricante, e em seguida utilizados
para a reacdo de ligacdo em vetor plasmidial pGEM-T (pGEM®-T Vector System |-
Promega). O produto dessa reacdo de ligacdo foi utilizado para a transformacdo de bactérias
tipo competentes E.coli JM109, as quais foram plaqueadas em meio LB &gar contendo
antibiético ampicilina (100 ug/Ml), IPTG (80 ug/mL) e X-Gal (80 ug/mL). As placas foram

incubadas a 37 °C por aproximadamente vinte horas.

Tabela 3. Volume e concentracgdo dos reagentes utilizados na reagdo de PCR do
DNA intestinal.

Reagentes/ concentragado inicial Quantidade narea¢do  Concentragdo final
Dream Tag DNA polimerase ( 5U/pL) 0,25 uL 1,25U/reacdo
Tampao 10X 5,0 uL 1X
mix dNTPs 2,0mM 5,0 uL 0,2 mM de cada
Primer 27F 10uM 2,5uL 0,5 uM
Primer 1492R 10uM 2,5puL 0,5 pM
DNA bacteriano 2ul *

Agua 3275 Para :Z;r;gi)etar a
50uL

4.6.3. Selecdo de clones recombinantes e extracdo plasmidial

Apdbs a incubacdo das placas, os clones bacterianos foram monitorados quanto a
incorporacdo ou ndo dos plasmideos recombinantes por meio da técnica de PCR, com a
utilizacdo dos primers M13 Forward e M13 Reverse, que se ligam em sitios flanqueadores do
inserto recombinante no plasmideo pGEM-T. As col6nias recombinantes foram submetidas
ao isolamento plasmidial pelo kit PeqGold Plasmid miniprep Kit I (VWR®). Foram
selecionados dez clones recombinantes de cada amostra para envio ao seguenciamento,

somando um total de 300 plasmideos.
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4.6.4. Sequenciamento automatico de nucleotideos e bioinformatica

Os plasmideos recombinantes selecionados foram enviados para a empresa Eurofins
Genomics (Ebersberg, Alemanha), para sequenciamento pelo método de Terminacdo de
cadeia (SANGER et al., 1977). As sequéncias obtidas foram analisadas e processadas por
meio de ferramentas disponiveis no programa CLC main workbench 7.6.4. (QIAGEN™). As
sequéncias foram avaliadas quanto & qualidade das bases e as sequéncias plasmidiais foram
removidas (trimming), bem como excluidas as sequéncias correspondentes a DNA de origem
vegetal (cloroplastos). Em seguida, 0 consenso das sequéncias 5°-3" foi montado, a partir do
alinhamento das sequéncias obtidas pelos primers foward e reverse no sequenciamento. O
alinhamento comparativo das sequéncias consenso foi realizado contra o banco de dados de
nucleotideos GenBank por meio da ferramenta BLAST (Basic Local Alignment Searching
Tool) do National Center for Biotechnology Information (NCBI) e paralelamente as
sequéncias foram também comparadas com o banco de dados do “Ribossomal Database

Project” (RDP) para a classificacdo taxonémica.

4.6.5. Analises estatisticas

As andlises estatisticas foram realizadas em colaboragdo com o prof. Dr. Fabricio
Baccaro, do Departamento de Zoologia da Universidade Federal do Amazonas. Para se
analisar o efeito de (1) diferentes meliponarios e (2) e das partes morfofuncionais do intestino
na composicdo bacteriana intestinal foram realizadas analises de variancia permutativa
multivariada (np-MANOVA), com base nas distancias de Bray-Curtis. A heterogeneidade das
comunidades bacterianas das partes morfofuncionais do intestino foi analisada por meio da
analise de homogeneidade das dispersdes multivariadas (PERMDISP). As diferencas
significativas foram calculadas por meio do teste Tukey’s Honest. As probabilidades
estatisticas de np-MANOVA e PERMDISC foram baseadas em 999 permutacdes para cada
teste. Diagramas de Venn foram construidos no programa R 3.4.0 (R Core Team 2017) para

visualizagdo grafica do nimero de taxons compartilhados entre as partes intestinais.
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Comunidades bacterianas associadas as provisdes de pélen da abelha

amazonica sem ferrdo Melipona seminigra

Nacif-Marcal, Lorena et al. Bacterial communities associated to pollen provisions of the
amazonian stingless bee Melipona seminigra. Manuscrito preparado de acordo com as
normas da revista PLoS ONE.
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Introduction

Stingless bees from Amazon forest and their perennial nests are an interesting example
of how life cannot take a break in the biggest tropical forest of the world. In Amazon, bees
have to deal with different challenges for keeping their colony alive, healthy and protected
from pathogens. The Amazon region concentrates hundreds of native species of eusocial bees
that are grouped in the Meliponini tribe (Meliponini: Apinae: Apidae: Apoidea:
Hymenoptera) [1]. These bees are named “stingless bees” due the absence of a functional
sting and among them the Melipona genus stands out by its great diversity in the Amazon
basin and its important ecological roles in this biome [2].

The diet of Melipona bees is entirely based on processing nectar and pollen collected
from plants. These resources are stored inside their nests/hives where the nectar is matured in
honey, a primary source of carbohydrates, and the pollen is processed as well. Pollen is the
main source of proteins and lipids being rich in other macro and micronutrients [3,4]. Even
though the floral pollen provides virtually all the nutrients necessary for the development and
maintenance of the colony, the maturation of pollen inside the nests seems to be necessary for
bee feeding and colony homeostasis [5,6]. Many hypotheses explain the need for storage and
maturation of floral pollen, such as the resistance of the pollen cell wall to digestion and the
convenience of mixing and accumulating pollen grains of different origins in order to obtain
greater nutritional diversity [7-9]. The seasonality of pollen resources is also an important
factor for long-term storage [10].

The pollen maturation is linked to metabolic activity of microorganisms that live in
symbiosis with bees [5,7,10-12]. From a functional viewpoint, there has been considerable
debate about the roles played by the microorganisms associated to pollen and its effects on
bee feeding quality [10-17]. In short, pollen microbiota could be responsible for the cycling,
conversion and/or preservation of the pollen nutrients, mainly by means of fermentative
processes. These aspects have been recently discussed for honey bees [18] and for the
stingless bees, Scaptotrigona aff. depilis [6] and Melipona seminigra (Nacif-Marcal et al.
2017, unpublished).

Although there are many gaps in the knowledge about the roles of microbiota
associated to bee pollen, for stingless bees it is primarily important to consider the paucity of
data related to the microbial composition of food provisions, nest niches or even the

individuals. For honey bees this topic has been extensively explored in the last years,
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revealing the main bacterial groups associated to pollen (bee bread) [12,19-21] and bee gut
reviewed by Kwong et al.: [22]. Despite the fact that stingless bees share many similarities
with honey bees (Apis mellifera), they comprise a diverse group with many particularities in
its geographical distribution, cycle of life and biological aspects [23,24]. However one of the
most striking features of Melipona bees is their complex interactions with their habitat: they
have co-evolved in a tropical biodiversity-rich environment, achieving strategies to allocate
resources and keep it away from harmful opportunistic forms [2]; Meliponas should rely on a
resilient symbiotic microbiota that ensures the maintenance of food quality inside the nests
while also benefiting from this shelter and rich food stock. From an ecological scale, the
microbiota of nests may also act as an interface bee-plants [25,26]: nests’ microbiota can
harbor a subtle trait of the co-evolution of amazonian plants and its pollinators.

In this study, we aimed to explore and to identify the bacterial microbiota associated to
pollen provisions of the stingless bee Melipona seminigra Friese, H (1903) [1], a specie
representative from the Melipona genus. We combined two approaches - culturing and non-
culturing NGS methods- to characterize the bacterial microbiota in four stages of the pollen’s
route inside the nest: (1) first contact with bees — corbicular pollen, (2) during accumulation in
pots - stored pollen in open pots, (3) fermentative process- stored pollen in closed pots and
finally (4) after maturation, composing the larval food, a mixture of pollen, honey, royal jelly
and salivary secretions; This study was hypothesis-driven that there is a microbial succession

in pollen maturation.

Material and Methods
Pollen and larval food sampling

Pollen and larval food were collected from colonies of Melipona seminigra bees
established in the urban meliponary of the Research Group on Bees (Grupo de Pesquisas em
Abelhas- GPA) in the National Institute of Amazonian Research (INPA) (Manaus-AM,
Brazil, 03 05 '50.91 "S, 59.59' 06.32" W). The meliponary has 28 nests of Melipona
seminigra arranged side by side in an area of 12.25 x 7.4 meters. There are two forest
fragments around the meliponary which serve as foraging area for the bees. Corbicular pollen
(CP) was manually collected at the entrance of each nest by the interception of bees coming
from the foraging. The pollen stored in the cerumen pots was collected from two conditions:
a) open pot with half of the volume filled with pollen (stored pollen in open pot SPO) and b)

closed pot (stored pollen in closed pot — SPC). Pollen was sampled from the pot using a
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sterile precut 1mL-pipette tip, which collected pollen from the top to the bottom of the pot.
For larval food (LF) collection, the entire brood discs were removed from each nest and its
cells were opened in a laminar flow hood. The larval food (composed of pollen, nectar and
bee secretions) was aspirated from the cells using an automatic pipette, but first the eggs were
removed (all brood cells contained eggs). Sampling of pollen and larval food was based on
the collection of approximately three grams of each type of material per colony/nest, and a
total of 10 nests were sampled (n=10), except for the corbicular pollen that was composed by
the material of three nests, because of the difficulty of obtaining large masses of it. Corbicular
pollen was used only for next generation sequencing experiments and enough material was
collected from 3 nests (n=3). The collections were carried out during the rainy season
(between December 2014 and January 2015). Corbicular pollen collection was extended from
January 2015 to August 2015. Since all the samples contain pollen as the main constituent,

they were collectively called as pollen provisions along the text.

DNA extraction and amplicon sequencing

The samples collected from different colonies were processed separately. About 0,4
grams of each type of material per colony were used for DNA extractions, a total of 33
samples (CP- 3 samples, SPO - 10 samples, SPC-10 samples and LF-10 samples). We
followed the extraction methods proposed by [18] and [21], but using PureLink™ Genomic
DNA Mini Kit (ThermoFisher) following the protocol for gram-positive bacteria. Partial 16S
rRNA gene sequences were PCR amplified from the bacterial communities using a Tag DNA
Polymerase High Fidelity™ (ThermoFisher) and universal primers for V1-V2 region fitted
with lon Torrent sequencer adaptors and unique barcodes for samples’ identification (Table
S1). The PCRs were done in triplicates for each sample. Amplicons libraries were sequenced

using lon Torrent Personal Genome Machine (ThermoFisher) and its recommended protocols.

Data analysis

The sequences were evaluated according to quality and presence of adapters through the
program FastQC v0.11.2 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
sequences with size less than 100bp and mean values of PHRED quality <20 were removed
using the PRINSEQ program. Scripts in the Perl programming language were developed for
sample separation and removal of barcodes. Microbial diversity analysis was performed using

the QIIME v1.8 program [27]. Sequences were aligned against the sequences available in the
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Greengenes database by the PyNAST method. The valid sequences were classified in
Operational Taxonomic Units (UTOs) assuming 97% as the limit of similarity by the
UCLUST method. Rarefaction curves were generated to evaluate the sampling effort. Data
were submitted to the analysis of alpha diversity using the indices of Shannon and Chaol. In
addition, beta diversity measurements were calculated using the jackknife resampling
technique. The distance matrices for each data set were calculated using the UniFrac method
(weighted-UniFrac and unweighted-UniFrac), and then it was used as the basis for
hierarchical grouping with UPGMA (Unweighted Pair Group with Arithmetic Mean) and
Principal Coordinate Analysis (PCoA) of the UniFrac distance matrixes. The T-test was used
to verify statistically significant differences between the groups with 95% of confidence. For
this analysis, the samples were pooled by condition, i.e., larval food, open pot, closed pot and
corbicular. The phyloseq package of R was used for the complementary analyzes and
graphical representation of the obtained results. In R program, we removed the OTUs that did
not meet the following criterion for graphical representations: (1) being present as at least 3

sequences in at least 10% of the samples, (2) being present with variance higher than 0.00001.

Bacterial Culturing and isolation

We cultured bacteria from samples of six colonies (6 colonies X 3 types of material
= 18 samples). About 1g of each sample of SPO, SPC and LF were serially diluted to 10 in
sterile physiological saline (0,9 % w/v NaCl) and 100 pL of each dilution were plated on the
general-purpose media Brain Heart Infusion (BHI), Tryptic Soy Agar (TSA), and Nutrient
Agar reduced in 50 % of its concentration and also in the selective medium Man Rogosa
Sharpe (MRS), for Lactobacilli. Samples consisted of 288 total plates (18 samples X 4 media
X 4 dilution factors). All the plates were incubated aerobically at 30 °C until visible growth
was detected. To obtain pure isolates, bacterial colonies were picked up from the agar plates
and re-cultivated in a new plate containing the same medium from the original plate (mother
plate). We selected the colonies based on morphological differences (colony size, shape and
color) and all the morphotypes of a single plate were subcultivated. Isolation was confirmed
by Gram staining and the bacteria were stocked in Luria Bertani (LB) agar containing 15%
(v/v) glycerol at -80 °C. We estimated the number of bacterial CFUs per gram of pollen and
larval food according to standard protocols of the Brazilian National Health Surveillance
Agency (ANVISA, BRAZIL). We used the first dilution of the samples (mother solution) to
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measure the pH of samples (PHS-2D, Saxin®). Values of pH of SPO, SPC and LF were
compared by means of ANOVA followed by Tukey Test, at 95% of significance.

