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GOES, Kelly Campos Guerra Pinheiro de. Caracterizacdo de microrganismos
isolados do xisto pirobetuminoso da area de mineracdo em Sao Mateus do Sul,
Parana. 2016. 111 f. Tese (Doutorado em Genética e Biologia Molecular) -
Universidade Estadual de Londrina, Londrina, 2016.

RESUMO

Os finos de xisto (FX) e o xisto retortado (XR) sdo coprodutos sélidos gerados
respectivamente, pela mineragcdo e pela retortagem do xisto pirobetuminoso. Em
funcdo da produgdo de FX e XR em grande quantidade durante o processo de
extragao do 6leo e gas de xisto, ha interesse em fazer uso desses coprodutos como,
por exemplo, na formulacédo de fertilizantes e como veiculos de inoculantes sélidos.
A identificagdo das comunidades microbianas presentes nos coprodutos do xisto
pode fornecer informagdes sobre os microrganismos a serem incorporados em areas
cultivaveis, além de revelar isolados com potencial biotecnolégico. Este trabalho teve
como objetivo isolar representantes da comunidade microbiana, identificar e
caracterizar por técnicas morfofisiolégicas, bioquimicas e moleculares os
microrganismos do FX e XR. O plagueamento dos coprodutos permitiu isolar 40
bactérias, duas leveduras e 56 fungos filamentosos. As bactérias identificadas
pertencem aos géneros, Arthrobacter, Bacillus, Paenibacillus, Ralstonia, Serratia,
Sphigomonas, Terrabacter e Xanthobacter. Dentre os isolados fungicos foram
identificados os géneros Acidiella, Aspergillus, Cladosporium, Penicillium,
Talaromyces, Ochroconis, Trichoderma e Pseudozyma pelo sequenciamento da
regiao ITS1-5,8S-ITS2. Algumas estirpes bacterianas isoladas do FX e XR
apresentaram potencial como promotoras de crescimento de plantas em Brachiaria
ruziziensis utilizando os coprodutos como veiculos inoculantes. Esse estudo fornece
0 primeiro panorama sobre a ocorréncia de microrganismos cultivaveis presentes
nos coprodutos do xisto da Formacao Irati, Parana, Brasil.

Palavras-chave: Fino de xisto. Xisto retortado. Identificagdo molecular. BPCP.



GOES, Kelly Campos Guerra Pinheiro de. Characterization of microorganisms
isolated from pirobetumen shale from mining area in Sdo Mateus do Sul,
Parana. 2016. 111 pages. Thesis (Doctoral Degree in Genetics and Molecular
Biology) — Universidade Estadual de Londrina, Londrina, 2016.

ABSTRACT

Fine shale (FS) and retorted shale (RS) are solid byproducts generated by mining
and retort of oil shale, respectively. FS and RS are generated in large quantities
during the process of oil and gas extraction from oil shale, there is interest using
these byproducts in the formulation of fertilizers and as a solid vehicle to inoculant.
The identification of microbial community present in byproducts can provide
information about the microorganisms that can be incorporated into cultivable areas,
and to obtain bacterial isolates with biotechnological potential. This work aimed to
isolate, identify and characterize by morphophysiology, biochemical and molecular
techniques microorganisms from FS and RS. The plating of byproducts allowed
isolate 40 bacteria, two yeasts and 56 filamentous fungi. These bacteria were
identified as belonging to genera, Arthrobacter, Bacillus, Paenibacillus, Ralstonia,
Serratia, Sphigomonas, Terrabacter and Xanthobacter. Among fungi isolates, were
identified the genera Acidiella, Aspergillus, Cladosporium, Penicillium, Talaromyces,
Ochroconis, Trichoderma and the yeast Pseudozyma by ITS1-5,8S-ITS2 region
sequence. Some bacterial strains isolated from FS and RS showed potential as
plant-growth promoting in Brachiaria ruziziensis using the byproducts as vehicle to
inoculant. This study provides the first overview about the occurrence of cultivable
microorganisms present in shale byproducts from Irati Formation. The data provided
information for future application of these microorganisms.

Key-words: Fine shale. Retorted shale. Molecular identification. PGPB.
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1 INTRODUCAO

A unidade de Industrializagdo do Xisto (SIX) pertencente ao sistema
Petrobras, esta localizada em Sao Mateus do Sul - PR sobre uma das maiores
reservas mundiais de folhelho pirobetuminoso (xisto), a Formacao Irati. Os
afloramentos de xisto dessa formacgéo cobrem uma area de cerca de 2.000 km? de
extensao e desde 1972 a Petrobras vem explorando no Parana essa reserva de
onde sao extraidos diariamente toneladas de xisto, por meio do processo Petrosix®,
para producao de dleo combustivel, gas liquefeito, gas de xisto, enxofre entre outros
produtos. O método mais utilizado para separar o 6leo do xisto é a retortagem ou
pirdlise, um processo de aquecimento que converte a matéria organica do xisto, o
querogénio, em 6leo e gas. Durante a mineragao do xisto e apds o processo de
pirdlise da rocha, sao gerados coprodutos soélidos e liquidos, entre eles estdo: a
agua de xisto, o calxisto, o calcario de xisto, as cinzas de xisto, os finos de xisto e o
xisto retortado. Alguns desses materiais apresentam potencial para uso na
agricultura e despertaram grande interesse para serem utilizados como matéria-

prima para a formulagao de novos insumos para a agricultura brasileira.

A alta demanda nacional por insumos agricolas, especialmente os
fertilizantes, aliada a elevada disponibilidade de coprodutos do processamento do
xisto, induziu o estabelecimento de um termo de cooperagcdo entre o Instituto
Agronémico do Parana (IAPAR) e a Petrobras. Esta parceria teve como objetivo a
conducdo de pesquisas cientificas acerca do uso desses coprodutos liquidos e
solidos como matérias-primas na formulagao de fertilizantes sélidos, liquidos e como
veiculos inoculantes de microrganismos. Dentro deste convénio, o Projeto Xisto
Agricola possibilitou o desenvolvimento de pesquisas visando ndo apenas a
obtencao de novos insumos para a agricultura, mas também consistiu em avaliar e
garantir a qualidade, a seguranga ambiental e alimentar da formulacdo destes novos
produtos a base dos coprodutos do xisto para uso na agricultura. As avaliagdes dos
insumos a base de xisto ja resultaram na liberagédo, pelo Instituto Ambiental do
Parana, da agua de xisto na formulagao de fertilizantes foliares e do calcario de xisto
como corretivo de acidez do solo e como fertilizante agricola. Dentre os coprodutos
soélidos, os finos de xisto e o xisto retortado também podem ser aproveitados por

segmentos industriais e agricolas. Os finos de xisto podem ser utilizados na



15

agricultura como substrato para produgdo de mudas, como matéria-prima para
formulacbes de fertilizantes e inoculantes sélidos. O xisto retortado pode ser
utilizado para a producéo de fertilizantes sélidos, pois é fonte de nutrientes como
enxofre, potassio, silicio entre outros, podendo servir também como veiculo para

inoculante microbiano.

A possibilidade de usar os coprodutos do xisto em areas cultivaveis
traz a necessidade de identificar as comunidades microbianas presentes em cada
um desses coprodutos, e avaliar os impactos positivos e/ou negativos que estes
podem exercer sobre as culturas e solos onde serdo incorporados. Além da
importancia agricola, a identificacdo destas comunidades podera revelar
microrganismos de importancia biotecnolégica. Considerando a inexisténcia de
dados na literatura sobre a comunidade de archaeas, bactérias e fungos presentes
nos coprodutos do xisto da Formacao Irati, este trabalho teve como proposta realizar
o isolamento, identificacdo e caracterizagdo destes microrganismos em amostras de
xisto retortado e finos do xisto. A identificacdo da comunidade de microrganismos
geraram dados pioneiros sobre a microbiota dos coprodutos, sendo possivel sugerir
como o0s microrganismos isolados atuam sobre os ciclos biogeoquimicos dos
nutrientes presentes no xisto. Os dados ainda contribuem para a melhoria dos
coprodutos como insumo agricola, por exemplo, pela biolixiviagdo microbiana
através da reinoculagdo de microrganismos isolados, para a disponibilizacdo de
macro e micronutrientes complexados no xisto, além da avaliacdo do potencial de
promogao de crescimento de plantas por alguns isolados bacterianos obtidos nesse

estudo.
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2 REVISAO BIBLIOGRAFICA

2.1 Xisto e coprodutos da mineracao

Folhelho pirobetuminoso € uma rocha sedimentar, compacta e
laminar, com alto teor de matéria organica (querogénio), e que, quando submetido a
altas temperaturas se decompde produzindo 6éleo e gas combustivel (BRENDOW,
2003; DYNI, 2006). Comumente conhecido como xisto, essa rocha possui coloragéo
cinza escura, marrom ou preta, e apresenta hidrocarbonetos disseminados em seu
meio mineral (NICOLINI et al., 2011; PEREIRA; VITTI; KORNDORFER, 2003). O
xisto € um mineral pouco poroso, a agua encontrada em sua matriz mineral é
superficial e seu teor de umidade é baixo, variando de 3 a 6% (PIMENTEL, 2001,
PORTO, 2005).

O querogénio, uma matéria organica insoluvel, é a principal forma de
carbono organico presente no xisto, sendo de extrema complexidade e soélido a
temperatura ambiente (AMBLES; BAUDET; JACQUESY, 1993). Resulta da
fossilizagdo de matéria organica, principalmente algas sedimentadas em ambientes
aquaticos, e que com a acgao do tempo, temperatura e pressao, foram transformadas
em hidrocarbonetos com estruturas macromoleculares complexas (EIS, 2012). Esse
composto quimico varia em quantidade e qualidade dependendo da formacédo da

rocha, porém é uniforme para as rochas de um mesmo depdsito (ALMEIDA, 2005).