DNA extraction, PCR and Sanger Sequencing

DNA was extracted from all the bacterial isolates using Phenol/Chloroform method
[28]. The 16S rRNA gene was amplified by PCR using universal primers 530F (5-TGA CTG
ACT GAG TGC CAG CMG CCG CGG -3" e 1492R (5°-TGA CTG ACT GAG AGC TCT
ACC TTG TTA CGM YTT-3") [29], which amplifies approximately 1000 pb of the gene
(V3-V9 region). We used the following cycling procedures: initial denaturation of 94 °C for
60 s, 30 cycles of a 59 °C annealing temperature and 30 cycles of 94 °C for 60 s, 59 °C for 40
s, 72 °C for 90 s and one cycle of 72 °C for 5 min. PCR products were sequenced

bidirectionally using an Applied Biosystems 35000 Genetic Analyzer (ThermoFisher).

Taxonomy of the bacterial isolates

The Sanger sequences were processed with the use of CLC main workbench program
7.6.4. (Qiagen). Low-quality base calls from the start and end of the sequences were trimmed
and consensus sequences were assembled from the two complimentary sequences derived
from each bacterium. Taxonomic assignments of the consensus sequences were performed in
two ways: (1) using BLASTn tool [30], against NCBI nucleotide database (accessed on
january, 2017) (http://www.ncbi.nlm.nih.gov/) and (2) using Ribosomal Database Project

(RDP) classifier and RDP version 16 training set (http://rdp.cme.msu.edu/classifier)[31,32],

with confidence threshold value of 80%. The results were manually checked, compared and

the sequences were assigned to the genus level based on the criteria of > 95% of identity.

Results
lon Torrent Sequencing summary

A total of 4,397,561 reads were generated across the four sample types (CP- 3
libraries, SPO- 10 libraries, SPC- 10 libraries, LF- 10 libraries) and 1,346,085 reads remained
after the quality and both barcodes trimming (Table 1). A total of 7735 Operational
Taxonomic Units (OTUs) were resolved across the 33 libraries at the 97% level of similarity
(Table 1). A large part of the OTUs were mithocondrial or chloroplast in origin (cpDNA) and
this contamination reduced the number of available OTUs for bacterial taxonomic analysis.

Individual libraries of the same type of material originated from different colonies were
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pooled for rarefaction and other analyses. Rarefaction analysis indicated that the bacterial

diversity of the samples were near completely sampled (Fig.S1).

Table 1. lon torrent sequencing summary

Samole tvoe Total Reads after  Total OTUs assigned to
pletyp libraries* trimming OTUs Dbacteria domain

corbicular pollen 3 65316 944 248

stored pollen - open pots 10 440121 4761 113

;tootrsed pollen - closed 10 407355 4215 132

larval food 10 433293 3852 19

*Each library represents a single colony.

Alpha diversity

Chaol estimates of species richness and Shannon index of diversity are shown in Fig.1. Both

diversity and richness indexes were higher in corbicular pollen samples, followed by the

stored pollen in closed pots (SPC) and stored pollen in open pots (SPO). Within sample type,

however, there was high variation in OTU richness and diversity. The Larval food samples

showed the lowest richness and diversity.
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Fig. 3. Alpha Diversity indexes for richness (Chaol) and diversity (Shannon). Boxplot of the
samples grouped by condition, as follows: CP = corbicular pollen, LF= larval food, SPC= stored
pollen in closed pots, SPO= stored pollen in open pots. The median is a horizontal line within the
white box and the outliers are shown as black circles.

A total of 39 OTUs met the criteria to be included in bacterial composition analysis
and they were assigned into 15 genera across the samples and in many different
OTUs/phylotypes for a same genus’ type. The most abundant OTUs are shown for the
different samples in fig.2. Lactococcus sp. (Streptococacceae; Lactobacillales) was the
dominant bacterium of LF samples — being the unique OTU in the most of them, with one
exception (Fig.2). It largely explains the low diversity of larval food samples (Fig.1). This
Lactococcus phylotype was also abundant in the other samples, being the only one present
across all the samples (Fig.2). Many of the other common bacteria also come from Lactic
Acid Bacteria group (LAB) (Lactobacillales) and they were found in CP, SPO and SPC
samples, such as Lactobacillus, Fructobacillus, Enterococcus, Weissela and Streptococcus
(Fig.2). The ubiquitous bacteria Staphylococcus (Staphylococcaceae, Bacillales) and
Corynebacterium (Corynebacteriaceae; Actinomycetales) were especially abundant in SPO
and SPC samples. In general, SPO and SPC showed high variation in bacteria abundance
along the samples. The CP, which presented the greatest diversity, exhibited representatives

of all genera but with slight differences in bacteria abundance along the three samples. Some
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OTUs were detected exclusively in corbicular pollen samples: Bacillus spp. (Bacillaceae;
Bacillales), Dysgonomonas spp. (Porphyromonadaceae; Bacteroidales) and some

Enterococcus (Enterococcaceae; Lactobacillales) phylotypes (Fig.2).
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Fig.2. Heatmap of the 23 most abundant bacterial phylotypes —OTUs- (row) by sample
(columm). Relative abundance of the phylotype -at the genus level- in each sample is presented by
color as indicated by the scale bar at the right side, with lighter color indicating greater relative
abundance. The samples are coded as follows: CP = corbicular pollen, LF= larval food, SPC= stored
pollen in closed pots, SPO= stored pollen in open pots).

A better panorama of how bacterial populations fluctuated during pollen collection,
storage and maturation inside M.seminigra nests is seeing after pooling samples from the
same category together (Fig.3 and Fig.4). The primary shift in bacterial composition is
evident for Lactococcus spp. and it involved an increase in this OTU abundance from
corbicular pollen to larval food (Fig.4); this pattern was the exception rather than the rule: the
most OTUs had higher abundance in SPC and SPO than in LF (Fig.3 and Fig.4). In general,
CP, SPC and SPO shared their OTUs but with differences in abundance, being common to
observe an increase of the OTUs abundance from CP to stored pollen, well represented by the
bacteria Corynebacterium sp., Staphylococcus sp., Gordonia sp., Streptococcus spp., and
Hylemonella sp. (Fig.3 and Fig.4). These OTUs were not detected in LF (Fig.4). Different
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phylotypes of Lactobacillus and Enterococcus were distinctly associated to the different

conditions of the pollen (Fig.3).
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Fig.3. Phylogenetic tree of the 23 most abundant bacterial phylotypes found in pollen provisions.
Relative abundance of the phylotype (OUT) in each sample is represented by the size of the circle as
indicated by the abundance scale at the right side of the tree, with bigger circles indicating greater
relative abundance. The samples are coded by color as follows: Pink -CP = corbicular pollen, Green-
LF= larval food, Blue- SPC= stored pollen in closed pots, Purple- SPO= stored pollen in open pots).
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Fig.4. Histogram of the 8 most abundant bacterial phylotypes. Normalized abundance of the
phylotype in each sample is presented by the bars. Genera are specified by the name in the top of the
histogram and its respective family assignment is represented by color as specified in the right side.
The samples are coded as follows: CP = corbicular pollen, LF= larval food, SPC= stored pollen in
closed pots, SPO= stored pollen in open pots).

Beta diversity

We performed Beta diversity analysis to test whether the microbial communities’ composition
differed according to the samples (CP/SPO/SPC/LF). PCoA ordination of UNIFRAC distance
matrixes indicated that bacterial communities clustered by the type sample. Clustering of
larval food samples was stronger than CP and storage pollen samples. One of the three CP
samples was loosely clustered but there was a clear separation of the CP bacterial community
from the in-hive pollen (SPO and SPC) and larval food bacterial communities. SPO and SPC
samples showed the greatest compositional variation and they mixed as a single group.
Statistical analysis supported these observations: (1) CP bacterial composition was
significantly different from SPO (p=0.002), SPC (p=0.001) and LF (p=0.001); (2) LF
bacterial composition was significantly different from SPO and SPC bacterial communities
(p=0.001); while (3) no significant differences were found between SPO and SPC microbiota
(P=0.353).
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Fig.5. Bacterial communities’ similarities of pollen provisions of Melipona seminigra. PCoA
ordination of UniFrac distance matrixes shows the bacterial composition similarities of corbicular
pollen (red circles), storage pollen in open pots (green circles), storage pollen in closed pots (orange
circles) and larval food (blue circles) samples.

Culturable bacteria composition

Samples of stored pollen and larval food of Melipona seminigra nests were cultivated in
different rich media and in a selective medium designed to favour the growth of Lactobacilli.
The pH values of stored pollen and larval food samples were measured using the mother
dilution (1g of material to 10mLs of saline) and they are expressed in Table 2. LF is
significantly more acidic than SPO and SPC. Bacterial colony-forming units (CFU) per gram
were 2, 4 x 10* for SPO, 1, 4 x 10* for SPC and 2, 5 x 103 for LF samples.

Table 2. pH values of stored pollen and larval food
samples of Melipona seminigra nests.

Colony pH

SPO SPC LF

1 4,12 4,11 3,07

2 3,75 3,85 3,15

3 3,74 3,92 3,08

4 3,85 3,98 3,06

5 3,84 4,06 3,03

6 3,78 4.0 3,15

Mean 3,85* 3,99* 3,09**

Standard 0.14 0.09 0.05

deviation

Asterisks represent significant statistical differences.
SPO= stored pollen in open pots, SPC= stored pollen in closed
pots, LF= Larval food.
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To access a variety of cultivable bacterial species, different morphotypes were selected
for isolation and taxonomic identification. A total of 122 bacterial isolates were obtained from
the samples being 21 originated from LF, 46 from SPO and 55 came from SPC. Fragments of
the 16S rRNA gene of the isolates were sequenced in ABI platform and the sequences ranged
from 460pb to 930 pb, with an average size of 781 pb. One hundred and two 16S rRNA gene
sequences were assigned in genus taxonomic level (Table S2). The other 20 bacteria
sequences showed controversy on taxonomic classification based on 16S rRNA gene and they
were only assigned to family level. Bacteria isolates were mainly environmental Gram-
positive bacteria, normally found in soil, water and rhizosphere (Fig.6). Both stored pollen
and larval food were dominated by species of three bacillary gram-positive bacteria from
Bacillales order: Brevibacillus (Paenibacillaceae), Paenibacillus (Paenibacillaceae) and
Bacillus (Bacillaceae) (Fig.6). These bacteria accounted for 60% to 90% of the stored pollen
and larval food microbiota. Other shared taxa between the samples included Staphylococcus
sp and Aneurinibacillus sp. One isolate of Convivina sp (Leuconostocaceae, Lactobacillales)
was obtained from larval food samples. Convivina was recently described as a new genus,
first isolated from bumble bee gut [33]. Larval food also revealed an unidentified bacteria
(just 91% of identity with an uncultured bacterium in both NCBI and RDP), perhaps a novel

taxon.

SPO Brevibacillus
Bacillus
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Microbacterium
Micrococcus
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Sporosarcina
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Fig.6. Relative proportions of bacterial isolates obtained from stored pollen and larval food from
Melipona seminigra nests. SPO= Stored pollen in open pots; SPC= Stored pollen in closed pots; LF=
Larval food.
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Culturing versus deep sequencing

We used culture-dependent and culture-independent methods to more thoroughly characterize
microbial diversity associated to Melipona seminigra food provisions, based on pollen, the
main source of nutrients of bee colony. Since the methods have different principles and
sampling efforts it is not adequate to compare abundances, therefore community differences
were measured only as bacterial taxa present or absent among samples. Although the number
of genera detected by the two approaches was similar — 15 in lon torrent deep sequencing and
13 in bacterial culturing- their composition was quite distinct (Table 3). Just two genera were
shared between the methods: Bacillus and Staphylococcus (Table 3). In both surveys we
detected different isolates/OTUs assigned into a single genus and it could represent an

additional criterion of differentiation of these samples (Fig.3 and TableS2).

Table 3. Comparisons of genera detected by culture-dependent and culture-independent
methods. CP= corbicular pollen, LF= Larval food, SPC= stored pollen in closed pots, SPO= stored
pollen in open pots.

Culture Deep sequencing lon Torrent

SPO SPC LF CP SPO SPC LF

Genus

Brevivacillus
Bacillus
Paenibacillus
Aneurinibacillus
Microbacterium
Micrococcus
Staphylococcus X
Convivina X
Kocuria X

Lysinibacillus X

Myroides X
Sporosarcina X

Williamsia X
Lactococcus

Fructobacillus

Streptococcus

Propionibacterium

Corynebacterium

Dermacoccus

Lactobacillus

Weissela

Hylemonella

Enterococcus

Gordonia

Stenotrophomonas

Dysgonomonas

X X X M X
®ox X X X X X
X X X X

]

>

>
>
>

> X X X X X
>x X X X X >

>

KX XX X X X X X X X X X
>
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Discussion

Microbial symbiosis in social bees may affect many aspects of bee homeostasis, from
individual to colony level [10]. Food storage and production is one of the microorganism-
mediated processes in hive and it represents a tiptop factor for the colony productivity and
long-term fitness. Hive-stored pollen is the colony main source of proteins, lipids and
minerals. From the time that pollen grains are collected from the flowers until its maturation
inside of hive pots, pollen undergoes some notable physical changes: it goes from a granular
to a pasty aspect besides acquiring acidic aroma and taste. The long term accumulation and
storage of pollen- that can last from days to weeks- result in a fermented food widely used in
colonies for brood and bee feeding. The Pollen fermentation is reported for many bee species
but the features of this metabolic process is poorly understood or described [12,13,18,19,34].
As other fermented food, bee pollen production should rely on microbial metabolism [10].