Os depdsitos de xisto datam de diferentes eras geologicas, foram
formados em uma variedade de ambientes e podem ocorrer como acumulacoes
menores de pouco ou nenhum valor econdmico, ou como depésitos gigantes que
ocupam milhares de quilometros quadrados. As maiores formagdes de xisto se
encontram na Australia, Brasil, Canada, China, Estados Unidos, Estonia, ltalia,
Jordania, Marrocos, Russia e Zaire, sendo a Formacédo Green River no oeste dos
Estados Unidos o maior depédsito conhecido até o momento (DYNI, 2006). Muitos
depdsitos ndao foram suficientemente explorados para obtencdo de estimativas
precisas e alguns ainda n&o foram incluidos em levantamentos sobre a quantidade

de d6leo. Entretanto, estima-se que a quantidade de 6leo nesses depdsitos, como
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reserva potencial, € muitas vezes superior a obtida em pocos de petréleo
(GOLUBEV, 2003).

O interesse pela potencialidade do xisto como fonte de energia é
antigo. Ja no final do século XVIII, nos Estados Unidos, cerca de 200 instala¢des
extraiam querosene e oleo desta rocha. Findlay e colaboradores (1974) ja relatavam
que o xisto betuminoso era fonte de energia de grande potencial, e que as
estimativas da abundéncia de energia fossil nestas rochas indicavam ser muito

maiores do que os depdsitos de petréleo dos Estados Unidos.

No Brasil, as reservas de xisto estdo bem distribuidas e ao todo
foram identificadas 18 reservas no territério nacional, das quais 14 podem ser
geradoras de petroleo (EIA - U.S. ENERGY, 2015a; SANTOS, 2010). A Formacgéao
Irati, a segunda maior reserva brasileira de xisto, esta localizada parcialmente na
cidade de Sao Mateus do Sul (PR). Com cerca de 250 milhdes de anos, € uma das
melhores e mais importantes reservas de xisto brasileira do ponto de vista geoldgico
e econdbmico, abrangendo os estados de Sdo Paulo, Parana, Santa Catarina, Rio
Grande do Sul, Mato Grosso do Sul e Goias (NICOLINI et al., 2011). Esta reserva
tem potencial para produzir 700 milhées de barris de dleo, 9 milhdes de toneladas de
GLP, 25 bilhdes de m*> de gas de xisto e 18 milhdes de toneladas de enxofre
(PIMENTEL et al., 2010).

A Petrobras iniciou em 1954 a exploragao de xisto no municipio de
Tremembé no Vale do Paraiba (SP) e em 1959 a empresa construiu a usina de Sao
Mateus do Sul (PR). O processamento da rocha se consolidou com a tecnologia
Petrosix®, desenvolvida e completada em dezembro de 1991, quando entrou em
operagcao o primeiro Moédulo Industrial da Petrobras em Sao Mateus do Sul
(PEREIRA; VITTI, 2004; TONEL, 2004). Embora a industrializagado de xisto seja uma
atividade ja desenvolvida ha décadas, tem sido mantida em um plano secundario
devido as vantagens econbOmicas e tecnoldgicas apresentadas pela industria
petrolifera (SANTOS; MATAI, 2010).

O processo Petrosix® ¢ mais caro que o de producéo de petroleo,
mesmo assim, o Brasil investe na exploragao, extracdo e comercializacdo de 6leo e
coprodutos do xisto (SANTOS; MATAI, 2010). Em 2014, o volume de xisto bruto
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processado na jazida de Sdo Mateus do Sul foi de 1,7 milhdo de m*; a producéo de
gas somou 8,3 mil toneladas e o volume de 6leo combustivel obtido a partir do
processamento do xisto atingiram 237, 96 mil m® (AGENCIA NACIONAL DO
PETROLEO, 2015).

Cinco paises no mundo, o Brasil, a Australia (COOK et al., 2013), a
China (JIANG; HAN; CUI, 2007), os Estados Unidos (EIA - U.S. ENERGY, 2015a) e
a Esténia (VALGMA et al.,, 2010) possuem em atividade unidades que fazem o
aproveitamento comercial do xisto para obtencdo de odleo, gas e produgdo de
energia através de termoelétricas. A produgdo mundial de derivados de xisto tem
aumentado, a exemplo os Estados Unidos, onde sete areas de produgéo de gas de
xisto contribuiram para um crescimento de 92% da produgao nacional de 6leo e gas
natural de uso doméstico durante os anos de 2011 a 2014, principalmente devido
aos avangos nas tecnologias de perfuragéo (EIA - U.S. ENERGY, 2015b, 2016).

Dentre esses paises, o Brasil se destaca como um dos paises com
tecnologia avangada e de alto rendimento de producéo de 6leo (PAN et al., 2012).
Diversos produtos podem ser obtidos pelo processamento do xisto, tais como: gas
combustivel industrial, gas liquefeito, nafta e enxofre, além de varios insumos para
asfalto e coprodutos que podem ser utilizados nas industrias cimenteiras, agricola e
de ceramica (PETROBRAS, 2016; PORTO, 2005). Diariamente no Brasil s&o
extraidas aproximadamente 7.800 toneladas de xisto e em consequéncia desta
atividade, ha geragao de coprodutos, principalmente o xisto retortado, um rejeito
sélido que representa de 80 a 90% da matéria prima usada na produgao (SANTOS;
MATAI, 2010).

A Petrobras concentra suas operacdes de mineracao e extragao de
xisto em Sdo Mateus do Sul (PR), onde o minério é encontrado em duas camadas:
uma superior e outra inferior, que apresentam teores médios de 6leo de 6,4% e
11%, respectivamente (PORTO, 2005). A Figura 01 mostra uma imagem da area de
mineragcao na Petrobras-SIX, onde é possivel observar a disposi¢cao das camadas
de xisto superior e inferior, além da camada intermediaria formada por calcario
(calxisto). A mineracgao é feita a céu aberto com lavra em tiras paralelas, removendo-
se a vegetacgao, o solo e a primeira camada de rocha, permitindo a retirada do xisto.

O material retirado nas escavagdes (solo, argila, rocha) é recolocado nas areas a
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serem recuperadas, as quais inicialmente recebem uma camada de xisto retortado,
finos do xisto e calcario de xisto para a restauracdo do relevo e posterior
reflorestamento (SANTOS, 2009).

Figura 1 - Imagem da area em processo de mineragdo na jazida de Sao Mateus do
Sul/PR, SIX-Petrobras.

amada superior de Xisto

=Camada intermediaria - Calxisto

=—Camada inferior de Xisto

Fonte: Goes, K. C. G. P (Setembro/2013).

No processo Petrosix® emprega-se uma retorta de leito mével, no
qual a rocha é pirolisada. No preparo da carga para alimentar a retorta, o xisto é
britado para reduzir sua granulometria e peneirado para homogeneizar o tamanho
das particulas. As particulas padronizadas sao transportadas até a retorta onde
ocorre 0 aquecimento (pirélise) a cerca de 500°C, ocasionando a liberagao de 6leo,
gases de pirdlise e vapor de agua. Cada fragao é tratada separadamente tendo um

destino especifico para tratamento final.

Os finos do xisto sao fragmentos da rocha de xisto, menores que 12
mm, originados em dois estagios dentro da mineragéo e do processamento do xisto:
a) na mina, devido a fragmentacdo do minério através do desmonte do xisto com
explosivos € manuseio com escavadeiras e b) no tratamento do xisto através de
britagem e empilhamento do xisto antecedendo a produg¢ao do 6leo. A quantidade de
finos constitui cerca de 20% da carga ndo utilizavel no processo Petrosix®, isso
corresponde a 1.200 toneladas de xisto por dia, com teor médio de 6leo de 8%. Esse

material ndo € aproveitado por ser considerado pequeno demais para a producao de
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Oleo, gas e demais derivados, sendo britado em moinho de martelo, para tamanho
de fragmentos menores do que 0,84 mm. Posteriormente a esse processo é
realizado o peneiramento do material adequando sua natureza fisica a legislagao
para uso na agricultura (DOUMER et al., 2011).

O xisto retortado € originado apds a extragdo do oleo e gas da rocha
de xisto, constituido de um material rico em micronutrientes, hidrocarbonetos e
outros elementos como fésforo, calcio, magnésio, silicio e enxofre (CHAVES;
VASCONCELOS, 2006; MEDEIROS, 2013). Apresenta potencial para producao de
energia, como adsorvente de ions de metais pesados de aguas residuais
(PIMENTEL et al., 2010) e para ser aplicado na agricultura (PEREIRA; VITTI, 2004).
Apods o processo de pirdlise, o xisto retortado passa pelo processo de resfriamento.
Parte deste material retorna para area minerada, recebendo uma camada de argila e

solo vegetal para fins de reabilitagdo da area.

Figura 2 - Amostras de finos do xisto (A) e de xisto retortado (B) coletados na area
de mineragao na Unidade de Negdcios da Industrializagdo do Xisto.

Fonte: Goes, K. C. G. P (Junho/2012).

Os coprodutos do xisto apresentam potencial para serem aplicados
na agricultura devido a presenga de micro e macronutrientes. Entretanto, esses
nutrientes complexados precisam ser disponibilizados para as culturas. O processo
de biolixiviacdo para disponibilizacdo de nutrientes € um processo baseado na
capacidade dos microrganismos (bactérias e fungos) em transformar compostos
solidos em elementos soluveis e extraiveis, que podem ser recuperados. Ela

representa uma “tecnologia limpa” nas industrias de mineragdo com baixo custo, em
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comparagao com os meétodos convencionais que sao caros para a recuperagao de
ions metalicos de minérios (DEVASIA; NATARAJAN, 2004).