In the current study we characterized the bacterial microbiota associated to Melipona
seminigra pollen, since its collection and transportation — in the bee corbiculae- until your
final destination composing larval food. Our results showed that the changes in pollen state
are accompanied by shifts in bacterial composition. We detected three distinct bacterial
communities along the samples, which were associated to (1) corbicular pollen, (2) stored
pollen in pots and (3) larval food. We tried to capture two different moments in the pollen
storage: an initial, by sampling pollen of open pots filled until half of its volume and a second,
sampling closed pots, (a stage when there is no more bee processing). It is likely that the
climax of pollen fermentation take place in these close microaerofilic pots; nevertheless the
bacterial composition of stored pollen in open pots and closed pots did not differ significantly.

The microbial composition changes along pollen provisions samples were primarily
characterized by a reduction in bacteria diversity from CP to LF samples. CP bacterial
community was composed by ubiquitous aerobic or facultative anaerobic bacteria, broadly
found in natural environments such as soil, water and plants [20]. Many of these genera have
also clinical and opportunistic members, like Staphylococcus, Enterococcus and Bacillus. As
CP samples came from foragers bees, its diversity could be a reflection from the set of plants
and other resources visited by the bees [21,35] ; bees with different paths could also add up
bacteria taxa in the pooled samples. Some OTUs commonly associated to bee gut were more
abundant in CP samples than in the others materials, such as Weissela, and different

phylotypes of Lactobacillus and Enterococcus [33,36]. These bacteria are probably inoculated
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from the bee crop during the pollen grains collection, when bee regurgitate some secretions
into the pollen to compact and stick it to the corbiculae [21].

CP bacterial diversity were almost entirely detected in stored pollen samples and it
suggest that these bacteria can survive for extended periods associated to pollen, even under
physic-chemical transitions. However, there was considerable variation in microbial
composition of stored pollen libraries and only two CP phylotypes were consistently detected
across all the samples. A possible explanation for this might be that the most of the bacteria
may be occasionally brought to the nests, depending narrowly on the bee’s forager activity,
and their stay and successful colonization of the in-hive pollen may rely on natural niche
competition. Otherwise, the high prevalence (and persistence) of the two phylotypes
Corynebacterium sp. and Lactococcus sp in stored pollen samples suggests a possible role of
these bacteria in pollen maturation, inside the hive.

Lactococcus is a gram-positive genus widely found in fermented foods and plant and
animal materials [37,38]. It has a remarkable importance in industrial processes of food
production, acting as starter cultures specially in milk-based fermentation products [39]. As
other LAB bacteria, Lactococcus uses glucose or other sugar to obtain energy producing lactic
acid as a byproduct. The lactic acid lowers the pH and preserves the product from the growth
of unwanted bacteria and molds while other metabolites and enzymes produced by
Lactococcus also contribute to special aromas and flavors. Similarly, the Gram-positive
Corynebacteria form a diverse group found in a range of different ecological niches such as
soil, vegetables, sewage, and skin. The genera include pathogens, such as Corynebacterium
diphtheria and some fermentative species of valuable industrial importance, as
Corynebacterium glutamicum, that grows aerobically on a variety of carbohydrates, and
organic acids [40,41].C. glutamicum is famous by glutamate (L-glutamic acid) production, a
flavor enhancer and food additive. Actinobacteria as Corynebacterium, have also been
reported in beebread (fermented pollen) of Apis mellifera [20,21].

The evidence of Lactococcus and Corynebacterium dominance in stored pollen
suggests that they can orchestrate bee pollen fermentation and its physic-chemical changes
promoting a preservative environment in pollen pots that assure pollen storage and nutritional
quality; it reinforce the hypothesis that bees and other social hymenoptera have strong
selective pressure to evolve protective symbiosis [21,42]. The fermentative properties of
other LAB, specially Lactobacillus spp., have also been hypothesized to aid in the conversion

of pollen to bee bread in honey bees hives and to protect it from spoilage [12]. Our data,
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however, must be interpreted with caution, as Lactococcus origin seems to be environmental,
coming along with corbicular pollen and probably reflecting the pollination environment
microbiota. Reliance on environmental transmission may make the bacteria acquisition more
unstable [43]. Sampling effort in different seasons and in distinct meliponaries could help in
the identification of possible core bacteria in pollen fermentation or at least groups of bacteria
functionally related.

Here, the pH of larval food was significantly lower than pH of stored pollen. The
acidity seems to be a natural property of the post fermentation final pollen product. Organic
acids produced by the LAB bacteria, especially Lactococcus sp., had probably limited
microbial growth in larval food, of which pollen is the major component. Therefore, larval
food samples were entirely dominated by one OUT of Lactococcus sp.. Some Lactococcus
species are acid tolerant and can prevent low pH damage [44,45].

Culture dependent and independent approaches revealed completely different bacterial
taxa in stored pollen and larval food, which suggest that culturing may not adequately
represent pollen and larval food bacterial microbiota. The difficulty of providing complex
nutritional requirements limit culturing methods of representing bacterial community as a
whole [46]; it provides otherwise access to the most readily culturable members of the
community. In the same way, the bacterial isolates were not identified by lon torrent
sequencing, except for one OUT of Bacillus and one OUT of Staphylococcus. CFU per gram
of pollen were between 10° and 104, which indicates that the isolates abundance in pollen and
larval food samples were probably below the abundance normally captured by deep
sequencing [20,47].

Our culturing efforts revealed a dominance of bacillary bacteria in both stored pollen
(SPO and SPC) and larval food, represented by Brevibacillus, Bacillus and Paenibacillus.
These bacteria show a broad-spectrum antimicrobial activity and are good sources of
industrial enzymes [48-50]. Brevibacillus and Paenibacillus were originally included within
the genus Bacillus and then they were reclassified as separate genera in the mid 90’s [51,52].
Our findings are in agreement with previous culture-based surveys, which systematically have
reported bacillary bacteria in pollen samples [5,19,34], specially of Bacillus genus- at a time
in which Bacillus was still a big and heterogeneous group.

The methods’ differences in reporting microbial diversity still suggests that a complete
representation of pollen provisions’ microbiota may require the extended application of both

culture-dependent and culture-independent approaches. Taken together our approach enabled
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the elucidation of the bacterial diversity associated to the pollen production in Melipona
seminigra nests. Stored pollen showed a small set of phylotypes, being the most of them
probably acquired from the pollination environment and carried on pollen pellets in bees’
corbiculae to the nests. Many of these bacteria are commonly found in various globally
fermented food and beverages, such as milk products, sausages, meat (Kocuria, Micrococcus,
Staphylococcus), alkaline-fermented food (Bacillus) and cheese (Propionibacterium) [39].
Many fermentative representatives of the lactic acid bacteria (LAB), a dominant group in food
and beverage industries, were detected here being Lactococcus the most abundant phylotype.
Pollen fermentation may rely on the metabolic activity of these bacteria that may offer
preservative properties as well organoleptic and nutritional attractives for food production
inside the nest. Composition of microbiota and its development are important factors
influencing fermentation and final product quality [53]. The microbiota compositional
changes along the collection, storage and larval food preparation could represent a microbial
succession that drives the successful system of food production in M.semingra nests.
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Fig.S1. Rarefaction curves of the number of observed OTUs from samples clustered by

condition/type. The samples are coded as follows: CP = corbicular pollen, LF= larval food, SPC=

stored pollen in closed pots, SPO= stored pollen in open pots).

Table S1. Fusion primers used for 16S rRNA gene amplification and deep sequencing.

Identification f

Base pair

Sequence

37

Primer foward v1 27f AGAGTTTGATCCTGGCTCAG

primers 38 Primer reverse v2 338R  TGCTGCCTCCCGTAGGAGT
A1TMF 64 CCATCTCATCCCTGCGTGTCTCCGACTCAGTTCCACTTCGCGATAGAGTTTGATCCTGGCTCAG
A2MF 64 CCATCTCATCCCTGCGTGTCTCCGACTCAGCGGACAATGGCGATAGAGTTTGATCCTGGCTCAG
A3MF 63 CCATCTCATCCCTGCGTGTCTCCGACTCAGAGGCAATTGCGATAGAGTTTGATCCTGGCTCAG
A4MF 63 CCATCTCATCCCTGCGTGTCTCCGACTCAGTTCGAGACGCGATAGAGTTTGATCCTGGCTCAG
ASMF 65 CCATCTCATCCCTGCGTGTCTCCGACTCAGCCGGAGAATCGCGATAGAGTTTGATCCTGGCTCAG
AGMF 65 CCATCTCATCCCTGCGTGTCTCCGACTCAGTCTGGCAACGGCGATAGAGTTTGATCCTGGCTCAG
ATMF 63 CCATCTCATCCCTGCGTGTCTCCGACTCAGTTCAATTGGCGATAGAGTTTGATCCTGGCTCAG
ABMF 65 CCATCTCATCCCTGCGTGTCTCCGACTCAGTCGAAGGCAGGCGATAGAGTTTGATCCTGGCTCAG
AIMF 65 CCATCTCATCCCTGCGTGTCTCCGACTCAGCCTGCCATTCGCGATAGAGTTTGATCCTGGCTCAG
A10MF 64 CCATCTCATCCCTGCGTGTCTCCGACTCAGCTAACCACGGCGATAGAGTTTGATCCTGGCTCAG
P11IMR 56 CCTCTCTATGGGCAGTCGGTGATTTCCACTTCGCGATTGCTGCCTCCCGTAGGAGT
P12MR 57 CCTCTCTATGGGCAGTCGGTGATTTCCTGCTTCACGATTGCTGCCTCCCGTAGGAGT
P13MR 57 CCTCTCTATGGGCAGTCGGTGATCCTGCCATTCGCGATTGCTGCCTCCCGTAGGAGT
P14MR 57 CCTCTCTATGGGCAGTCGGTGATCAGCCAATTCTCGATTGCTGCCTCCCGTAGGAGT
P15SMR 57 CCTCTCTATGGGCAGTCGGTGATCTGGCAATCCTCGATTGCTGCCTCCCGTAGGAGT
P16MR 56 CCTCTCTATGGGCAGTCGGTGATCTAGGAACCGCGATTGCTGCCTCCCGTAGGAGT
P17MR 56 CCTCTCTATGGGCAGTCGGTGATTCCTGAATCTCGATTGCTGCCTCCCGTAGGAGT
P18MR 57 CCTCTCTATGGGCAGTCGGTGATCGGAAGAACCTCGATTGCTGCCTCCCGTAGGAGT
P19MR 56 CCTCTCTATGGGCAGTCGGTGATTCCTAGAACACGATTGCTGCCTCCCGTAGGAGT
P110MR 57 CCTCTCTATGGGCAGTCGGTGATCCGGAGAATCGCGATTGCTGCCTCCCGTAGGAGT

Brown - Adapter A / red- barcodes! green- primer foward
Pink_ION primer (P1) [ red- barcodes/ blue-primer reverse
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Table S2. Taxonomic assignments of bacteria isolated from pollen and
larval food of Melipona seminigra nests. Top matches of RDP classification
are shown.

Source* RDP classification % ldentity
LF 5003616684 Staphylococcus sp. Ds20 99.73
LF 5004495628 Bacillus pumilus 99.78
LF S004495000 Bacillus licheniformis 99.89
LF  S004461078 Brevibacillus laterosporus 99.87
LF  S003284609 Williamsia serinedens 96.05
LF  S004506309 Convivina intestini 99.08
LF  S000980678 Paenibacillus thiaminolyticus 99.57
LF  S004461078 Brevibacillus laterosporus 99.86
LF  S004461078 Brevibacillus laterosporus 99.73
LF  S000497522 Aneurinibacillus aneurinilyticus 99.63
LF  S004461078 Brevibacillus laterosporus 99.88
LF  S004496335 Brevibacillus laterosporus 99.81
LF  S004445717 Myroides sp. A21 99.57
LF  S004430418 uncultured bacterium 91.11
LF  S000996343 Paenibacillus popilliae 99.7
LF  S003807203 Paenibacillus dendritiformis 99.54

SPC 5004461075 Brevibacillus laterosporus 99.79
SPC  S000980678 Paenibacillus thiaminolyticus 99.89
SPC 5004461079 Brevibacillus laterosporus 99.6
SPC  S004491139 Bacillus chungangensis 98.49
SPC 5000111445 Aneurinibacillus aneurinilyticus 99.46
SPC  S004461078 Brevibacillus laterosporus 99.58
SPC 5004461078 Brevibacillus laterosporus 99.73
SPC  S004044749 Staphylococcus capitis subsp. null 99.75
SPC 5001264210 Bacillus chungangensis (T) 98.72
SPC  S004461078 Brevibacillus laterosporus 99.87
SPC 5004461078 Brevibacillus laterosporus 99.6
SPC  S004491139 Bacillus chungangensis 98.15
SPC  S004491127 Bacillus chungangensis 98.05
SPC  S004491139 Bacillus chungangensis 98.1
SPC 5004491127 Bacillus chungangensis 98.12
SPC  S004531234 Bacillus sp. HC2(2014b) 99.36
SPC 5000131291 Bacillus shackletonii (T) 99.79
SPC 5004461078 Brevibacillus laterosporus 99.78
SPC 5004461075 Brevibacillus laterosporus 99.68
SPC 5004461075 Brevibacillus laterosporus 99.79
SPC 5000497522 Aneurinibacillus aneurinilyticus 100

SPC 5000352500 Brevibacillus borstelensis 100

SPC 5002446594 Paenibacillus sp. 3504BRRJ 99.85
SPC 5004461078 Brevibacillus laterosporus 99.87
SPC 5004461078 Brevibacillus laterosporus 99.71

SPC  S003718622 Paenibacillus dendritiformis 98.05



SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPC
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO

S000980678 Paenibacillus thiaminolyticus
S004461079 Brevibacillus laterosporus
S001264210 Bacillus chungangensis (T)
S000131211 Paenibacillus azoreducens (T)
S004502093 Micrococcus sp. SK66
S004461075 Brevibacillus laterosporus
S000131211 Paenibacillus azoreducens (T)
S004491139 Bacillus chungangensis
S004049476 Bacillus pichinotyi
S003263682 Bacillus bataviensis
S002957970 Brevibacillus reuszeri
S000437737 Bacillus sporothermodurans
S004461078 Brevibacillus laterosporus
S004491139 Bacillus chungangensis
S004461079 Brevibacillus laterosporus
S004502832 Brevibacillus laterosporus
S003919004 Paenibacillus sp. NUG2-9
S004461079 Brevibacillus laterosporus

S004482810 Microbacterium hydrocarbonoxydans

S000131291 Bacillus shackletonii (T)
S004490263 Bacillus megaterium
S000996343 Paenibacillus popilliae
S000366497 Paenibacillus cineris (T)
S002234122 Bacillus subtilis
S004461078 Brevibacillus laterosporus
S004461078 Brevibacillus laterosporus
S004531234 Bacillus sp. HC2(2014b)
S004461075 Brevibacillus laterosporus
S004461078 Brevibacillus laterosporus
S003919004 Paenibacillus sp. NUG2-9
S004461078 Brevibacillus laterosporus
S004506724 Paenibacillus sp. GM2
S004508635 Microbacterium oxydans
S004531234 Bacillus sp. HC2(2014b)
S004461078 Brevibacillus laterosporus
S001291905 Paenibacillus abekawaensis
S003264343 Sporosarcina koreensis
S004063249 Staphylococcus pasteuri SP1
S004081195 Staphylococcus warneri
S004491127 Bacillus chungangensis
S004491139 Bacillus chungangensis
S001576234 Paenibacillus sp. R2
S001264210 Bacillus chungangensis (T)
S004461078 Brevibacillus laterosporus
S004461078 Brevibacillus laterosporus
S004461078 Brevibacillus laterosporus

99.25
99.6
98.29
97.55
99.54
99.79
97.56
98.32
95.15
100
99.57
97.2
99.74
98.66
99.5
99
99.33
99.54
97.55
99.4
100
99.73
99.79
100
99.78
99.73
99.34
99.79
100
99.53
100
99.75
99.87
98.68
99.72
98.07
99.74
99.68
99.89
98.18
98.46
99.13
99.68
99.86
99.71
100
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SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO
SPO

S004461075 Brevibacillus laterosporus
S001576234 Paenibacillus sp. R2
S004507433 Lysinibacillus sp. Vr42
S001576234 Paenibacillus sp. R2
S001264889 Bacillus mycoides
S000008149 Kocuria rhizophila (T)
S000485012 Brevibacillus borstelensis
S000497522 Aneurinibacillus aneurinilyticus
S004496335 Brevibacillus laterosporus
S003919004 Paenibacillus sp. NUG2-9
S000996343 Paenibacillus popilliae
S000892101 Paenibacillus popilliae
S003807203 Paenibacillus dendritiformis
S003919004 Paenibacillus sp. NUG2-9

99.78
99.14
99.87
99.16
99.88
99.67
100
99.89
99.42
99.59
99.61
99.13
99.58
99.49

* LF= Larval food, SPC= stored pollen in closed pots, SPO= stored pollen in open

pots
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ARTIGO 2

Bioprospeccdo em ninhos de abelhas nativas sem ferréo: potencial
hidrolitico de bactérias associadas ao alimento larval e polen armazenado

da abelha amazonica Melipona seminigra.

Nacif-Marcal et al. Bacteria associated to nests of the Amazonian Melipona seminigra
stingless bee show a broad repertorie of hydrolytic enzymes. Manuscrito submetido para a
revista Journal of Biotechnology (Anexo 1).
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ABSTRACT

As microbial biodiversity and bioprospecting are two inseparable themes in biotechnology,
we search for microbial novelties in nests of social insect, which may unveil a great source of
biomolecules for industrial process. We accessed the hydrolytic potential of a group of
bacteria isolated from stored pollen and larval food of the nests of the amazonian bee
Melipona seminigra. The bacteria were tested for the production of the enzymes amylases,
cellulases, lipases, and proteases. The most of the bacteria isolated from both stored pollen
and larval food were capable of using the organic substrates as energy source, and proteases
and cellulases were the enzymes most produced by them. The versatility os using alternative
carbon sources and the high indexes of the enzymatic activity of the bacteria associated to
Melipona seminigra food provisions indicate the great potential of these bacteria for enzyme
bioprospecting.

Keywords: symbiosis; enzymes; bee food; bioprospecting.

65



1. Introduction

Stingless bee nests harbor a diversity of microorganisms (Hughes et al., 2008), the
majority of which are yet uncultivable and their interrelationships remains unclear. The nests
provide a peculiar environment with high humidity (>70%) and relatively high temperatures
(ranging from 30 to 32 Celsius degree), a ideal place for associated fauna (acari, small insects)
and for a rich microbiota (Vit et al., 2012). Although microbiome studies have increased in
bees over the last years (Kwong and Moran 2016), the nest-related microbiota data are still
scarce being incipient even in Apis species. Stingless bees forage flowers to gather pollen and
nectar as food source and collect other substrates to build up parts of their nests such as sap,
resin and mud. Bees are not rarely seen visiting organic decaying matter, and animal faeces
(Roubik et al., 2006). This input from external sources are very likely a inoculate route of
microbial actors to their enclosed society (Corby-Harris et al., 2014; Vit et al., 2012).

The spatial and functional compartmentalization of the hive create unique and
susceptible niches to the development of microbial interactions, which can affect directly the
health, nutrition and immunity of the colony (Anderson et al., 2011; Engel and Moran, 2013).
Among these potential microbial niches of social colonies the stored pollen and larval food
draw attention. The pollen is a very rich source of nutrients, including proteins, sugars,
vitamins and minerals (Souza et al., 2004). After being collected from flowers the pollen is
clumped with nectar and glandular secretions of bees containing enzymes and
microorganisms (Ueira-Vieira et al., 2013; Vit et al., 2012). This mixture remains stored in
the hive for days to weeks, which culminates in its maturation. The maturation process is
generally linked to metabolic activities of the microflora that is present in stored pollen,
although there is still a lot of controversy about the impact of the associated microorganisms
in this process (Anderson et al., 2014, 2011; Fernandes-da-Silva and Serrdo, 2000; Gilliam,
1979; Herbert and Shimanuki, 1978; Loper, 1980; Mattila et al., 2012; VVasquez and Olofsson,
2009). After maturation, this pollen is mixed with honey, royal jelly and salivary secretions
constituting the larval food that is provisioned in the brood cell to feed the immature ones
during their development (Kerr et al., 1996; Nogueira-neto, 1997).

Associated with complex sources of substrate, such as pollen, microorganisms must
display an enzymatic ‘repertoire’ capable of using various types of organic substrates as a
source of nutrients. From the biotechnological perspective, microorganisms associated with

the pollen may constitute potential sources of molecules for the food industries (hydrolytic
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enzymes), pharmaceuticals (bioactives), biofuels (biomass degradation) and other industrial
sectors (Bode, 2011; Challinor and Bode, 2015). Discovery of new molecules, especially
enzymes, are welcome to the bio-industry. There is the need of new biocatalytic sources in
order to substitute the usually environmental risky and expensive chemical catalysis, from
food to biofuel producing, a billionaire global market (Polaina and MacCabe, 2007).

In this study we privileged the traditional bacterial culture with the aim of screening
for function, exploring the hydrolytic potential of isolates obtained from larval food of brood
cells and pollen stored in pots of the Amazonian stingless bee Melipona seminigra Friese,
1903 (Camargo and Pedro, 2013); we discuss our findings related to the possible biological
functions of the microbiota associated with stingless bees.

2. Material and methods
2.1. Bacteria strains

A total of one hundred and thirteen bacterial isolates were used in this work. The
bacteria constitute a library that is maintained at Federal University of Amazonas, Manaus,
Brazil, at the Laboratory of Molecular Biology of the Biological Sciences Institute (ICB-
UFAM). The bacteria were obtained from the cultivation of stored pollen and larval food
collected from colonies of Melipona seminigra bees (Nacif-Marcal et. al. 2017 unpubl. Data).
The colonies are located at the meliponary of the Bee Research Group (Grupo de Pesquisas
em Abelhas - GPA) at the National Institute of Amazon Research (INPA) (Manaus-AM,
Brazil, 03° 05° 50.91”’S, 59°59’ 06.32”W).

From the total of one hundred and thirteen bacteria, nineteen were obtained from the
cultivation of larval food (isolates numbered of 1 to 19) and ninety four bacteria were
originated from the cultivation of pollen stored in pots inside the colonies (isolates numbered
of 20 to 113).

2.2. Enzymatic assays

The bacterial isolates were qualitatively evaluated for the production of the following
classes of hydrolytic enzymes: amylases, cellulases, lipases and proteases. Prior to enzymatic
assays bacterial isolates were activated in Luria Bertani medium agar and incubated at 30 °C
until the appearance of cell mass. Each enzyme assay was performed in triplicate for each
bacterial isolate and the bacterium was evaluated for the production of the enzyme (positive)

or not producing the enzyme (negative). The term “enzyme production” is used in this work
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for both synthesis of the enzyme by the bacterium and/or the activity of the enzyme in the
medium after it is produced (Hankin and Anagnostakis, 1975). The final result was taken as

one that appeared in at least two repetitions of the test.

2.2.1. Amylases

The amylolytic activity was verified by the growth of bacterial strains in Petri dishes
containing LB medium agar reduced by 1/4 of its components and supplemented with corn
starch 1 %, pH 7.0. Plates were incubated for 48h and enzyme activity was detected by the
formation of polymer degradation halos revealed by staining with iodine vapor (Astolfi-
Filho et al., 1986).

2.2.2. Cellulase (endoglucanases)

The production of cellulase enzymes (endoglucanases class) was evaluated from the
growth of bacterial strains in Petri dishes containing LB agar reduced by 1/6 of its
components and supplemented with 1% carboxymethylcellulose (CMC, Sigma™), pH 7.0
(modified from Ghose 1987). Plates were incubated at 30 °C up to seven days. Enzyme
activity was verified by the formation of polymer degradation halos revealed with at 0.1 %
Congo Red solution, pH 8.0, for 30 minutes and subsequent rinsing in 5 M NaCl solution for
5 minutes (Teather and Wood, 1982).

2.2.3. Lipases

The lipase activity was detected by the growth of bacterial strains in Petri dishes
containing culture medium with commercial olive oil as lipase substrate (3 g/L peptone, 2 g/L
yeast extract, 2 g/L K2HPO4, 2 g/L CaCl2, 1 g/L MgSOsa, 10 g/L Tween 80, 20 g/L olive oil,
0,002 g/L rhodamine B and 18 g/L agar, pH 8-8.5) (modified from Kouker and Jaeger 1987).
The plates were incubated at 30 °C for seven days. Enzyme activity was visualized by the
contrast formed between the whitish halo and the pink dye rhodamine B (Kouker and Jaeger,
1987).

2.2.4. Proteases

Assessment of protease production by bacteria isolates was taken from its growth in
Petri dishes containing culture medium with powdered milk and gelatin as protein sources
(YYeast extract 2 g/L, gelatin 1 g/L, powdered milk 2 g/L and agar 15 g/L, pH 7.0) (Hankin
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and Anagnostakis, 1975). A transparent region around the colony in contrast with the opaque
surface of the medium indicated the proteolytic activity.

2.3. Semi-quantitative determination of enzymatic activity

The semi-quantitative determination of enzymatic activity of bacterial isolates selected
as positive by the qualitative method was made by the relationship between the average
diameter of the degradation halo ( dh ) and the average diameter of the bacterial colony (dc),
expressed as Enzymatic Index (EI = dh/dc) (Hankin and Anagnostakis, 1975; Lealem and
Gashe, 1994). Bacteria that presented an EI above 2.0 were considered potentially useful for
biotechnology use (Florencio et al., 2012; Lealem and Gashe, 1994). The diameters of halos

and the colonies were measured using a caliper rule in millimeters (mm).

2.4. Statistical analysis

Statistical analyzes were performed on BioEstat® program version 5.0. Data normality
was verified by Lilliefors test. To test for significant differences in the enzymatic production
of the bacterial isolates it was performed a one-way analysis of variance (ANOVA) followed
by Tukey test. In addition, it was performed the Student T test to verify if the type of food
provision (pollen stored in pots or larval food) affects the enzymatic production of its

associated microbiota. The significance of all tests was considered at the 0.05 level («=0.05).

3. Results

The ability of the bacterial isolates of using different substrates was evaluated by the
visualization of the polymer degradation halos (Fig. 1). The bacteria (113 isolates) showed
different nutritional versatility; while 16 % of it showed at least three types of enzyme
activity, another 19 % of the total of bacteria did not show any enzymatic activity. However,
most of the isolates (65 %) produced one or two types of hydrolytic enzymes, with the
composition and/or combination of these enzymes being varied among bacterial isolates, as
shown in the supplementary material 1 (Table S1 and Figure S1).

The overall production of extracellular enzymes by the isolates is reported in Fig. 2.
Proteases and Cellulases were the enzymes most produced by the bacterial isolates whereas
the production of amylases was less pronounced (F= 9.89/ gl= 448/ p < 0.0001). The
proportion of the enzyme producers that presented enzymatic index (EI) higher than 2.0 is

highlighted in the Figure 2 for each class of enzyme. A high number of cellulolytic and
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proteolytic bacteria can be selected as potential producers according to this enzymatic index
criterion. Although the amylase and lipase producing bacteria with an EI > 2.0 represent a
smaller portion of the total of isolates, high values of EI were found for these enzyme’s
categories. Table I highlights the bacterial isolates with the highest indexes for each type of
enzyme; it ranges from IE= 4,0 (of a cellulolytic bacterium) to an El= 15.2 for a lipolytic
bacterium (Table I).