2.2 Uso agricola dos coprodutos do xisto

A utilizagdo de residuos originados de diferentes atividades
industriais na agricultura como fonte de nutrientes € uma pratica crescente e que
pode contribuir para diminuir a dependéncia externa do Brasil por fertilizantes. O uso
dos coprodutos da industrializagdo do xisto na agricultura como insumo
agricola/fertilizante € antigo e alguns estudos tém gerado informagdes sobre o efeito
dessa pratica na producdo agricola. Anjos e Reissmann (1996) realizaram estudos
pioneiros sobre o uso dos coprodutos do xisto na agricultura. Os autores avaliaram a
influéncia dos coprodutos, finos do xisto e xisto retortado, no crescimento e no teor
foliar de cadmio (Cd), cobalto (Co) e cromo (Cr) em plantas de aveia preta (Avena
strigosa Schreber). Os resultados indicaram que os finos do xisto contribuiram para
0 maior crescimento e producdo de matéria seca das plantas, e foram observados
teores alterados de Cd e Co nas folhas, porém em niveis ndo causadores de toxidez

as plantas.

De acordo com Yoffe et al. (2002), os xistos betuminosos podem ser
utilizados como fertilizantes por possuirem minerais e elementos que atuam como
macro e micronutrientes de plantas. Pereira e colaboradores (2003) realizaram dois
experimentos para avaliar o efeito de diferentes fontes de silicio (xisto, escérias de
siderurgia e termofosfato - rocha fosfatada com silicato de magnésio) no solo e na
cultura do tomateiro. Como resultados foram observados que o tratamento com xisto
apresentou aumento de Si nas plantas em contrapartida menores teores de Si no
solo, e que as fontes aplicadas forneceram Si para o tomateiro, mas nao foram

suficientes para aumentar a produtividade.

Pereira e Vitti (2004) avaliaram o efeito do uso do xisto retortado em
caracteristicas quimicas do solo e na nutricdo do tomateiro em dois experimentos
conduzidos em Argissolo Vermelho Amarelo, em casa de vegetagdo. Foram

aplicadas e incorporadas ao solo as doses crescente de 0; 3; 6; 9 e 12 t ha™' de xisto
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retortado. Os resultados apresentados demonstraram que a adigdo de xisto
aumentou significativamente os teores de enxofre e silicio no solo e nas folhas do
tomateiro. Aumentou a disponibilidade de fésforo, ndo sendo verificadas alteragdes
nos valores de pH do solo. Também nao houve diminuicdo da produtividade do
tomateiro em relagcdo a aplicagdo dos tratamentos. Segundo os autores, os
resultados sugerem que o xisto retortado, nas doses utilizadas no referido estudo,

apresentam potencial para uso na agricultura.

Chaves e Vasconcelos (2006) avaliaram alteragdes de atributos
quimicos do solo e do crescimento de plantas de milho pela aplicacdo de xisto
retortado. Os experimentos foram conduzidos em casa de vegetagdo, com
incorporagdo de cinco doses crescentes de xisto ao solo (0, 3, 6, 9 e 12 t ha™).
Foram avaliados varios caracteres fenotipicos das plantas (altura, didmetro do caule,
matéria verde e seca) e analises quimicas do solo. Os resultados apontaram que o
xisto retortado aumentou a soma de bases trocaveis e os teores de enxofre e silicio
no solo, porém nao aumentou os valores de pH do solo. As plantas de milho nao
responderam significativamente a aplicagcdo de xisto, quanto aos parametros de
crescimento vegetativo avaliados, apesar de ter havido pequenos acréscimos nos

valores de didmetro do caule e altura da planta.

Doumer et al.,, (2011) avaliaram o efeito da aplicacdo de doses
crescentes de xisto retortado sobre caracteristicas biolégicas indicadoras da
qualidade do solo. Foram realizados experimentos com aplicagao de sete doses de
xisto no solo em condi¢cdes de laboratério e quatro doses em campo, combinadas a
adubacdo mineral recomendada e avaliados em dois cultivos de feijdo (Phaseolus
vulgaris L.) em sistema de plantio direto. A aplicagédo de doses crescentes de xisto
melhorou a atividade microbiolégica do solo, sem causar variagdo no carbono da
biomassa microbiana (CBM) e sem provocar impactos negativos sobre a atividade
enzimatica do solo. Os resultados obtidos da atividade de diferentes enzimas em
condi¢gdes de campo, aliados aos de CBM, e do teste ecotoxicolégico em condi¢des
de laboratorio, indicam que o uso do xisto retortado n&o provoca a degradagao

biolégica do solo.

No Projeto Xisto Agricola, o calcario de xisto, a agua de xisto, finos

de xisto e xisto retortado foram caracterizados quimicamente e avaliados como
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insumos alternativos para uso na agricultura, quanto a eficiéncia agronémica, em
diferentes culturas, tipos de solo e sistemas de producgao. Os resultados do Projeto
Xisto possibilitaram a liberagdo da agua de xisto em 2008, para ser utilizada como
matéria-prima para elaboracéo de fertilizantes foliares e o calcario de xisto em 2010,
como corretor de acidez do solo e como fertilizante fornecedor de macronutrientes
pelo Instituto Ambiental do Parana — IAP (EMBRAPA, 2010).

Esses coprodutos tém ampla possibilidade de aplicagbes, por
exemplo, podem ser utilizados como veiculo na produgcdo de inoculantes de
Rhizobium para feijao e Bradyrhizobium para amendoim e soja, conforme pesquisas
conduzidas no Instituto Agrondmico do Parana (IAPAR) em parceria com a
Petrobras (ANDRADE, 2013).

Além dos coprodutos solidos, o processamento do xisto gera a
chamada agua de xisto. Mehta et al. (2015) verificaram o efeito do tratamento de
sementes e a aplicagao foliar com agua de xisto na indugéo de resisténcia sistémica
adquirida de soja a ferrugem da soja em casa de vegetacdo e no campo. Os
resultados do tratamento de sementes com agua xisto na casa de vegetagao
reduziram significativamente a severidade da ferrugem da soja. No campo o
tratamento das sementes associado a uma aplicagao foliar foi suficiente para induzir

a resisténcia da planta contra a ferrugem da soja.

A microbiota do solo € a principal responsavel pela decomposicao,
ciclagem de nutrientes e pelo fluxo de energia dentro do solo (DEBOSZ et al., 2002).
Dados de literatura relacionados a presenga de microrganismos nos coprodutos do
xisto e os impactos da aplicagado no solo sobre a comunidade microbiana sao pouco
conhecidos, apenas um estudo foi conduzido para avaliar o impacto sobre atributos
biolégicos do solo (DOUMER et al, 2011). A andlise da diversidade de
microrganismos cultivaveis nos coprodutos do xisto da Formacéo Irati leva a uma
nova perspectiva microbiologica. O conhecimento da microbiota presente nos
coprodutos do xisto permitiu avaliar a ocorréncia dos microrganismos, quais géneros
estao presentes, o potencial desses na biolixiviacdo do xisto para disponibilizacédo de

nutrientes e a aplicagdo em novos processos biotecnoldgicos e uso agricola.
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2.3 Microrganismos como promotores de crescimento de plantas

As praticas agricolas tradicionais estdo atingindo seus limites de
eficacia no aumento da produtividade, mas a biotecnologia microbiana tem oferecido
eficientes alternativas que melhoram a sustentabilidade dos sistemas agricolas
existentes (MOSTTAFIZ; RAHMAN; RAHMAN, 2012). Dentre os principais objetivos,
destaca-se a substituicdo de agroquimicos (fertilizantes minerais e defensivos

agricolas) por bioformulacoes.

Muitas praticas agricolas afetam a qualidade do solo por alteragdes
nas propriedades fisicas, quimicas e biologicas e podem levar a uma diminuigao da
populacdo microbiana do solo e a diminuicdo da produtividade das -culturas
(VALARINI et al., 2002). O crescimento e a produtividade das plantas sao fortemente
influenciados pelas interacbes entre as raizes das plantas e o solo rizosférico,
incluindo as populagées microbianas do solo. A rizosfera (regido onde o solo e as
raizes das plantas se encontram) abriga microrganismos que podem ter efeitos
positivos, negativos ou nenhum efeito visivel no crescimento das plantas (PEREG;
MCMILLAN, 2015). A populagdo microbiana nativa da rizosfera de solos agricolas é
influenciada por praticas agricolas, por exemplo, o cultivo do solo, a retengao ou
queima de palha, a espécie de planta semeada, a cultivar e gen6tipo, bem como o
tipo de solo (BERG; SMALLA, 2009; REEVE et al., 2010).

O fosforo e o nitrogénio sdo macronutrientes essenciais para o
crescimento e desenvolvimento de plantas. Estes nutrientes existem naturalmente
no solo, porém em formas nao disponiveis para as plantas. Os microrganismos
desempenham um papel importante na disponibilizacdo e fornecimento desses
nutrientes as culturas. O fungo Penicillium bilaii, por exemplo, ajuda a solubilizar o
fosfato do solo pela produgédo de acidos organicos, os quais dissolvem o fosfato de
modo que as raizes possam absorvé-lo (MOSTTAFIZ; RAHMAN; RAHMAN, 2012).
As bactérias do género Rhizobium sdo amplamente utilizadas como inoculante
microbiano, e por meio do processo de fixagao bioldgica do nitrogénio contribuem de

forma parcial ou total para o fornecimento de nitrogénio as culturas da soja e feijao.
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Nos ultimos anos, estudos evidenciam as Bactérias Promotoras do
Crescimento de Plantas - BPCP (Plant Growth Promoting Bacteria) como uma
alternativa ao uso de agroquimicos, sendo utilizadas em formulag¢des de inoculantes
microbianos para promover o crescimento de plantas. Essas bactérias possuem
diferentes maneiras de potencializar o desenvolvimento das plantas em diversas
condicbes ambientais, que envolvem mecanismos relacionados a estrutura e
formagéo do solo, a decomposi¢cao da matéria organica, a reciclagem de elementos
essenciais, a solubilizagdo de nutrientes minerais, a produgao de varios reguladores
de crescimento, degradagao dos poluentes organicos, estimulagdo do crescimento
radicular, controle biolégico de patdégenos de plantas e sementes do solo, entre
outros (GUPTA et al., 2015; SIVASAKTHI; USHARANI; SARANRAJ, 2014).

As bioformulag¢des, ou inoculantes, sdo definidas como produtos
biologicamente ativos contendo uma ou mais estirpes microbianas benéficas para as
plantas, de facil uso e formuladas com um veiculo econémico, que facilita a adesao
das células microbianas as sementes. A maioria das bioformula¢des é destinada a
aplicagdo no campo, e € essencial que a matéria prima utilizada como veiculo seja
apropriada para manter a viabilidade das células. Uma formulacédo de boa qualidade
promove a sobrevivéncia das células mantendo uma populacdo suficiente e
disponivel para realizar efeitos promotores do crescimento em plantas. Todavia, o
sucesso e comercializacdo de BPCP dependem da articulagdo entre a comunidade
cientifica e a industria, além disso, requerem uma ampla demanda de mercado e
viabilidade econdmica, consistente espectro de agéo, seguranca e estabilidade, vida
util longa, baixos custos e facil disponibilidade de matérias primas para producgao
(GUPTA et al., 2015).

As bioformulagdes podem ser produzidas a partir dos coprodutos do
xisto, que apresentam potencial para serem utilizados como veiculo para inoculantes
microbianos. Os resultados obtidos no Projeto Xisto permitiram o depdsito de uma
patente utilizando finos de xisto e xisto retortado como veiculos em bioformulacoes,
com estirpes do género Rhizobium, indicadas para leguminosas como feijao, soja e
amendoim. Aliadas a essas informacgdes, a busca por potenciais BPCP entre os
isolados obtidos dos coprodutos do xisto apresentam vantagens econémicas, ja que

esses microrganismos possuem maior capacidade de sobrevivéncia e de adaptacéao
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as diferentes caracteristicas quimicas e fisicas encontradas nos coprodutos,
minimizando o tempo de desenvolvimento processual e potencializando a

industrializagao dos produtos inoculantes.

2.4 Xisto como fonte de microrganismos com potencial biotecnolégico

Os microrganismos s&o essenciais para o funcionamento e
sustentabilidade de todos os ecossistemas naturais. Existe em todo o mundo uma
crescente procura por microrganismos com potencial biotecnolégico, visando sua
aplicacao para a obtencao de produtos e melhoria de processos. Na agricultura, a
aplicacao de microrganismos para a diminuicdo do uso de insumos agricolas e
agroquimicos apresenta crescente interesse e demanda, impulsionando os estudos

de bioprospeccao.

Na literatura sdo relatados dados sobre microrganismos isolados de
diferentes fontes e tipos de xisto, entretanto, ndo ha informagdes até esta data sobre
a microbiota presente nos coprodutos do xisto da Formacio Irati no Brasil.
Microrganismos incluindo algas, fungos, protozoarios e bactérias, presentes no xisto
de diversas partes do mundo, foram descritos, sendo os primeiros relatos sobre a
presengca de esporos de fungos e fragmentos de hifas no xisto da formacdo de

Green River e ainda fésseis de fungos e algas (BRADLEY, 1931).

Nease e Wolf (1975) apresentaram os primeiros dados sobre fungos
presentes em sedimento do xisto Chattanooga (Nashville, Tennessee, USA). Os
sedimentos foram observados em microscopio, sendo revelados hifas, esporos e
ascocarpos de fungos. Segundo os autores, nao foi possivel identificar precisamente
os fungos fossilizados encontrados no xisto, entretanto as analises das amostras
obtidas apontam que possivelmente os fésseis pertencem aos géneros Microascus,

Aspergillus e Ustulina.

Os primeiros relatos sobre microrganismos presentes em residuos
obtidos da exploragdo do xisto datam da década de 70 (FARRIER et al., 1977).
DeVore (1980) isolou quatro leveduras e o fungo filamentoso Scopulariopsis
candida, que foram capazes de crescer na agua de xisto (dgua de retorta Omega-9).

Gauger e Williams (1987) avaliaram o crescimento de bactérias em agua de retorta
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Omega-9 derivada de experimentos de processamento do xisto em Laramie,
Wyoming, USA. A busca por bactérias e fungos nessa agua de retorta Omega-9,
objetivou o possivel uso dos microrganismos para melhorar os parédmetros de
qualidade da agua como uma estratégia para retirar ou atenuar componentes

causadores de riscos ambientais.

Os primeiros estudos sobre a biodegradacédo do xisto foram
realizados por Findlay e colaboradores (1974). O objetivo do trabalho foi determinar
se bactérias oxidantes de enxofre, Thiobacillus thiooxidans e T. concretivorous
poderiam liberar o querogénio e o betume do xisto da Formagdo Green River. Os
resultados demonstraram que até 40% do xisto podia ser solubilizado pela agao de

bactérias oxidantes de enxofre.

Sztaba e Konopka (1994) apresentaram a possibilidade de aplicagao
de meétodos microbioldgicos para recuperacdo de metais dissipados no xisto, por
exemplo, o zinco (Zn), chumbo (Pb), uranio (U), molibdénio (Mo), e vanadio (Va)
utilizando uma estirpe de Thiobacillus ferrooxidans isolada do xisto. Apds 7 meses
de incubacdo, os autores observaram que foram recuperados do substrato xisto:
95% de Zn, 55% de Pb, 75% de U, 60% de Mo e 47% de Va. Aislabie e Atlas (1988)
avaliaram a capacidade de microrganismos em remover nitrilos do 6leo de xisto,
utilizando a metodologia de enriquecimento do éleo de xisto, que foi utilizado como
unica fonte de nitrogénio em meio de cultura. As analises de cromatografia gasosa
mostraram que as populagdes microbianas degradam nitrilos alifaticos, mas n&o os
hidrocarbonetos alifaticos, hidrocarbonetos aromaticos, ou compostos heterociclicos
de nitrogénio encontrados neste oleo. Foram isoladas destes cultivos Pseudomonas
fluorescens e P. aeruginosa, capazes de utilizar nitrilos como fontes de carbono e

nitrogénio.

Dickey (1996) avaliou a origem de microrganismos em 16 amostras
de xistos do subsolo e arenitos em Cerro Negro, Novo México. Neste estudo foi
realizada a perfuragao inclinada com a finalidade de testar a hipétese de que os
microrganismos nos estratos do subsolo sdo nativos do xisto. Os microrganismos
totais foram quantificados por contagem direta em microscépio, e os heterotroficos
aerobios cultivaveis foram enumerados por contagem em placa. Nas amostras de

xisto, foram encontradas 87 UFC g™ (unidades formadoras de colénia) e 37 UFC g’
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nas rochas de White Water e Clay Mesa, respectivamente. As contagens em placas
demostraram que 63% das amostras de xisto apresentaram contagens de UFC

abaixo do limite de detecgao.

Bactérias com diferentes mecanismos de agcdo metabdlica tém sido
isoladas de diversas fontes de xisto. Uma grande variedade de microrganismos que
usa matéria organica do xisto foi descrita (KRUMHOLZ et al.,, 1997; PETSCH,;
EGLINGTON; EDWARDS, 2001; WENGEL et al., 2006). Petsch et al., (2001),
demostraram que os microrganismos podem assimilar a matéria organica durante o
intemperismo do xisto. Durante experimentos de desmineralizagdo do xisto de
Aleksinac (Sérvia), Dragutinovi¢ e colaboradores (2012) isolaram uma nova estirpe
de Bacillus circulans (estirpe VD01) que apresentou eficiéncia na dessilicificacao

bacteriana do xisto pirobetuminoso.

Petsch e colaboradores (2005) indicaram a ocorréncia de diferentes
rotas metabdlicas de microrganismos que ocorrem nos minérios organicos de xisto
preto. Nos diferentes tipos de xisto foi verificada a presenga de microrganismos
heterotréficos aerdbios e anaerdbios tais como bactérias sulfato-redutoras e
fermentativas, quimioautoétrofos, por exemplo, as bactérias oxidantes de enxofre e
ferro, e archea metanogénica. Segundo os autores, 0s microrganismos capazes de
utilizar o querogénio do xisto preto (Clay City, Kentucky, EUA), como sua unica fonte
de carbono e energia, foram identificados e pertenciam a cinco géneros:

Acinetobacter, Pseudomonas, Dechloromonas, Comamonas e Clostridium.

A degradacdo da matéria organica de xisto preto de Ronnburg
(Alemanha) pelo basidiomiceto Schizophyllum commune foi estudada por Wengel et
al. (2006). Os autores observaram que a degradagao do carbono presente no xisto
pode ser acelerada pela atividade fungica. Na Franga, o projeto “BIOSHALE” teve
por objetivo realizar a bioprospecgao de minérios de xisto preto da Europa para a
selecao de sistemas microbianos eficientes para a biolixiviagdo de metais nobres
dos folhelhos pretos. Os autores buscaram isolar microrganismos com habilidade de
degradar a matéria organica nos depésitos do xisto. Dados preliminares apontaram
que microrganismos heterotroéficos, bem como quimiolitotréficos, foram capazes de
lixiviar o cobre presente no xisto preto (NMP2-CT-2004-505710 / BIOSHALE, 2007).
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Matlakowska e Sklodwska (2009) analisaram a populagao
microbiana da mina de cobre Lubin (Polénia), que é cortada por uma camada de
xisto e que apresenta elevado teor de minérios nobres, para elucidar potencial dos
microrganismos em processos de lixiviagdo de metais. Foram isoladas oito bactérias
de sedimentos minerais e do xisto preto. As andlises filogenéticas baseadas na
sequencia de nucleotideos do gene 16S rRNA demonstraram que as cinco estirpes
pertenciam ao filo Proteobacteria, classe y-Proteobacteria (Pseudomonas,
Acinetobacter), uma estirpe pertencia ao filo Firmicutes (Bacillus) e duas pertenciam
ao filo Actinobacteria (Microbacterium). Os autores relatam que o cultivo
convencional baseado em técnicas microbiologicas foi um método eficaz de

isolamento de bactérias do xisto preto.