The enzymatic production was also analyzed taking into account the source of the
bacteria (isolated from pollen stored in pots or from larval food). The enzyme activity was
compared inside each condition using ANOVA followed by Tukey test and there was only a
significant difference in the enzymatic production of bacteria isolated from stored pollen: it
indicates that proteases and cellulases are the most produced enzymes by the bacterial
associated to the pollen stored in pots (F= 9.19/ gl= 372/ p < 0.0001), whereas the bacteria
isolated from larval food produced all the types of enzymes in the same level (p > 0.05) (Fig.
3). The enzymatic production of the bacterial isolates seems not to be affected by the type of
food provision: the enzymes were produced in the same level independently of the source of

the bacteria (pollen of pots or larval food) (p > 0.05) (Fig.3).

4. Discussion

Symbionts microorganisms of insects are normally related to host defense and/or
nutrition. These functions are easily perceived in the context of microbial gut communities of
termites or of the permanent actinobacterial mat present in the cuticle of leaf cutting ants
(Douglas, 2011). On the other hand, in the context of colonies or nests of social insects, the
symbiotic relationships become more complex in front of the multiple biotic and abiotic
factors that can modulate microbial composition (Anderson et al., 2011; Hughes et al., 2008).

Pollen provisions are essential for the development of social bees. The association of
microorganisms to pollen provisions of stingless bees was evidenced in the 70’s with
pioneering works of J.O. Machado (Machado, 1971). From that time, the stingless microbiota
topic has evolved little and it is still not easy to understand the functional roles of the pollen
microbiota in these bees. Even for honeybees, that concentrates much of the research, there
are controversies regarding the role played by microorganisms in pollen storage and
maturation (Anderson et al., 2014; Fernandes-da-Silva and Serrdo, 2000; Herbert and
Shimanuki, 1978; Vasquez and Olofsson, 2009).
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In this work we corroborate the previous findings that pollen and larval food of
stingless bees contain an active microbial community. We further provide for the first time
evidences that within the food provisions of M.seminigra bacteria present a range of
hydrolytic activity. We detected amylolytic, cellulolytic, lipolytic and proteolytic abilities in
these bacteria (Fig. 1). Enzymatic activity was also showed by Gilliam et al. (1990) for
bacteria isolated from food provisions (honey, pollen and brood provisions) of other stingless
bee, the Melipona fasciata. The hydrolytic potential of bacteria associated to bees’ food
provisions enables some assumptions regarding to the biological functions of this microbiota
and the bee-food-bacteria relationship.

At a first glance, it is plausible to consider that bacteria associated to pollen provisions
use it as a nutrient source for a living. Not only the macro molecules like sugars, proteins and
lipids but also minerals and vitamins of pollen could be used as nutrient source for these
bacteria, since pollen is rich in these components (Almeida-Muradian et al., 2005; Rebelo et
al., 2016). The hydrolytic capacity of bacteria associated to pollen however seems not to be
related to nutrient conversion or predigestion of stored pollen (Anderson et al., 2014,
Fernandes-da-Silva and Serrdo, 2000; Vollet-Neto et al., 2016). In fact, the analysis of
bacterial enzymatic activity showed that enzymes were similarly produced in the two stages
of pollen — along the storage/maturation process in pots and in the post-maturation stage
composing larval food (Fig. 3). If the hydrolytic activity would be a requirement for pollen
digestion or processing, the pollen distributed in the cells of larval food should be in its
‘ready-to-eat’ state and additional hydrolytic activity would be no longer necessary -
considering in this context that the final destination of matured pollen are the brood cells
where the queen lays eggs.

Ueira-Vieira and colleagues (2013) also detected the presence of a range of enzymes
in the larval food and stored pollen of M. seminigra bees but these enzymes were not directly
associated to bacterial activity. Bees secrete enzymes and other glandular substances into the
pollen provisions but it is also important to consider that microbial enzymes can also
constitute the pool of enzymes found in the food provisions. The hydrolytic enzymes of
bacteria associated to both bee pollen and larval food may affect it somehow, chemically or
nutritionally. To what extent these microbial modifications are useful for bees still needs to be
better investigated, but from a biotechnological standpoint these bacteria and their enzymes
can be harnessed. They can offer a vast range of products for bioprospecting from new

compounds to more efficient biocatalysis agents (Bode, 2011).
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Bacteria isolated from food provisions of the amazonian M. seminigra were capable of
using different organic substrates as carbon source, a versatility that points to the great
potential of these bacteria for the prospecting of valuable hydrolytic enzymes. Proteases and
cellulases were the enzymes most produced by the associated bacteria what it is
understandable in the light of the composition of pollen: in spite of being rich in different
organic and inorganic molecules its cell wall is composed mainly of cellulose and other
carbohydrates (Roulston and Cane, 2000) and it also has a remarkable proteic content, about
20% (Souza et al., 2004). If we take into account that in industrial processes many steps are
required for transforming plant material, the nests of bees and other insects that store and also
process this type of material should be viewed as natural micro refineries. Here, our data show
that the majority of the proteolytic and cellulolytic bacteria from M. seminigra nests fulfill the
Enzymatic Index criterion (E.I > 2.0) to be selected as a potential producer (Fig. 1). The
enzymatic index is a simple and rapid tool to select strains that can efficiently degrade
macromolecules (Ten et al., 2004), since there is a direct relationship between the halo size
and the degradation activity of the bacteria. Proteases constitute over 60% of the global
market for enzymes; they are used to produce pharmaceuticals, foods, detergents, leather, silk
and agrochemical products (Adrio and Demain, 2014). Cellulases also have high demand in
the enzyme market being mainly used in pulp, paper and textile industries (Adrio and
Demain, 2014; Singh et al., 2016). Industrial enzymes market worth around hundreds of
millions per year and it is expected to grow significantly in the next years (Singh et al., 2016).
Consequently, the microbial enzymes obtained from bee food provisions can have added-
value besides its biological functions (or consequences in bee nest); not ignoring the potential
lipases and amylases enzymes that could also be obtained from these niches, as indicated by
the high enzymatic indexes of the isolates 70 and 73 in table 1.

In the last decades, the elucidation of microbial symbiosis in nature has culminated in
the growing recognition that natural products isolated from plants and animals may in fact be
the metabolic products of co-living microbes (Challinor and Bode, 2015; Crawford and
Clardy, 2011). Social insects like the meliponines of Amazonia provide exclusive resources to
symbiotic microorganisms such as perennial and warm nests all along the year, humidity,
high density of individuals inside the nests and shared food. Therefore, we see the
meliponines as a good model for the study of symbiotic relationships and besides they
represent a rich source of microorganisms and products of industrial and medical interest.

Here, for M. seminigra bee both pollen and larval food provisions were great source of
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bacteria producing hydrolytic enzymes like proteases, cellulases, lipases, amylases, and they

can be the first wellspring for enzymatic prospecting in stingless bees’nest.
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Fig. 1 Qualitative enzymatic assay. Representative amylolytic (a), cellulolytic (b), lipolytic
(c) and proteolytic (c) activity of bacterial isolates 9, 21, 16 and 68 respectively. Photos by
Andressa Cristina Barroso

Fig. 2 Production of hydrolytic enzymes by bacteria isolated from food provisions of colonies
of Melipona seminigra. Different letters indicate significant differences between enzymes
groups (ANOVA p < 0.0001, Tukey test). The proportion of bacterial isolates that presented
enzymatic index higher than 2.0 is striped in the bars for each enzyme class

Fig. 3 Comparison of the enzymatic activity of bacteria isolated from pollen of pots and from
larval food of colonies of Melipona seminigra bees. It was compared the enzymatic
production of bacteria inside each condition and the enzymatic production was also compared
between the two conditions (pollen from pots versus larval food), for each type of enzyme.
Values followed by the same letter did not differ statistically (T test, p > 0.05). Asterisks
indicate the significant differences among the enzyme production of bacteria from pollen of
pots (ANOVA p < 0.0001, Tukey test). There is no significant difference in the enzymatic
production of the bacteria of larval food condition (ANOVA p > 0.05)
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Table I. Highest Enzymatic Indexes (EI) detected in bacteria isolates from food provisions of
Melipona seminigra

Enzyme Bacterium Source of bacteria El SD
Amylase Isolate 73 Pollen in pots 51 1.1
Cellulase Isolate 1 Larval food 4.0 0.4
Cellulase Isolate 101 Pollen in pots 4.0 0.6
Lipase Isolate 70 Pollen in pots 15.2 1.2
Protease Isolate 2 Larval food 6.8 0.2

El: Enzymatic Index; SD: Standard Deviation. The El is the mean value of three independent
experiments.
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Table SI. Enzymatic production of the bacteria isolated from stored pollen in pots and larval
food of Melipona seminigra bee. The number 1 indicates presence of degradation halo (positive
result) whereas the number 0 indicates absence of halo (negative result). The final result was taken as
one that appeared in at least two repetitions of the qualitative enzymatic assay.

Bacteria*

Protease

Amylase

Lipase

Cellulase

Total of enzymes

© 00 N O Ol WDN K-

B W W W WWWWWWWDMNDDNDNDNDNDNDNDNDNDNNMNDNNNMNNMNNNRFPFRERPRPERPERPERERERPEREPR
O ©W 00O NO Ul WO NP OOWOWONOOP WNPEFPOOOWOWNOD Ol WDNPEF-. O

T.3.1.AL(L)
T.3.1.AL(2)
B.3.1.AL(1)
N.3.1.AL(1)
B.4.1.AL(1)
B.4.1.AL(2)
B.4.3.AL(1)
M.4.3.AL(1)
T.6.1.AL(L)
T.6.4.AL(1)
M.9.1.AL(1)
B.7.1.AL(1)
M.7.1.AL(1)
M.7.4.AL(1)
T.9.1.AL(L)
B.9.1.AL(1)
B.9.1.AL(2)
B.9.1.AL(3)
B.9.1.AL(4)
T.3.1F(1)
T.3.1LF(Q)
T.3.2.F(1)
B.3.1.F(1)
B.3.2.F(1)
N.3.1.F(1)
N.3.1.F(2)
N.3.2.F(1)
N.3.2.F(2)
TA41FQ)
TA41FQ)
B.4.1.F(1)
B.4.1.F(2)
B.4.1.F(3)
B.4.2.F(1)
B.4.2.F.(2)
N.4.1.F(1)
N.4.1.F(2)
T.5.2.F(1)
B.5.1.F(1)
B.5.2.F(1)

[E=Y

rPr,POOOCOOOFRPFPFOOPFPFRPPFPOOPFPOPFPOPFPOOOFPORFPOOPFPORFR,PFPPEFOLPRLP

[XY

O OO OO OO OO0 O0ODO0ODO0ODO0OO0OPFRPOO0OO0ODO0ODOPFPOPFPROOODODOORrR, P OOOoOOoOOoOoo

o

oo oo PrpPrPrPOoOO0OPrPrPOo0Oo0Do0ooooOoPrPrPooo0ocooOPrPrPoOoOPRP,POPOPORFRP, P REPPOOOODO

[=Y

O Rr P OOO0OO0OO0OOORFrRrPFPOOFRPRPFPOOOFRRPFPPFPOPFPOORPRPOPOOOOOR PP OLPRLPRE

w

P NN ORFP FP OOFPNDMNOODNDNDWOONEDNDNDNNDNEPERWOWODNWEDNDNDNDNODNDN

80



41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

N.5.1.F(1)
N.5.1.F(2)
N.5.2.F(1)
T.6.1.F(1)
T.6.1F()
T.6.2.F(1)
B.6.1.F(1)
B.6.1.F(2)
B.6.1.F(3)
B.6.2.F(1)
N.6.2.F(1)
T.7.LFQ)
T.7.LFQ)
T.7.2.F(Q)
B.7.1.F(1)
B.7.1.F(2)
B.7.1.F (3)
B.7.2.F(1)
B.7.2.F(2)
T.9.1F(1)
T.9.1F()
T.9.2.F(1)
B.9.1.F(1)
B.9.1.F(2)
B.9.2.F(1)
N.9.1.F(1)
N.9.2.F(1)
T.3.1.A(1)
T.3.1AQ2)
T.3.1.AQ3)
B.3.1.A(L)
B.3.1.A(3)
B.3.2.A.(1)
B.3.4.A(1)
B.3.4.A(2)
M.3.2.A(1)
TA4.1AQ)
TA4.1AQ2)
TA4.1AQ3)
T.4.2.A(1)
B.4.1.A(L)
B.4.1.A(2)
B.4.1.A(3)
B.4.1.A(4)
B.4.2.A(1)
B.4.2.A(2)

P OFRPR OFRPR OO0OO0OFRORFROO0OORFRRRFPRORFRPROORFRORPROOORRPRERPLRORORRPORPRRPORPROREREOLERLERLPR

O PP OOO0OOO0OO0OPFRPFOPFPOOOPFPOPFPROOORFRPR P OODOODOOOPFRPRF OOODODODODODODODODOoOOoOOoOOoULeRDOo

O OO PFrP OO FrRPOPFRFFPPFPPOPFPPFPOODOOPFPPFPOPFPOOOOOOOOOOORPROORFRP PP OOPRPOLPRLPRF

P OPFrRPOPFPOOFRFPFPOOOOPFPOOFRPRPFPOOPOODOOORLRPFPORPPFPOORFRPORPPOOOORP,ORLPRELPR

NP WOFRP NORFPRPFPPMNPWPEFPODMNWEDNDNOPRPPEPPEPDNOOOMNDEPEDNDNOENEDNDNEDNEREPDNEDNDDPAW

81



87 BA5.1A(L)
88 N.5.1.A(L)
89 N.5.1A(2)
90 T.6.1A(L)
91 T6.1A(2)
92 T.6.1A®)
93 B.6.L.A(L)
94 B.6.1A(2)
95 B.6.1.A(3)
96 B.6.2.A(1)
97 B.6.2.A(2)
98 N.6.2.A(1)
99 T.7.1.A(1)
100 T.7.1.A(2)
101 T.7.2.A()
102 B.7.1.A(L)
103 B.7.1.A(2)
104 B.7.2.A(1)
105 M.7.4.A(1)
106 T.9.1.A(1)
107 T.9.2.A(1)
108 T.9.3.A(1)
109 B.9.1.A(1)
110 B.9.1A(2)
111 B.9.2.A(1)