Moore e Cripps (2010) avaliaram se as temperaturas extremas (175
°C) nos pogos de fraturamento hidraulico, utilizados para obtencédo de gas de xisto,
na bacia do Rio Horn no Canada, eram suficientes para eliminar microrganismos e
assim diminuir a preocupagao com a corrosdo e acidificagdo microbiolégica dos
pocos. Os autores avaliaram a presencga de bactérias viaveis na area de producao
de gas e na fonte de agua utilizada no processo. Os resultados indicaram que a alta
temperatura e as condi¢des de alta pressdo nos pogos da regido nao sao suficientes
para eliminar bactérias introduzidas durante o processo de fratura dos pogos e que
estas bactérias sobreviventes permaneciam viaveis, se proliferando nos pogos.
Dentre os microrganismos identificadas nos pogos foram encontradas: Bacillus gram
negativos, cocdides gram positivos, diplococos gram negativos e as possiveis
espécies, Sphingomonas paucimobilis, Brevundimonas vesicularis, Pseudomonas

alcaligenes e Aeromonas hydrophila.

A biolixiviagado dos coprodutos do xisto pode ser realizada a partir de
microrganismos isolados do xisto, entretanto para tal, s&o necessarios estudos
preliminares que permitam responder, por exemplo: (i) quais microrganismos estao
presentes nas amostras dos coprodutos do xisto? (ii) qual o papel que esses
microrganismos desempenham? (iii) como a comunidade de microrganismos é
alterada pelas condi¢gdes quimicas das amostras? (IV) como o metabolismo desses

microrganismos atua sobre as caracteristicas quimicas dos coprodutos? Responder
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a essas questdes permite o entendimento da composicao e fungdo de comunidades

microbianas do xisto.

2.5 Identificacdo molecular de microrganismos do xisto

Cada vez mais, abordagens genotipicas vém sendo incorporadas
aos protocolos de identificagcdo microbianas. Dentre os inumeros procedimentos que
permitem a analise genotipica, o “DNA barcode” € um dos que mais tem contribuido
para a identificacdo taxonémica. O “DNA barcode” consiste em utilizar pequenas
sequencias DNA suficientemente variaveis entre espécies, porém conservadas entre
os individuos de uma espécie. A identificacao da espécie ¢é feita pela comparacao da
sequencia de nucleotideo obtida para o organismo de interesse com as sequencias
depositadas em bancos de dados. Essa comparacao é feita por meio do uso de uma
ferramenta de alinhamento de sequencias, por exemplo, o BLAST -
Basic Local Alignment Search Tool (ALTSCHUL et al., 1990) ou de um método de
agrupamento, especialmente do tipo Neighbor-joining (SAITOU; NEI, 1987). Este
tipo de analise tem contribuido para a identificacdo taxondébmica de espécies
microbianas presentes em diferentes tipos de amostras (CHUN; RAINEY, 2014;
SCHOCH et al., 2012; SULTAN et al., 2012; YARZA et al., 2014).

Os genes ribossomais (rDNA) se tornaram padrdes na determinagao
de relacbes filogenéticas de procariotos e eucariotos. A escolha desses genes
decorreu do fato destes apresentarem todas as caracteristicas necessarias a um
marcador molecular ideal, pois sdo encontrados em todos os organismos procariotos
e eucariotos, com estrutura e fungdo conservadas entre os taxa, possuem regioes
conservadas e variaveis e um tamanho grande o suficiente que permite o

aparecimento de divergéncias na sequéncia (RASTOGI; SANI, 2011).

Os genes ribossomais de eucariotos sao arranjados em clusters que
se repetem em tandem. Cada cluster contém genes que codificam RNAs que
compdem as subunidades menor (18S, 5,8S) e maior dos ribossomos (28S). Estes
genes sao separados por regides denominadas “Internal Transcribed Spacer” (ITS1

e ITS2), as quais sdo transcritas e depois processadas para dar origem aos RNAs
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ribossdmicos maduros. Para o reino Fungi a regido que compreende 1TS1-5,8S-
ITS2, frequentemente denominada apenas por ITS, foi formalmente proposta para
“barcoding”. A regido ITS de fungos é flanqueada por segmentos conservados, é
relativamente curta (500 a 800 pares de bases), e aparece em grande numero de
cbpias no genoma. Estas caracteristicas permitem que a regido ITS seja amplificada
por meio da reagao da polimerase em cadeia (PCR) e sequenciada com facilidade.
Como consequéncia disso, € grande o numero de sequéncias ITS de diferentes
fungos que estdo atualmente disponiveis nos bancos de dados de sequencias de

nucleotideos.

Para bactérias, o gene 16S rRNA é o mais utilizado como “barcode”.
A analise deste gene tem sido particularmente importante para a identificacdo de
bactérias com perfis fenotipicos incomuns, bactérias de crescimento lento e
bactérias ndo cultivaveis. O gene 16S rRNA contém nove regides hipervariaveis
flanqueadas por regides relativamente conservadas (NEELAKANTA; SULTANA,
2013). E relativamente curto (1,5 Kb), portanto facil e rapido de ser sequenciado
quando comparado a outros genes bacterianos (WOO et al., 2008). Inumeros
estudos tém usado este marcador como “barcode” para analisar comunidades
bacterianas de amostras ambientais (LENOBAH et al., 2014), inclusive do xisto
(DRAGUTINOVIC et al., 2012; JIANG et al, 2016; MATLAKOWSKA;
SKLODOWSKA, 2009; PETSCH; EDWARDS; EGLINTON, 2005; WUCHTER et al.,
2013).

Petsch e colaboradores (2005) estudaram o papel dos
microrganismos na utilizagdo, oxidacdo da matéria organica e mineral de amostras
de xisto preto expostas ao intemperismo préximos a Clay City nos Estados Unidos, e
identificaram a comunidade de microrganismos presentes nesse ambiente. Os
autores utilizaram as metodologias de enriquecimento das amostras de xisto,
clonagem e anadlises de sequéncias de DNA ribossomal para identificagdo dos
microrganismos. Os autores extrairam o DNA de culturas enriquecidas e
amplificaram os genes 16S rRNA utilizando os primers universais 27f e 1492r
(JIANG et al., 2006). No referido estudo foram identificadas bactérias pertencentes
aos géneros Acinetobacter, Clostridium, Comamonas, Dechloromonas e

Pseudomonas



32

Matlakowska & Sklodowska (2009) isolaram e caracterizaram
microrganismos da mina de cobre Lubin (Polbnia) para a utilizacdo destes na
recuperacdo biotecnologica de metais de cobre do xisto preto. Oito estirpes
bacterianas foram isoladas de minérios do xisto. Os autores utilizaram a metodologia
de PCR de colénia para amplificar o gene 16S rRNA com os mesmos primers
universais 27f e 1492r. As analises filogenéticas baseadas nas sequéncias do gene
16S rRNA mostraram que cinco estirpes pertenciam aos géneros Pseudomonas e

Acinetobacter, uma estirpe a Bacillus e duas estirpes a Microbacterium.

Dragutinovi¢ et al. (2012) identificaram uma estirpe de Bacillus
isolada do xisto Aleksinac (Sérvia) e que apresentou uma alta eficiéncia na
desmineralizacao do xisto. Os autores avaliaram as caracteristicas bioquimicas, os
padrées de proteinas, a composicdo de acidos graxos, o perfil gendbmico e
realizaram a amplificacdo e sequenciamento do gene 16S rRNA. Com base nas
comparagdes com espécies conhecidas do género Bacillus, a estirpe foi identificada

como uma estirpe de Bacillus circulans VDO1.

A diversidade microbiana e a atividade metanogénica nas aguas
obtidas de pocos recém-fraturados da formagao de xisto Antrim, nos Estados Unidos
foram estudadas por Wuchter e colaboradores (2013). Os autores sequenciaram a
regidao V4 do gene 16S rDNA, amplificada com os primers universais 519f e 806r
(QBVREAS et al., 1997) utilizando a plataforma de sequenciamento lllumina MiSeq,
para analisar a diversidade e a abundancia da comunidade de procariotos presentes
na agua dos trés pocgos fraturados utilizados para producédo de gas. Os principais
filos bacterianos encontrados foram Bacteroidetes, o- e ¢-Proteobacteria, o filo
Firmicutes, e para Archaea o filo Euryarchaeota. As unidades taxondmicas
operacionais mais representativas foram: Marinilabilia salmonicolor, Cytophaga sp.,
Halanaerobium hydrogeniformans, H. congolense, H. cellulosilytica, Orenia
marismortui e O. salinaria. Os autores concluiram que a composicdo da comunidade
microbiana nos pocgos podem diferir substancialmente devido a variacdes locais, as
caracteristicas do reservatorio e aos procedimentos de produgao de gas. Embora a
relevancia desses trabalhos deva ser considerada, a identificagdo da maior parte

dos microrganismos ficou restrita a Filo.
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Estudos sobre fungos em xistos pirobetuminosos séo limitados,
entretanto, recentemente o DNA “barcode” também vem sendo utilizado para a

identificacdo de fungos presentes em amostras de xisto.

Jiang e colaboradores (2016) estudaram a diversidade de fungos
das trés maiores minas de xisto pirobetuminoso da China. Para tanto duas
abordagem de andlise de sequencias da regiao ITS foram utilizadas. A primeira
utilizou bibliotecas de clonagem direta da regiao ITS. Dentre os 41 géneros fungicos
identificados, Penidiella, Epicoccum e Cytospora foram os géneros predominantes
nas minas Maoming, Fushun e Huadian, respectivamente. A segunda abordagem foi
baseada no isolamento e identificagdo de fungos cultivaveis nos xistos de cada
mina. Os autores identificaram 15 géneros entre os 150 isolados obtidos das trés
minas por meio do sequenciamento da regido ITS, entre eles os géneros: Alternaria,
Aspergillus, Bionectria, Candida, Cladosporium, Coprinopsis, Cryptococcus,
Debaryomyces, Eucasphaeria, Eupenicillium, Nectria, Penicillium, Penidiella,
Rhodotorula e Sporidiobolus. Penicillium foi o unico género entre os fungos

cultivaveis encontrado nas trés minas de xisto.