112 B.9.2.A(2)
113 N.9.1LA(2)

PO OO RFRPRORRPRORPRRFPRORPRRPRRPRPRORPRORORORRERIERELR
PR, OO0 0000000000 RRFPROOORRERELOOR OO
PO OO0OO0ODO0OO0ORrR OO0OO0OR OO0OROO0OOROR OOR R REkRO
PR, OO0OFRPR OO0ORFRORRFPLROORRPRRPLROOORRERLROR,R OOLERO
BN OONOFR WONNPRERPERENDAMNRPEPONMNDDAEMRERNODNNWW R

Total 61 24 40 ol 176

*Bacteria numbered from 1 to 19 were isolated from larval food collected from brood cells
and bacteria numbered from 20 to 113 were isolated from pollen collected from cerumen pots.
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Figure S1. Distribution of the bacteria isolates from stored pollen in pots and from
larval food of Melipona seminigra bee according to the number of classes of hydrolytic
enzymes produced. The percentages were calculated using the data of total of enzymes
produced by each bacterium expressed in Table S1.
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ARTIGO 3

Composicao bacteriana do intestino da abelha amazonica sem ferrao

Melipona seminigra

Nacif-Marcal, Lorena et al. Insights into the gut bacterial composition of an amazonian
stingless bee. Manuscrito preparado de acordo com as normas da revista Microbial Ecology.
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Introduction

Species do not live alone. There are different types of associations and biological
interactions between species and these relationships can drive the biological evolution of
them. The duet insect-microorganism is a typical example of how the symbiotic associations
can determine the species’ natural history on Earth [1, 2].Traditionally, microbial symbionts
are related with the improvement of the nutritional state, the immune defense, and also the
physiological responses of its hosts to the environment adversities[2, 3].However symbiosis
impacts on the individuals can be more complex and dynamic being not fair minimizing their
benefits [4, 5], especially for elaborated societies of insects such as Apidae bees. For these
social bees the symbiotic interactions should be analyzed in a broader context: considering
both the individuals and the nest/colony [6, 7] and also thinking about how the sociality
affects the maintenance and transmission of a specialized microbiota [8, 9].

In this context, the gut microbiota has been a keystone for microbiology studies in
bees, firstly due to its expected importance in bee’s health, resembling humans and other
animals, but also because it has been revealing singular ecological and evolutionary signatures
in symbiosis [10, 11].The up to date knowledge about bee’s gut microbiota is based on the
eusocial honey bees (Apis mellifera)(Apini; Apinae; Apidae; Hymenoptera; Insecta), a
worldwide crop pollinator that is widely used in agriculture and food production. The gut
microbiota of honey bees has been best characterized in worker bees, which harbor a
distinctive microbiota consisting of 8 to 10 bacterial phylotypes (bacteria with > 97% 16S
rRNA sequence identity) [11]. The composition of the bacterial gut community of A.mellifera
was endorsed by different studies involving honey bees from different parts of the world [12—
17] suggesting that A.mellifera bees may have co-evolved with the, so called, core bacteria
species of their gut [11]. These gut symbiotic associations are mainly maintained and
transferred between the generations of bees (vertical inheritance),and they may depend
largely on social interactions to be transmitted from host to host [10, 11, 18, 19].

While certain groups of gut bacteria seems to be restricted to their honey bee host,
some bacterial clusters are also present in other corbiculate bees, as shown for bumble
bees(Bombini; Apinae; Apidae; Hymenoptera; Insecta) [10, 17, 20] and stingless
bees(Meliponini:Apinae; Apidae; Hymenoptera; Insecta) [21, 22]. In contrast, solitary bees
and non-corbiculate social bees seem not to share this specific microbiota: they present a gut
microbiota composed mainly of environmentally acquired microbes [8, 19, 23, 24]. These

differences suggest that the group of eusocial corbiculate bees (Apini, Bombini, Meliponini)
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could share a common evolutionary history also regarding the acquisition and maintenance of
their gut microbiota. Indeed, as shown by Kwong et al. (2017), a core corbiculate bacterial
community exists but there is also a clear distinction in the gut microbial composition
between the three tribes, being the Meliponini the most heterogeneous group.

The Meliponini tribe comprises the exclusively tropical stingless bees whose highest
diversity is found in the Amazon basin [25]. In Amazonia, the stingless bees are one of the
most relevant pollinators for native plants and local crops[26]. Despite their great importance,
we still have limited understanding about their microbiota. Together with honey bees,
stingless bees represent the most advanced level of sociality in bees and it is expected that the
social behavior could shape Meliponini microbiota as well it does in honey bees, resulting in
the emergence and persistence of a distinctive gut community. Data are sparse, however, and
the few available literature shows a variability in the microbial composition of these bees,
which may also be a reflection of the taxonomic richness of this group opposed to the one-
genus of both Apini (Apis) and Bombini (Bombus) tribes [10, 21, 22, 27, 28]. Considering
only one Meliponini genus as Melipona, the microbiota’s heterogeneity seems to be larger
than in Apis spp. and Bombus spp. bees [21, 22]. In this case, the environment could have a
significant influence on microbiota composition, even when it comes to a highly social bee
group, as Meliponini. This lack of data highlight the importance to expand the Meliponini
sampling and microbial research to achieve further insights into the gut microbiota structure
and for better understanding of its phylogenetic relationships and sociality’ traits from the
microbiological standpoint [19, 21, 29]. Likewise, the environmental context must be
considered to address the effects of the natural geography and anthropogenic modifications of
it on the gut microbiota [29].

In this study we aimed to analyze the gut bacterial composition of the Melipona
seminigra Friese, H (1903), an Amazonian stingless bee [25]. First we tested if different
habitats — urban versus forestry system- affect the gut composition of M. seminigra bees. We
choose an urban meliponary as a representative of some anthropogenic changes that could
impact bee gut microbiota as pollutants as well the available resources for feeding and nest
construction. A second meliponary constructed inside a fragment of Amazon forest was used
as a semi-natural site. After that, we analyzed the bacterial composition throughout the bee
gut, focusing on its morphofunctional distinction- crop (foregut), midgut and hindgut- to

verify if there was any pattern of bacterial colonization in the Melipona seminigra’s gut.
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Material and Methods

Bee sampling and dissection

Adult worker bees (foragers) were obtained from two different meliponaries located in the
city of Manaus, Amazonas, Brazil. The collections were done in June, 2016. One of the
meliponaries is located in an urban area of Manaus, in the Bee Research Group(Grupo de
Pesquisas em Abelhas - GPA) of the National Institute for Amazonian Research (INPA) (03°
05’ 50.91”’S, 59°59 06.32”W). (Fig. 1). The second meliponary is located in an agroforestry
community named Ramal do Brasileirinho (RB) (03° 00’ 27.20°°S; 59° 51’ 49.23” W). This
community is located on the western outskirts of the city in an area surrounded by primary
and secondary tropical forest (Fig. 1). In each meliponary, 5 returning bee foragers were
sampled from each of 5 colonies, for a total of 50 bees. The bees were placed in sterile falcons
tubes and sent to the Molecular Biology Laboratory of the Federal University of Amazonas,
Manaus, Brazil, for dissection. Whole guts from crops to the rectum were aseptically
dissected from each bee and then the guts were divided in its 3 morph functional parts: crop
(foregut), midgut and hindgut (Fig.S1). The gut parts of the bees collected from the same
colony were pooled. In the final, we had 5 samples of pooled crop, 5 samples of pooled

midgut and 5 samples of pooled hindgut for each location and a total of 30 samples.
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Figd. Location map of the two meliponaries accessed for bee sampling. The city of
Manaus-Brazil is inside of the Amazon basin, in the confluence of Negro and Solimdes rivers.
A zoom of the city region is shown in the right side of the figure with the highlights for the
sites of the urban GPA meliponary and for the agroforestry meliponary in the Ramal do
Brasileirinho community.

Malpighian
tubules

Crop Midgut | lleum Rectum |

Hindgut
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Fig S1. Morphology of the gut of Melipona seminigra bee.This drawing was made on white
paper from the visualization in a stereoscope of a dissected gut of a specimen of Melipona
seminigra and then it was vectorized on Adobe® Illustrator CS6. The gut is divided into three
anatomical and functional parts: anterior, middle and posterior. The anterior part or foregut is
composed of a long tube (esophagus) that ends in a dilated region, the crop or
honeycomb/social stomach, which is represented above. The proventricule valvule
(highlighted inside the crop) divides the crop from the midgut. The insertion of the Malpighi
excretory tubules divides the midgut from the hindgut (posterior) in the area of the pylorus
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valve. The hindgut begins in an elongated tubular region, the ileum, and it ends in the
enlarged rectum. Four rectal pads are differentiated in the figure above. Descriptions based on
[30, 31].

DNA extraction, PCR and Cloning

DNA was extracted from the pooled gut parts using Genomic DNA kit from soil
NucleoSpin®(Macherey-Nagel). Partial 16S rRNA gene sequences were amplified from each
DNA by the Polymerase Chain Reaction (PCR) using universal bacterial primers 27F ( 5'-
AGAGTTTGATYMTGGCTCAG-3) and 1492R (5" TACCTTGTTAYGYCTT-3') and the
following cycling conditions: 95 ° C for 2 minutes followed by 35 cycles of 95 °C for 30
seconds, 52 °C for 30 seconds, 60 seconds at 72 ° C and final extension at 72 °C for 4
minutes. The PCR products were purified with the MiniElute™ PCR purification kit
(QIAGEN) and the purified DNA was cloned with the pPGEM-T Vector System | (Promega)
into electrocompetent E.coli JM109 competent cells. For each sample (N=30), 10
recombinant clones were sent for sequencing in both directions (M13Foward/Reverse

primers) in the Eurofins Genomics Company (Ebersberg, Germany).

Bioinformatics

The sequences were analyzed and assembled with the use of the CLC Main Workbench
program 7.6.4. (QIAGEN). Sequences were analyzed for base quality and the remaining
vector sequence was removed.Taxonomic assignments of the consensus sequences were
performed in two ways: (1) using BLASTn tool [30], against NCBI nucleotide database
(accessed on may, 2017) (http://www.ncbi.nlm.nih.gov/) and (2) using Ribosomal Database

Project (RDP) classifier and RDP version 16 training set
(http://rdp.cme.msu.edu/classifier)[31, 32], with confidence threshold value of 80%. The

results were manually checked, compared and the sequences were assigned to the finest
taxonomic level possible based on the criteria of > 95% of identity. Sequences that were not
assigned to species level and all the sequences returned as chloroplast were removed, as well
the sequences that didn’t match the identity criterion for a specific taxon. Data was organized
in a matrix spreadsheet for statistical analyses and Principal Coordinate Analyses (PCoA)

visualizations.
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Statistical analysis

We ran separate tests for bacterial assemblage composition at different taxonomical level. We
used a permutational multivariate analysis of variance (np-MANOVA), based on Bray-Curtis
distances, to evaluate the effects of gut part (crop/foregut, midgut and hindgut) and the site of
meliponaries (urban or natural site) on bacterial composition. In this design, we used “colony”
as strata, so that randomizations occur only between colonies and not within colonies. This
analysis allows simultaneous testing of multiple factors and covariates based on permutation
tests. We also used pairwise np-MANOVAs of gut parts as pos hoc tests to better describe
differences of bacterial assemblage composition between M.seminigra gut parts. We also
tested whether the overall bacterial heterogeneity differed between gut parts, using analysis of
homogeneity of multivariate dispersions (hereafter PERMDISP). PERMDISP is a
multivariate analyses analogue of Levene’s test for homogeneity of variances, and the statistic
(average distance of group members to the PCoA group centroid) is tested by permutation.
Bray-Curtis distances of standardized compositional data were used. We also computed
Tukey honest significant differences to investigate the differences between bacterial
composition dispersion among gut parts. The statistical probabilities of np-MANOVA and
PERMDISP were based in 999 permutations for each test. We also created Venn diagrams to
illustrate the number of sharing taxa between gut parts. All analysis and plots were done in R
3.4.0 (R Core Team 2017).

Results

Data summary

A total of 300 recombinant plasmids were sequenced and 219 (73%) sequences were
identified at genus level. Post-processing sequences length was between 1372 bp and 1662
bp. Most of the 219 sequences were assigned at genus level with 97-100% of identity except
for 20 sequences of Lactobacillus that were recorded with 95-96% of identity. One sequence
was low-quality, 5 sequences were of chloroplast in origin and the others 75 sequences
couldn’t be classified in genus level using the criterion of > 95% of identity. However, the
assignments of these 75 sequences were gradually recovered for the higher taxonomic
classifications, reaching 87% of assignment (260 sequences) in family level (similarity >
92%) until 100% of assignment in phylum level for > 85% of identity. The majority of the
taxonomic classifications were similar in NCBI and RDP databases, but in a few cases when a

sequence had no taxonomic assignment in RDP (unclassified or identity < criterion) it had
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conflicting classification in NCBI (e.g. two or three species/genus with the same indices of
similarity). Discrepancies were then resolved based on RDP confidence and BLAST

percentage identity.