A identificacdo taxonémica dos isolados, a caracterizagao
morfologica, bioquimica e molecular, sdo procedimentos essenciais para a obtengao
de um panorama da microbiota dos coprodutos do xisto, para posterior selecdo de
potenciais microrganismos aplicaveis a estudos de biolixiviagdo, aplicagoes

biotecnoldgicas e agronémicas.
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3 OBJETIVOS

3.1 Objetivo Geral

O objetivo deste trabalho foi isolar, identificar e caracterizar
microrganismos presentes nos finos do xisto e xisto retortado obtidos apds a

mineracao e a pirolise do xisto pirobetuminoso.
3.2 Objetivos Especificos

Analisar as caracteristicas quimicas dos finos de xisto e xisto

retortado.

Isolar bactérias, fungos filamentosos e leveduras de amostras dos

coprodutos do xisto pirobetuminoso — xisto retortado e finos do xisto.

Identificar as espécies de bactérias, fungos filamentosos e leveduras
de amostras dos coprodutos do xisto pirobetuminoso — xisto retortado e finos do

Xisto.

Avaliar o potencial de bactérias na disponibilizacdo de nutrientes

através de técnicas bioquimicas.

Caracterizar a similaridade genética dos isolados de bactérias,
através da técnica de ARDRA.

Avaliar o potencial de bactérias isoladas do xisto como promotoras
de crescimento de plantas no desenvolvimento vegetal da graminea Brachiaria

ruziziense.
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5 RESULTADOS E DISCUSSAO

Os resultados e discussao desta tese sdo apresentados na forma de

trés artigos cientificos que seguem.
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5.1 Artigo I: Fungi colonizing Brazilian oil shale byproducts: fine shale and

retorted shale

5.1.1 Abstract

Fine shale particles are small fragments of mined shale rock which are not
usable for producing oil and gas, while retorted shale are generated by the retorting
process. These byproducts are high in silicon and also contain organic matter,
micronutrients, hydrocarbons and other elements. The aim of this study was to
isolate and identify fungal species present in oil shale byproducts generated by oil
shale industrialization in Brazil using Petrosix® Technology. We analyzed two
samples of fine shale particles and two samples of retorted shale collected at Schist
Industrialization Business Unit (Six) — Petrobras, in Sdo Mateus do Sul, State of
Parana, Brazil. A total of eight fungal genera were found, including Acidiella,
Aspergillus, Cladosporium, Ochroconis, Penicillium, Pseudozyma, Talaromyces and
Trichoderma. Acidiella was the most predominant genus found in the samples of fine
shale particles, which is a highly acidic substrate. Talaromyces was the most
predominant genus in retorted shale samples. Talaromyces sayulitensis was the
species most frequently found in retorted shale, and Acidiella bohemica in fine shale

particles.

Keywords: Shale, oil shale, Petrosix, Talaromyces sayulitensis, Acidiella bohemica
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5.1.2Introduction

Oil shale is a compact, laminated rock of sedimentary origin, rich in kerogen
(insoluble macromolecular organic matter), which is of great value as source of oil
and natural gas. There are vast deposits of oil shale around the world, but the most
significant deposits are found in the United States, Russia, Brazil, Estonia and China
(1). In Brazil, the largest shale deposit is the "Irati Formation" which extends over the
states of S&o Paulo, Parana, Santa Catarina, Rio Grande do Sul, Mato Grosso do
Sul and Goias. So far, retorting is the main process used to produce oil from shale
(2), and the main requirement for successfully utilizing oil shale as a source of liquid
and gaseous fuels is a technically and economically feasible retorting process to

thermally decompose the kerogen into oil, gas and carbonaceous residue (3).

In 1972, the Petrobras, a Brazilian state oil company, started oil shale
processing activities by developing Petrosix® technology for extracting oil from the
shale of the Irati Formation in Sdo Mateus do Sul, Parana. Petrosix® technology is
an above-ground retorting process in which mined oil shale is reduced to particles of
10-75 mm and then conveyed to a retorter, where the shale is heated up to around
500 °C, breaking down the kerogen to yield oil vapor and gas (4). Nowadays, the
Petrobras  Petrosix® plant produces 2.9 thousand barrels per day
(http://www.investidorpetrobras.com.br/pt/relatorios-anuais/form-20f) and generates a
large volume of waste, mainly consisting of fine shale particles (FS) and retorted

shale (RS).

FS consist of small fragments of mined shale rock (particle size < 6.35 mm)

which are not usable in oil and gas processing (5). RS is retorting residues with high
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silicon content and also containing organic matter, micronutrients, hydrocarbons and
other elements such as phosphorus, calcium, magnesium and sulfur (6)
[https://books.google.com.br/books?id=z617AAAAMAAJ]. At the Sdo Mateus do Sul
plant, some 7000 metric tons of shale are removed from the ground daily and the
high availability of oil shale waste led to the creation of the "Agricultural Shale
Project”. This project aims to use shale water, shale limestone, FS and RS as
feedstock in the formulation of agricultural inputs. Under this project's scope, our
research group has been studied the efficacy and safety of using Brazilian oil shale
byproducts as agricultural inputs, and currently our efforts are focused on the

mycobiota inhabiting FS and RS.

Some studies on mineral-microbe interactions have concentrated on bacteria
and archaea (7, 8), but fungi have, to some extent, been neglected (9). Pfister et al.
(10), found several fungi living on the surface of oil-shale particles in the deposits of
New Albany, US, and more recently Jiang et al. (11) reported finding fungi species in

major oil shale mines in China.

Against this backdrop, the aim of this study was to isolate and identify fungal
species present in FS and RS generated by oil shale industrialization in Brazil using
Petrosix® Technology. The results will provide useful knowledge about fungal
resources for the bio-utilization of oil shale and bioremediation of the byproducts

generated by Petrosix® oil shale industrialization in Brazil.
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5.1.3 Material and methods

5.1.3.1 Site and sampling description

Two samples of FS and two samples of RS were collected at the Schist
Industrialization Business Unit (Six) — Petrobras, in Sdo Mateus do Sul, Parana -
Brazil (25° 52' 26" S, 50° 22' 58" W) (Fig. 1). The samples were collected at twelve
discrete locations in storage piles, and a composite sample (FS or RS) of

approximately 1.0 kg was derived after homogenization.

Samples were place in sealed, sterilized polyethylene bags and kept at 27 + 4
°C ready for chemical and microbial analysis at the Soil Microbiology Laboratory of

the Agronomic Institute of Parana (IAPAR).

5.1.3.2 Chemical analyses

FS and RS samples were oven dried at 55 °C and sieved to <2 mm before
chemical analysis using the methods described by Pavan et al. (12). Briefly, the pH
of the FS or RS was determined potentiometrically: CaCl, solution (0.01 mol L™) ratio
of 1:2.5 (w/v) after shaking for 15 min and settling for 30 min. Calcium (Ca*"),
Magnesium (Mg®*) and Aluminium (Al) were extracted with a non-buffered solution of
KCI (1.0 mol L™") and measured using an atomic absorption spectrophotometer. The
total organic carbon concentration was evaluated by the Walkley—Black potassium
dichromate—sulphuric acid oxidation procedure (13). Phosphorus and potassium

were extracted using the Mehlich-1 method and their concentrations were
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determined colorimetrically using a UV-visible spectrophotometer and a flame

photometer, respectively.

5.1.3.3 Isolation of fungi

Ten (10) grams of each sample were ressuspended in 90 mL of sterile saline
solution (NaCl 0.85%), shaken at 100 rpm for 1 h at 25 °C, and serially diluted to
make six dilutions (10°) per sample. Aliquots of 100 pL of this dilution series were
plated on three media: Sabouraud Agar (14), Martin Medium Agar (15) and DYGS
(16). The plates were incubated for 7 d at 28 °C and 37 °C. After the incubation

period, the colonies were purified by streaking.

5.1.3.4 Morphological examination

The isolates were grown on standard media Czapek Yeast Agar (CYA) and
Malt Extract agar (MEA). Macromorphology characteristics such as colony diameter,
degree of sporulation, production of sclerotia, colour of mycelia and presence of
exudate, were then checked. Microscopic features were also observed in each
culture medium. The genus Penicillium was identified according to Pitt (17) and
Samson et al. (18). Aspergillus was identified according toKlich and Pitt
(19) and Samson et al. (18). The other fungi were identified according to Pitt and

Hocking (20) and Samson et al. (18).

5.1.3.5 Molecular examination

All fungal isolates were subjected to ITS nucleotide sequence analysis. The

filamentous fungi were grown on liquid complete medium (21) and the yeast on
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Sabouraud medium. After growing, the mycelia or yeast cells were collected, frozen
in liquid nitrogen, ground to a fine powder and then a standard phenol:chloroform
extraction protocol (22) was used for genomic DNA isolation. The ITS region was
amplified using the primers ITS1 and ITS4, adopting a standard amplification protocol
of 35 cycles with an annealing temperature of 55 °C (23). The PCR products were
cleaned up using ExoProStar® (GE Healthcare, UK) and directly sequenced using
the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA)
according to the manufacturer’s instructions. A volume of Hi-Di formamide (10 ul)
was added to the sequencing products, which were then processed in an ABI3500XL

Genetic Analyzer (Applied Biosystems, USA).

SegMan software bundled with the Lasergene package (DNASTAR Inc.,
Wisconsin, USA) was used to assemble the contigs using the forward and reverse
sequences. All ITS sequences were compared using the Basic Local Alignment
Search Tool (BLASTn) against the NCBI database to recognize fungal species with
similar DNA sequences. In order to avoid BLAST hits to misidentified sequences in
the GenBank database, whenever possible we used the BLAST tool with the
“sequences from type material” (RefSeq) option. If the identity values generated by
BLAST were not sufficient to precisely identify the species, phylogenetic trees were
constructed using MEGA 6.0 software based on the Neighbor-Joining (NJ) method
and Tamura-Nei Model (24, 25). Nonparametric bootstrap analysis was performed

with 1,000 resamplings.
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5.1.4 Results and Discussion

In this study we have shown that some fungi species can be found in two
types of solid waste (fine shale particles, FS; and retorted shale, RS) generated by
the Petrosix® process for oil shale transformation into oil and gas at Sdo Mateus do

Sul, in south Parana, Brazil.

The samples of FS (I and II) and RS (I and Il) collected at SIX-Petrobras
showed different chemical characteristics (Table 1). Both FS samples showed lower
pH values (I= pH 3.6 and II= pH 2.4) than RS samples (I=pH 5.2 and lI=pH 6.5). The
samples of FS and RS also differed dramatically in Ca and Al content. Aluminum was
detected in FS (1=4.63 and 11=19.59) but not in RS. Calcium was present in both
sample types, but the two FS samples exhibited a higher level (I= 50.47 and ll=
49.15) than the two RS samples (1= 35.57 and Il 21.95). Phosphorus was present in
both sample types, but the two RS samples exhibited a higher level (I= 150.20 and
[I= 154.10) than the two FS samples (1= 145.30 and II= 134.00). Samples differ in the
Magnesium content, FSI and RSI had the major level (FSI= 14.30 and RSI= 11.92)

than the FSII and RSIlI samples (FSI= 7.44 and RSI= 6.70).

Fungi were present in all samples of byproducts studied herein. A total of eight
fungal genera were found, including Acidiella, Aspergillus, Cladosporium,
Ochroconis, Penicillium, Pseudozyma, Talaromyces and Trichoderma (Fig. 4). The
two samples of the retorted shale harbored the highest fungi population density, the
number of fungal colony-forming units (CFU) are 1.3 x 10° to RS | and 3.9 x 10° to
RS Il samples per gram of byproduct, whereas the fine shale particles had the

smallest population density (FS I= 3.8 x 10* and FS II= 4.1 x 10* CFU per gram).
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Altogether, 56 filamentous fungi and 2 yeast isolates were obtained from the
four samples (30 from FS and 28 from RS - see Table 2). Sequence analysis of the
nrDNA internal transcribed spacer (ITS), the official DNA barcode for fungi, were
performed on all fungi. ITS sequences were deposited in GeneBank under the

following accession numbers: KX363445 to KX363461.

Acidiella was the predominant genus found in FS samples, which is a highly

acidic substrate. Talaromyces was the most predominant in RS samples.

All isolates recognized as Acidiella (n = 10) shared 99-100% sequence identity
with Acidiella bohemica and Fodinomyces uranophilus. In Australia, F. uranophilus
was recently isolated from uranium mine water with typically high acidity (pH 1.7-1.8)
and containing high concentrations of total dissolved/colloidal salts (26). In the Czech
Republic, A. bohemica has been isolated from acid soil in a kaolin quarry (27). More
recently, based on the high similarity in rDNA sequences, ecology, physiology and
morphology, Kolarik et al. (28) proved that these acid-tolerant species are sisters to
be placed in a single genus, Acidiella, also known under its more recent synonym,
Fodinomyces. It is important to note, that A. bohemica was found preponderantly in

FS samples, which had much lower pH values than RS samples.

The genus Talaromyces was described as a sexual state of Penicillium, but
with the recent adoption of the ‘one fungus, one name’ concept in combination with
some phylogenetic studies, Penicillium subgenus Biverticillium was transferred to
the Talaromyces genus (29, 30). Nowadays an accepted species list is available,
endorsed by International Commission of Penicillium and Aspergillus (ICPA) and
providing the accession numbers of ITS barcodes for all ex-type strains of

Penicillium and Talaromyces species (29). Although ITS cannot be used to



52

differentiate all species, it does provide valuable information on sectional

classification and often enough information for identifying a species (29).

Twenty Talaromyces ITS sequences were more similar to those of species
belonging to Talaromyces section Talaromyces. The ITS-based neighbor-joining (NJ)
tree using the sequences obtained herein and those retrieved from GenBank for
each type strain of Talaromyces section Talaromyces, as suggested by Visagie et al.
(29), revealed that 19 strains belong to Talaromyces sayulitensis species (Fig. 2). T.
sayulitensis is a recently described species isolated from dust in Mexico (29). Based
on the NJ tree, isolate 6054RS was identified as Talaromyces stolli. Isolate 6035RS,
which does not belong to section Talaromyces, has BLAST 100% sequence
identity to the type material of Talaromyces diversus, which belongs to the section
Trachyspermi. Talaromyces has been considered an important genus for
biotechnological purposes, based on its species’ ability to produce enzymes and
soluble pigments (30). The presence of T. sayulitensis, T. diversus and T. stolli in oil

shale is described herein for the first time.

Regarding Penicillium ITS sequences, the BLAST search in NCBI using the
“sequences from type material” option revealed that the majority of Penicillium
sequences (10/11) were more similar to those from the species belonging to
Penicillium section Citrina. Because the identity values generated by BLAST were
insufficient to precisely identify the species, we generated an ITS-based neighbor-
joining (NJ) tree using the sequences obtained in the present study and those
retrieved from GenBank for each type strain of Penicillium section Citrina included in
the updated list (Fig. 3) in Visagie et al. (29). Based on the NJ tree, nine isolates

were closed related to Penicillium citrinum, a species already reported to be present
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in shale samples in Pakistan (31). Isolate 6038FS was grouped together with
Penicillium sizovae, Penicilium steckii, Penicillium tropicalis and Penicillium tropicum,
which are not distinguishable by ITS sequences. According to Visagie et al. (29), the
ITS region is not variable enough for distinguishing all closely related Penicillium
species. Isolate 6003FS, which does not belong to section Citrina, has
100% sequence identity with the type material of Penicillium parvum, which belongs
to the section Exilicaulis. Jiang et al. (11) studied three main oil shale production
areas in China and observed that the environmental and climatic conditions of each
mine significantly affected the preferences of fungal genera, but Penicilium was
found in all 3 mines. According to the authors, this genus shows potential for the

biotransformation of oil shale.

Eight isolates were identified as belonging to the genus Cladosporium. This
genus has been intensively investigated over the past decade, and according to
Bensch et al. (32) this has led to the resolution of three major species complexes
(Cladosporium cladosporioides, Cladosporium herbarum and Cladosporium
sphaerospermum) based on morphology and DNA phylogeny. Isolates 6051RS,
6053RS and 6057RS were identified as belonging to the C. cladosporioides complex.
Isolates 6018FS, 6031RS, 6032RS, 6033RS and 6047FS were identified as
belonging to the C. sphaerospermum complex. The ITS region has limited resolution
for many species in Cladosporium (33) so our ITS sequence data were insufficient to
discriminate the species within each Cladosporium complex. Cladosporium is
a genus of fungi that has been found on many substrates and regions throughout the

world, including oil shale from the Green River Formation, USA (34).
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In regard to the genus Aspergillus, three isolates were obtained from the
samples studied herein. Based on the best BLASTn hits for our sequences against
NCBI RefSeq, isolates 6001FS, 6017FS and 6029RS were identified as Aspergillus
flavus (1=100%), Aspergillus sydowii (1=99%) and Aspergillus niger/ Aspergillus
welwitschiae (I=100), respectively. Anjum et al. (31) also reported the presence of A.
niger and A. flavus in black shale samples in Pakistan. A. niger and A. flavus are
predisposed to produce a variety of organic acids (citric and oxalic) for effectively
solubilizing rare earth elements (REEs). Amin et al. (35) tested the ability of some
fungi isolated from the Sinai Peninsula carbonaceous shales to leach REEs from
these rocks by microbial means and found that A. niger and A. flavus were the most

efficient organisms.

Two Trichoderma isolates (6055RS and 6056RS) were obtained from RS
samples. Both were identified, based on the best BLASTn hits against the NCBI
RefSeq (1=100%), as Trichoderma atroviride. This species has been described as
able to solubilize coal (36, 37). Polycyclic aromatic hydrocarbons are common
environmental pollutants, and are described by Nicolini et al. (38) in Brazilian retorted
oil shale samples taken from inside storage piles. The genus Trichoderma is also
reported as tolerant to a range of recalcitrant pollutants, including heavy metals,

pesticides, and polyaromatic hydrocarbons (39).

The ITS sequences from isolate 6042FS was found to be significantly different
from all other sequences in NCBI (accessed 18 JAN, 2015). Using the BLAST tool
against NCBI, it was found that the ITS sequence of this isolate is more similar to that
of Ochroconis mirabilis, but with only 87% of sequence identity. The genus

Ochroconis was reviewed by Samerpitak et al. (40), who recognized thirteen species.
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After this review, a further eight new species were proposed (41, 42, 43) and the
genus Ochroconis currently contains 21 species. According Samerpitak et al. (42,
44), several species of the genus Ochroconis appear to have degrees of molecular
heterogeneity that are much higher than observed in most other ascomycetous fungi.
Not only ITS, but even nuLSU (usually invariant between closely related
ascomycetes) showed significant sequence variation for species recognition (40).
The species of the genus Ochroconis have a cosmopolitan distribution and can be
isolated from various sources, including cave rock (45, 46). Ochroconis lascauxensis,
for example, was selected on May 22, 2013 by the International Institute for Species
Exploration at Arizona State University, as one of the "Top 10 New Species"
discovered in 2012. In order to determine whether the 6042FS isolate is or is not a
new species of the genus Ochroconis, it will be necessary to conduct analysis of
morphological characters and extrolite profiling, as well as investigating sequence
data from other genes, such as actin, B-tubulin, and translation elongation factor 1-a

(TEF-1).