Gut bacterial composition

Analysis of environmental influence

We performed a permutational multivariate analysis of variance (np-MANOVA) to test
whether the M. seminigra gut bacterial composition differed according to bee colony’s habitat
(GPA and RB) and the gut part (crop/foregut, midgut and hindgut). No significant differences
were found between the two sites (Table 1): the gut bacterial composition of M.seminigra
bees at any taxonomic level was similar, independently of the colony of origin. An overview
of the gut composition of M. seminigra bees shows a total of 13 different bacteria genera
being the Lactobacillus the most dominant (highest number of clones) (Fig.2). The genera
Snodgrasella and Bifidobacterium, commonly associated to corbiculate bees, were detected in
similar relative abundance of the environmental bacteria Pectinatus and Rosenbergiella. Some
genera were detected just once (1 sequence/clone): Lactococcus, Tatumella, Anaplasma,
Fructobacillus and Bombella (Fig.2). Looking at family taxonomic level, for which there
were more assigned sequences, we can observe again the preponderance of Lactobacillaceae
members followed by Acetobacteraceae, Enterobacteriaceae and Bifidobacteriaceae
respectively (Fig.3). Especially, there was an increase in Acetobacteraceae members, because
they couldn’t be assigned to genus level for > 95% similarity (Fig.3). Sequences of
Prevotellaceae bacteria were only detected in family taxon assignment and specifically in the
hindgut samples (Fig.3).

Analysis of gut parts’ bacterial colonization

We tested if the bacterial colonization differed between the morphofunctional parts of the gut
of M. seminigra: crop, midgut and hindgut. The ordination method of Principle Coordinates
Analysis (PCoA) showed three distinct clusters in the gut’s bacterial composition, which
coincide with the morphofunctional separation of the gut (Fig.2 and Fig.3). The np-
MANOVA analysis supported these differences for all taxonomic levels (Table 1, Fig. S2)
and the pairwise post hoc test pointed that the three gut parts differ from each other in terms
of bacterial composition (Table 1). The Lactobacillaceae was the only taxa present across all

the gut’s parts samples and just one pooled sample of midgut did not present it (Fig.3). In
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general, Lactobacillus genus — and Lactobacillaceae family -commonly occurred at high
abundance in samples (Fig.2 and Fig.3). Acetobacteraceae members were also found in all the
gut’s parts but not in all samples/colonies (Fig.3). The Honey bee core hindgut bacteria
Snodgrasella was exclusively found in the hindgut samples of M. seminigra. The other honey
bee core hindgut Bifidobacterium was also exclusively found in the hindguts except for one
sample of midgut (Fig.2).

The crop bacterial composition of M. seminigra seems to be more homogeneous
than the bacterial composition of midgut and hindgut, which are both highly variable (Fig.4,
Table 2). The higher variation in bacterial composition of midgut and hindgut compared to
the crop is congruent with the genera’s diversity found in these parts whereas crop microbiota
is essentially lactobacillary (Fig. 3). The dispersion pattern of the gut bacterial composition
along the morphofunctional parts was also observed in all taxonomic levels (Phylum, Class,
Order and Family) (Table 2, Fig S3), which have more information of composition (more

taxonomic assigned sequences).

Discussion

Symbiotic microbiota can be shaped by a variety of factors of the host lifestyle such
as diet, reproduction and social grouping. In social bees, the sociality seems to be a guiding
force for the development and maintenance of bees microbiota[21]; honey bees are the best
example of it: they harbors a distinctive and specialized gut microbiota which transmission
between generations is supported by social contact[33, 34]. Bumble bees also share some
features of honey bees microbiota, but the eusocial stingless bees (Meliponini), besides being
underexploited, come to light as a heterogeneous group [10, 21, 22]. How and if the sociality
shapes Meliponini bees microbiota is unknown and there is a need for extending the microbial
research and sampling effort in this group. In this work we focused in an Amazonian stingless
bee that has not been studied before, the Melipona seminigra. This species is widely
distributed in central Amazon and it has great social and economic value in meliponiculture
[26]. Microbiota information related to meliponas bees are scanty [10, 28] and null for
Amazonian native species.

In order to test whether the colony site could be a source of variation in the bacterial
composition of M. seminigra gut, as observed for other Meliponini species in which the

microbiomes differed between colonies [21, 22], we collected bees from two different sites
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(Fig.1).The two meliponaries are distant at least 15 km from each other and consequently the
bees cannot migrate between them. Neither the different colonies from a single site nor the
colonies from different meliponaries showed significant differences in the bee gut bacterial
composition. These finding are in agreement with Kwong and colleagues [21] proposition that
host identity is more important than geographic factor for determining gut microbiome
composition. Habitats had also minor effect on gut microbial communities of bumble bees
[35].

Since the colony of origin had no significant effect on the gut bacterial composition,
samples of bees from both meliponaries were considered as a single set of data for subsequent
analyses. The PCoA ordination and np-MANOVA revealed a specific pattern of bacterial
distribution in the M. seminigra bee gut. The morphofunctional parts of M. seminigra gut -
crop, midgut and hindgut - showed different structures in terms of bacterial composition.
Midgut and hindgut organs held more diversity of taxa than crop. The crop mostly consisted
of Lactobacillaceae members and a few sequences of Acetobacteraceae were detected, one of
them assigned to Bombella genus. One unique sequence of Fructobacillus (family:
Leuconostaceae) was also found in M. seminigra crop [36, 37]. As an acidic sugar-rich
environmental, the crop is dominated by lactic-acid bacteria (LAB) and acetic-acetic bacteria
(AAB) [7, 19]. These results are in line with the findings for honey bees’ crop and other
meliponini bees[12, 28, 38]; the taxon Bombella has been recently proposed as a new genus of
acetic-acid bacteria, first isolated in bumble bee crop [39]. One sequence of Spiroplasma
bacterium was observed in crop and also it was detected in one sample of midgut.
Spiroplasma is typically found in the gut or haemolymph of insects and it has been reported
as an opportunistic bee pathogen [40]. Probably it was in transit from crop to the distal parts
of the gut. The crop is the distendable part of the foregut that is used for collection, storage
and transport of nectar and water to hive. Because it is frequently filled and emptied with
nectar, it has been discussed that crop microbiota is transient and tight associated with the
pollination environment and colony food stores [36, 41].

Although Lactobacillaceae bacteria members were found in high abundance in all
the gut parts, for midgut and hindgut samples other taxa also made up the bacterial
community. In terms of taxa diversity, the bacterial microbiota of midgut and hindgut were
statistically similar (PCoA dispersal) but their compositions were statistically distinct (PCoA
ordination). These data suggest that midgut and hindgut have each one an exclusive set of

bacteria that possibly play specific functions in these niches. Anaplasma (family:
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Anaplasmataceae), Moraxellaceae (four sequences assigned to Acinetobacter genus) and
Streptococcaceae bacteria were solely detected in midgut samples. Anaplasma and other
members of Anaplasmataceae are known pathogens of vertebrates and invertebrates animals
[42] but this genus hadn’t been described in bees so far. Bacteria from Acinetobacter genus
are composed of ubiquitous gram negative and non-fermenting coccobacilli bacteria that have
been reported in several habitats as soil, water and sludge [43]; they are also abundant in
floral nectar of many plant species and it is probably environmentally acquired by the
bees[44-46]. The midgut exclusive taxon Streptococcaceae was detected in two different
colonies, two sequences in total being one assigned to Lactococcus. Green plants are the
natural habitat for the LAB lactococci but nowadays they are widely used in industrial process
(i.e. food fermentation) [47]. Lactococcus species are not commonly associated to bees, albeit
they have been reported in termites hindguts [48].Other environmental taxa in origin were
detected in midgut and also shared with hindgut: Rosenbergiella (family: Enterobacteriaceae),
Pectinatus  (Veillonellaceae), = Acetobacteraceae, = Leuconostocaceae  and  other
Enterobacteriaceae members, and they have been described in honey bees colonies (hive
components and individuals)[21, 38, 45, 49, 35]. These bacteria were also detected in other
Meliponini bees’gut [21, 22].

The prevalence in midgut of taxa from environmental origin suggests that the
external conditions may play a role in shaping midgut bacterial composition. Ludvigsen et al
[50] revealed that the honey bee midgut/pyloric shifts the bacterial composition throughout
the season probably because of environmental/dietary changes. The bee midgut is the main
site for digestion and absorption of food and it is formed by a secretory epithelium that is not
considered suitable for bacterial colonization as it secretes a continuously shed chitinous
material called the peritrophic membrane [51], with similar functions to the mucus in human
gut. There are a very few bacteria in midgut of honey bees and this microbiota is actually
restricted to pylorus site in transition with ileum [34]. Using only cloning methodology, as in
this work, we are not able to quantify bacteria population in the M.seminigra gut. The relative
abundance gives us an idea of the dominant phylotypes but inferences in respect to bacteria
amount should be done with caution. It is expected that midgut community be much less
abundant than hindgut one, even though they be similar in diversity of taxa. The midgut
bacterial diversity showed here for M.seminigra seems to be bigger than honey bee’s midgut

microbiota [34]; we still do not know if these bacteria are transient, real colonizers of the
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midgut or if this diversity of taxa is a reflection of the pylorus/ileum transition site that may
have been pooled together with midgut samples during the gut dissection.

The hindgut is divided in two compartments, the ileum and the rectum, and in honey
bees they show different bacterial composition and abundance [34, 33]. Honey bee’s hindgut
is colonized mainly by a specialized Gram-positive LAB microbiota (Lactobacillus and
Bifidobacterium) and by two ubiquitous Gram-negative species, the Snodgrassella alvi and
Gilliamella apicola[34, 52]. These species are host-restricted and generally absent outside
adult guts and they have been proposed as the core of the corbiculate gut microbiome [21].
The high relative abundance of Lactobacillus and Bifidobacterium members in M. seminigra
in addition to the presence of Snodgrasella in a few colonies indicate that these Amazonian
bees resemble honey and bumble bees in some aspects of bacterial composition as well some
Meliponini bees [21]. Two colonies of M. seminigra also exhibited Weissella
(Leuconostocaceae) bacteria in their hindgut samples, a LAB that is associated with bumble
bee gut microbiota [53]. Yet, members of Prevotellaceae are rarely reported in bee hive [41]
and they were detected in hindguts samples. Prevotellaceae are typically found in rumen
where they are involved with food digestion [54].

Taken together our results show that M. seminigra gut microbiota displays a
compositional structuring that follows the morphofunctional division of the gut. It is not clear
if this spatial organization is an indicative of any level of microbiota specialization in this
Amazonian bee; it deserves further study to better characterize the gut bacterial lineages in M.
seminigra gut. We corroborate the hypothesis that corbiculate bees harbor a small set of core
gut bacteria, represented in M. seminigra bees by the recurring Lactobacillus genus and also
the Bifidobacterium and Snodgrasella members. However, the presence of environmental
bacteria in many samples of M. seminigra gut could be an evidence of the Amazon forestry

influence in the evolution and shaping of these native bees microbiota.

Table 1. Summary of np-MANOVA results of M. seminigra bacterial composition at
different taxonomical levels as a factor of meliponary site and gut part. Significant results
are in bold.

Phylum Class Order Family Genus
Df R? P R? P Rz P R? P R? P
Site 1 0.041 0.182 0.019 0.498 0.016 0.636 0.018 0.657 0.010 0.913
GutPart 2 0.326 0.002 0.378 0.001 0.367 0.001 0.311 0.001 0.294 0.001
Residuals 26 0.633 0.602 0.617 0.670 0.696
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Fig.2. Spatial organization of the gut bacteria in Melipona seminigra bees at genus taxonomic
level. a) PCoA ordination of the bacterial composition. b) Venn Diagram representing unique and
shared bacterial genera between the the crop, midgut and hindgut. Crop= pink, Midgut= blue and
Hindgut= green.
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Fig.3. Spatial organization of the gut bacteria in Melipona seminigra bees at family taxonomic
level. PCoA ordination of the bacterial composition. Crop= pink, Midgut= blue and Hindgut= green.

Table 2. Summary of PERMDISP results of M.seminigra overall bacterial heterogeneity at different
taxonomical levels

Phylum Class Order Family Genus

Df F P F P F P F P F P
GutPart 2 11.01 <0.001 18.30 <0.001 2052 <0.001 13.05 <0.001 12.68 <0.001
Residuals 27

97



0.2 y ] L ™ ]
0o 2 Y .
AU By ® . -
‘ L]
% -0.2 *
2
0.4
* foregut
069 * midgut
. ® hindgut
08 —— | | | |
02 0.0 02 04 0.6
PCoA1

Fig.4. Heterogeneity of bacterial composition of the morphofunctional parts of Melipona
seminigra gut. Each circle represents a different sample/colony for each gut part (10 samples for crop,
10 samples for midgut and 10 samples for hindgut).

SUPPLEMENTARY MATERIAL:
(Figures merged in PDF file)

Fig. S2. Spatial organization of the gut bacteria in Melipona seminigra bees in Phylum, Class
and Order taxonomic levels. Crop= pink; Midgut= blue and Hindgut= green.

Phylum Class Order
|_L-r| Neisseriales
Proteobacteria Belsprolecbeciere
Selonomonadales
0 o.m
H Negativicules
Bacteroidaies
[0
.
Bacteroidetes ®
3 @ Adtinabactoria 8 Bifidobacteriales
3 i = 2 i [ & 80 [k
= © k=]
s b = Rhodospiriiales
3 5 Boctoroidia B J:L sl
o Actinobacteria % n = @
@ o Enterobacteriales
= o 1N g PRR— 2| e alL
@ =2 = D_ L ©
o I ©
& o = n“:’ Pssudomonadales
o = =
Firmicutes Gammaproteabacten a
T T e, =
Bacili
Rickettstales
Tenericutes [
Madicy Entomoplasmatale
m o
Colonies Colonies Colonies

98



Fig.S3. Heterogeneity of bacterial composition of the morphofunctional parts of Melipona
seminigra gut in Phylum, Class, Order and Family taxonomic levels. Foregut/crop= black,

Midgut= red and hindgut= green.
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6. CONCLUSAO GERAL

As abordagens metodologicas deste trabalho permitiram elucidar microrganismos
simbioticos associados a colonias da abelha amazénica sem ferrdo Melipona seminigra. Estdo
aqui catalogados os principais géneros de bactérias envolvidos no armazenamento e
maturacdo do polen bem como bactérias endossimbidticas colonizadoras do intestino dessa
abelha. A comunidade bacteriana do intestino &, em geral, abundante em bactérias
Lactobacillales (filo: Firmicutes), mas também apresenta um pequeno conjunto de taxéns que
colonizam diferencialmente as trés partes morfofuncionais deste intestino. O papo/intestino
anterior apresenta uma comunidade homogénea dominada por Lactobacillus enquanto os
intestinos médios e posteriores abrigam uma maior diversidade de filotipos, tais como
Enterobacteriales, Bifidobacteriales, Selenomonadales e Pseudomonadales. A estruturacao
composicional da microbiota intestinal aponta para possiveis processos de co-evolucdo e
especializacdo entre essas abelhas e suas bactérias, relagdo a qual tem sido amplamente
utilizada para o entendimento da filogenia e evolucdo de abelhas sociais. Bactérias do acido
lactico (LAB) (ex: Lactococcus, Fructobacillus, Weissela e Lactobacillus) foram detectadas
no intestino das abelhas e também nos alimentos armazenados na col6nia, embora em
abundancias relativas diferentes. Esse compartilnamento da microbiota entre diferentes
compartimentos da col6nia — desde internamente no individio até os nichos do ninho- refletem
a continuidade e a interface existente entre a abelha e o seu ninho, reforcando a idéia da
colénia como um superorganismo.

O uso combinado dos métodos dependentes e independentes de cultivo permitiu a
deteccdo de 26 taxdns em amostras de polen corbicular, pélen armazenado e alimento larval
de M.seminigra. Predominantemente de origem ambiental, muitas das bactérias sdo reportadas
como fermentadoras tipicas, de grande aplicacdo industrial. Ao longo da rota do pélen, desde
a sua compactacao na corbicula da abelha até sua distribuicdo em células de cria para compor
o alimento larval, trés diferentes comunidades bacterianas foram caracterizadas: (1) a do
polen corbicular, (2) do pblen armazenado em potes na coldnia e a do (3) alimento larval. A
separagdo espacial e temporal da produgdo do polen parece criar nichos bacterianos
especificos que coletivamente garantem as condigbes adequadas para a maturacdo e
preservacdo do polen. Bactérias do género Lactococcus e Corynebactrium, ambas abundantes
no polen armazenado nos potes da col6nia, foram aqui apontadas como as fermentadoras em

potencial deste alimento.
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O sequenciamento dos isolados obtidos com o cultivo bacteriano do pdlen e alimento
larval revelou uma fracdo da diversidade bacteriana ndo identificada pelo sequenciamento na
plataforma lon Torrent. As diferentes coberturas da mesma comunidade bacteriana
apresentadas pelos dois métodos (dependentes e ndo dependentes de cultura) sugerem que
ambos os métodos devam ser utilizados para uma completa representacdo da microbiota do
polen. O cultivo bacteriano é uma ferramenta importante que, além de auxiliar nos estudos de
diversidade, permite acesso direto a biodiversidade. Os isolados bacterianos obtidos do
cultivo do polen e alimento larval apresentaram uma gama de producdo de enzimas
hidroliticas, tais como amilases, celulases, lipases e proteases. A versatilidade em produzir
diferentes tipos de enzima associada aos altos indices de atividade enzimética aqui relatados
(LE) indicam o grande potencial das bactérias do polen e alimento larval para a
bioprospeccéo.

Este trabalho contribue com dados inéditos para o entendimento das relacdes
simbidticas existentes em coldnias de abelhas M. seminigra. A catalogacdo e andlise da
diversidade bacteriana associada a essas abelhas sdo um ponto de partida fundamental para os
avancgos nos estudos em microbiota dessa espécie (Apéndice D), a qual pode servir de modelo

para estudos com abelhas sociais da Amazonia.
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APENDICES

APENDICE A. Definiges das nomenclaturas utilizadas nesta tese.

Definicbes

Grao de polen

Gametofito masculino da planta.

Poélen / Pélen floral

Conjunto de graos de pélen encontrados no estame
da flor.

Polen corbicular (PC) / P6len coletado

O pélen aglutinado pelas abelhas forrageadoras em
suas corbiculas apds coleta-lo das flores.

Pélen estocado - (PPA ou PPF)

Pdlen armazenado pelas abelhas dentro do ninho.
No caso das abelhas do género Melipona este pdlen
é armazenado dentro de potes de cerume. Enquanto
0 polen estd sendo depositado nos potes estes
permanecem abertos e posteriormente as abelhas 0s
fecham, com uma tampa de cerume.
Aparentemente, ndo existe uma regra para 0
fechamento do pote de pélen pelas abelhas, porém
os potes fechados normalmente estdo preenchidos
de polen em seu volume total. Essa tese utiliza duas
nomenclaturas para pélen estocado: Pélen estocado
em Potes Abertos (PPA) e Pdlen estocado em
Potes Fechados (PPF).

Pélen maturado ou maduro

Pdlen fermentado, encontrado em potes de cerume
fechados. Nas regides norte e nordeste do Brasil é
popularmente chamado de "saburd".

Alimento larval (AL)

Mistura composta por polen, néctar e secre¢des da
abelha, que serve de alimento para as larvas nas
células de cria do ninho.
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APENDICEB .
Obtenc¢édo do material biologico
As coldnias de Melipona seminigra acessadas e 0s respectivos materiais coletados estdo
listados nas tabelas abaixo. As temperaturas médias do pélen de potes fechados e potes abertos foram

respectivamente 30°C e 30.1°C. A temperatura média do alimento larval dos discos de cria coletados
foi 29.8°C.
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Alimento larval- obtido de col6nias de abelhas Melipona seminigra do meliponério do GPA/INPA.

Cada linha da coluna de “Disco de cria” informa quantos discos foram retirados da col6nia € em

arénteses a regido da colbnia de onde foram retirados. N° - Ndmero.
Dia da coleta N° Col6nia N° experimental Disco de cria Temperatura °C Massa total (g)
2 discos sobrepostos
200 1 em caracol N&o foi medida 70 células =5.8
10/12/2014 (sobreninho/ninho)
203 filha 2 1 Disco (sobreninho) N&o foi medida 60 células= 3.4
202 3 1 Disco (sobreninho) N&o foi medida 2.7
1 disco 3 células: 29.4°C/
166 4 5.5
(sobreninho) 29.5°C/30.1°C
3 células : 29.3°C
180 5 1 disco (sobreninho) ;; li,,i:s/ 29.4°C / 4.9
12/12/2014 ’ ’
3 células: 29.5°C
190 6 1 disco (sobreninho) «© uoas R / 3.9
29.6°C/29.8°C
3 células: 30.1°C
175 7 1 disco (sobreninho) celuias / 6.3
31.0°C/30.9°C
. . 3 células:
178 8 1 disco (melgueira) . N . 4.8
29.7°C/29.5°C/29.7°C
170f 9 1 disco (sobreninho) 3 células: 2.6
29.7°C/29.5°C/29.6°C ’
15/12/2014
201f 10 1 disco (sobreninho) 3 células: 1.0
30°C/30°C/30.2°C ’
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Pdlen- obtido de coldnias de abelhas Melipona seminigra do meliponario do GPA/INPA. Cada linha

da coluna de “Pote coletados” representa 1 unidade de pote e em parénteses a regido da colonia de

onde este pote foi retirado. N° - Ndmero.

Dia da coleta N° Col6nia N° experimental Potes coletados Temperatura °C Massa total (g)
Fechado (melgueira) 32.5 45
04/12/2014 203filha 2 Fechado (melgueira) 32.5 '
Aberto (sobreninho) 32.3 ig
Aberto (ninho) 32.0
Fechado (ninho) 31.4°C
Fechado (ninho) 32.0°C 2.7
178 8 Fechado (ninho) 31.5°C
Aberto (ninho) 31.4°C 51
09/12/2014 Aberto (Ninho) 31.4°C
Fechado (sobreninho) 32.4°C
Fechado (sobreninho) 32.6°C 2.7
201filha 10 Fechado (sobreninho) 32.6°C
Aberto (sobreninho) 33.2°C 20
Aberto (sobreninho) 32.9°C
Fechado (melgueira) 28.6
Fechado (melgueira) 28.8 2.5
202 3 Fechado (sobreninho) 28.7
Aberto (melgueira) 29.1 1.9
Aberto (ninho) 29.0 '
Fechado (sobreninho) 28.8 21
08/01/2015 166 a Fechado (sobreninho) 28.8
Aberto (ninho) 29.0
- 2.2
Aberto (ninho) 29.2
Fechado (sobreninho) 30.5
175 7 Fechado (sobreninho) 30.6 22
Aberto (sobreninho) 30.5 91
Aberto (sobreninho) 30.5
Fechado (melgueira) 29.6 23
200 1 Fechado (melgueira) 29.5
Aberto 28.5 1.0
Aberto 29.5
Fechado (sobreninho) 28.9
Fechado(ninho) 28.8 2.8
180 5 Fechado (sobreninho) 28.7
Aberto (ninho) 29 3.0
Aberto (ninho) 29.3 )
12/01/2015 Fechado 28.1
Fechado 28.0 2.4
190 6 Fechado 28.0
Aberto 29.0
Aberto 28.9 23
Fechado 28.7
Fechado 28.5 35
170filha 9 Fechado 28.5
Aberto 28.8 0.96
Aberto 28.9
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Pdlen corbicular obtido de abelhas Melipona seminigra do meliponario do GPA/INPA. Para controle
da temperatura, mediu-se a temperatura externa a colénia (do ambiente). N° - NUmero.

N° coldénia |N° experimental Data da coleta N° abelhas |Tem.Externa/umidade | Massa total
29/06/2015 * 30.1°C/ 76%
0.02¢g
30/06/2015 * 29.3°C /79%
02/07/2015 10 abelhas 28°C/ 83% 0.166g
202 3 07/07/2015 17 abelhas 26°C / 89% 0.1g
08/07/2015 14 abelhas 26.8°C/ 93%
0.79g
09/07/2015 22 abelhas 27.5°C/ 95%
15/07/2015_ 15 abelhas 26.8°C/ 86% 0,3
170f 9
16/07/2015_ 12 abelhas 27.7°C/ 86% 0,42
190 6 21/07/2015_ 15 abelhas 27.7°C/ 78% 0,77
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APENDICE C

Receituario dos meios de cultura

e Nutriente Agar HIMEDIA™, pH 7,4 +/- 0,2

AGAR NUTRIENTE

Componente Concentragao
Digestao péptica de tecido animal 5g/L
Extrato de bife 1,5g/L
Extrato de levedura 1,5g/L
Cloreto de sédio 5g/L
Agar 15g/L

e Brain Heart Infusion (BHI) Agar Difco™, pH 7,4 +/- 0,2

BHI
Componente Concentragao
Infusdo cérebro-coracao 8g/L
Digestdo péptica de tecido animal 5g/L
Digestdo pancreatica da caseina 16g/L
Cloreto de sddio 5g/L
Dextrose 2g/L
Fosfato disddio 2.5g/L
Agar 13.5g/L
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Tryptic Soy Agar Difco™ (Triptona de soja), pH 7,3 +/-0,2.

TSA
Componente Concentragao
Digestdo pancreatica da caseina 15g/L
Digestdo papaica da farinha de soja 5g/L
Cloreto de sddio 5g/L
Agar 15g/L

e Lactobacillus MRS Agar Difco™ pH 6,2 +/- 0,2

MRS
Componente Concentragao
Peptona 10g/L
Extrato de carne 10g/L
Extrato de levedura 5g/L
Dextrose 20g/L
Polisorbato 80 1g/L
Citrato de amodnio 2,0g/L
Acetato de sdédio 5,0g/L
Sulfato de magnésio 0,1g/L
Sulfato de manganés 0,05g/L
Fosfato dipotassio 2,0g/L
Agar 15g/L
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APENDICE D

Resumo dos géneros bacterianos detectados em coldnias de Melipona seminigra. A presenca do
género nos diferentes ambientes esta representada por um “X”. CP — p6len corbicular, PPA- Pélen de

pote aberto, PPF — Pdlen de pote fechado, AL- alimento larval.

Bactéria

Pélen

Intestino

Género

CP

PPA

PPF

AL

Anterior

Médio

Posterior

© 00 N O Ol WDN K-

W W W W WWWPMNDNDNNDNDNDNNNMNNMNNMNNMNNNRFPRPRPRPRERPERPRERPERERPRPR
O O WNNPFP OOWOONO O, WONPFP OO NO O BwWwDND - o

Brevibacillus
Bacillus
Paenibacillus
Aneurinibacillus
Microbacterium
Micrococcus
Staphylococcus
Convivina
Kocuria
Lysinibacillus
Myroides
Sporosarcina
Williamsia
Lactococcus
Fructobacillus
Streptococcus
Propionibacterium
Corynebacterium
Dermacoccus
Lactobacillus
Weissela
Hylemonella
Enterococcus
Gordonia
Stenotrophomonas
Dysgonomonas
Snodgrassella
Pectinatus
Bifidobacterium
Weissela
Spiroplasma
Acinetobacter
Rosenbergiella
Tatumella
Anaplasma
Bombella

X X X X X X X X X X X X X

X X X X X

X X X X X

X X X X X X X

X X X X X >

xX X

X X X X

>

X X X X X

<X X X X
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