In addition to the filamentous fungi, two basidiomycetous yeasts (6034RS and
6036RS) were obtained from RS samples. Using BLASTn against the NCBI
database, it was found that the ITS sequences of these isolates are similar to that of
the type strain of Pseudozyma crassa (1=98%). The strains belonging to the genus
Pseudozyma have been described as producers of a glycolipid biosurfactants, known
as mannosylerythritol lipids (MEL), which not only exhibit excellent surfactant
properties, but also versatile biochemical actions. MEL production has been

considered an important taxonomic index for the Pseudozyma yeasts (47).
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In conclusion, combining morphology and DNA sequence data we have

described, for the first time, a snapshot of the diversity of fungi colonizing oil shale

byproducts from the Irati Formation in Brazil. T. sayulitensis was the species most

frequently found in retorted shale, and A. bohemica in fine shale particles.
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5.1.6 Tables

Table 1. Chemical characteristics of two samples of fine shale particles (FS | and FS
II) and two samples of retorted shale (RS | and RS Il) collected at Schist
Industrialization Business Unit (Six) — Petrobras, in Sdo Mateus do Sul,

Parana — Brazil.

Characteristics FS I FS I RS | RS I
pH 3.60 2.40 5.20 6.50
Calcium (cmol kg™) 50.47 49.15 35.57 21.95
Aluminium (cmolc kg™ 4.63 19.59 ND ND
Phosphorus (mg dm™) 145.30 134.00 150.20 154.10
Carbon (g dm™) 29.22 27.23 31.79 31.63
Magnesium (cmol. kg™ 14.39 7.44 11.92 6.70
Potassium (cmol kg™') 0.05 0.03 0.14 0.47

pH in CaCl, 0.01 mol L™"; Mg, Ca and Al by KCI 1 mol L™"; Total Carbon by Walkley e
Black; P and K in Mehlich™;ND=not detected.
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Table 2. Fungal species isolated from samples of fine shale particles and retorted

shale collected at Schist Industrialization Business Unit (Six) — Petrobras, in

Sao Mateus do Sul, Parana — Brazil.

Species

Isolates from fine shale
particles (FS)

Isolates from retorted shale
(RS)

Aspergillus flavus

6001FS (KX363445)

Aspergillus sydowii

6017FS (KX363451)

Aspergillus niger/ welwitschiae

6029RS (KX363462)

Acidiella bohemica

6008FS (KX363448), 6014FS,
6015FS (KX363450), 6016FS,
6040FS (KX363456), 6043FS,
6044FS, 6045FS (KX363458),
6046FS

6030RS

Cladosporium cladosporioides
complex

6051RS, 6053RS, 6057RS
(KX363461)

Cladosporium
sphaerospermum complex

6018FS (KX363452), 6047FS

6031RS, 6032RS, 6033RS

Ochroconis sp.

6042FS (KX363457)

Penicillium citrinum

6000FS, 6002FS (KX363446),
6009FS, 6037FS (KX363454),
6041FS, 6010FS

6025RS, 6048RS, 6049RS

Penicillium parvum

6003FS (KX363447)

Penicillium sp.

6038FS (KX363455)

Pseudozyma crassa

6034RS, 6036RS (KX363463)

Talaromyces diversus

6035RS (KX363453)

Talaromyces sayulitensis

6004FS, 6005FS, 6006FS,
6007FS, 6011FS (KX363449),
6012FS, 6013FS, 6039FS

6019RS, 6020RS, 6021RS,
6022RS, 6023RS, 6024RS,
6026RS, 6027RS, 6028RS,
6050RS, 6052RS

Talaromyces stolli

6054RS (KX363459)

Trichoderma atroviride

6055RS (KX363460), 6056RS
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5.1.7 Figures

Fig. 1. Geographic location of the SIX-Petrobras mine in Parana State, the sampling
site for fine shale particles and retorted shale. Source: IBGE, 2014 — adapted by

Joéo Henrique Caviglione.

Fig. 2. Neighbor joining tree reconstructed from the ITS sequence of Talaromyces
section Talaromyces isolated from the samples of fine shale particles and retorted
shale (bold) aligned with corresponding sequences of Talaromyces section
Talaromyces deposited in public databases. Numbers at branch nodes refer to

bootstrap values (1000 replicates). Only values >70% are shown.

Fig. 3. Neighbor joining tree reconstructed from the ITS sequence of Penicillium
section Citrina isolated from the samples of fine shale particles and retorted shale
(bold) aligned with corresponding sequences of Penicillium section Citrina deposited
in public databases. Numbers at branch nodes refer to bootstrap values (1000

replicates). Only values >70% are shown.

Fig. 4. Isolates from retorted shale and fine shale byproducts. Aspergillus sydowii
isolate 6017 (A); Aspergillus welwitschiae/niger isolate 6029 (B) - colonies grown on
CYA incubated for 7 days at 25°C; Acidiella bohemica isolate 6008 (C);
Cladosporium sphaerospermum complex isolate 6018 (D) - colonies grown on PDA
incubated for 7 days at 25°C; Penicillium citrinum isolate 6000 (E); Penicillium
parvum isolate 6003 (F); Penicillium sp. isolate 6038 (G); Talaromyces stolli isolate
6054 (H) - colonies grown on CYA incubated for 7 days at 25°C, Pseudozyma
crassa isolate 6034 (I) - colonies grown on PDA incubated for 7 days at 25°C;
Talaromyces sayulitensis isolate 6019 (J) - colonies grown on CYA incubated for 7
days at 25°C; Ochroconis sp. isolate 6042 (K); Trichoderma atroviride 6055 (L) -

colonies grown on PDA incubated for 7 days at 25°C.
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5.2 Artigo II: Occurrence of bacteria in fine shale and retorted shale

byproducts from a commercial oil shale mine in Brazil

5.2.1 Abstract

Fine shale are small fragments of mined rock not usable in Petrosix® process,
and retorted shale are originated after pyrolysis of oil shale to extract oil and gas. The
aims of this study were to isolate, characterize and identify bacterial species present
in oil shale byproducts. We also investigated if the temperature of incubation can
broaden the diversity of bacterial isolates obtained from fine shale and retorted shale.
In total, 40 bacteria were obtained using serial dilution and plating, being 27 isolates
at 28°C and 13 at 37°C. A total of eight bacteria genera were found in oil shale
byproducts, including Arthrobacter, Bacillus, Paenibacillus, Ralstonia, Serratia,
Sphingomonas, Terrabacter and Xanthobacter. Molecular characterization carried
out using ARDRA fingerprint analyses allowed characterized the isolates and shows
that the chemical composition of the two byproducts influenced bacterial diversity
indicated by Shannon index. Bacillus and Paenibacillus were the most predominant
genera found in the fine shale and retorted shale samples. The other six genera were
found only in retorted shale samples, which show higher diversity than in the fine

shale particles.

Keywords: Shannon index, 16S rRNA, molecular analysis, phylogenetic analysis.
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5.2.2 Introduction

Oil shale is a fine-grained sedimentary rock that contains organic matter that is
predominantly kerogen, which yield in substantial quantities of oil and combustible
gas upon destructive distillation [1]. Oil shale resources are abundant and distributed
in several countries around the world [2]. The most important Brazilian oil shale
reserve, the Irati Formation located in Sdo Mateus do Sul, Parana, has the greatest
potential for economic development because of its accessibility, grade, and wide-
spread distribution [1].

The mining and processing of oil shale which generate solid byproducts occur in
two distinct stages, the fine shale particles (FS) and retorted shale (RS). The FS are
small fragments of rock measuring less than 6.35 mm with an oil content of
approximately 15%, representing approximately 20% of mined rock not usable in oil
and gas processing [3, 4]. Retorted shale (RS) is a waste byproduct obtained from oil
shale pyrolysis (550°C) to oil and gas extraction [5].

Considering that the oil shale from lIrati Formation is not markedly enriched in
heavy metals according to Dyni [1], studies have shown uses for its byproducts, for
example, as a slow-release potassium fertilizer made from the fine and lime shale as
suggested by Mangrich et al. [3] and the potential use of RS in crop production [6, 7].
The high organic matter and silicon contents in the byproducts could explain its
positive effects on crops production. These shale byproducts have a wide range of
applications, for instance, current data obtained from the Shale Project, which was
carried out by the Agronomic Institute of Parana (IAPAR) in partnership with
Petrobras, included a patent on the use of FS and RS as a carrier of Rhizobium and
Bradyrhizobium inoculants for legumes [8].

Studies have revealed that black shale can host intriguing microbial communities
in spite of its low porosity and permeability [9, 10]. Recently, the presence of
cultivable microorganisms in different sources and types of shale from Germany,
Finland, Poland and Serbia were reported [11-13].

Although the interaction of oil shale with the microbial community is an interesting
topic, until now, this subject has not been well examined in the shale byproducts from

the Irati Formation. Due to this lack of information regarding the occurrence of
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microorganisms, we analysed samples of fine shale and retorted shale collected at
Schist Industrialization Business Unit, Parana State, Brazil. In addition, molecular
analyses of bacterial isolates associate to these byproducts were carried out aiming
to enhance knowledge on the microbial composition, which can generate important
data and suggests how bacteria can act on nutrient cycling and degrading chemical
compounds. In this context, the aim of this study was to isolate, characterize and
examine the bacterial diversity based on ARDRA fingerprinting analyses and identify
bacteria species present in shale byproducts. We use the plating technique with
incubation at 28°C and 37°C to expand the growth range of some groups of bacteria
and to obtain a microbial collection for future studies directed to agricultural

applications.

5.2.3 Material and methods

5.2.3.1 Site sampling

Shale byproducts sampling was carried out at Schist Industrialization
Business Unit (Six) of Petrobras, in Sdo Mateus, Parana, Brazil (25° 52' 26" S, 50°
22' 58" W). Samples of each byproduct, Fine Shale (FS) and Retorted Shale (RS),
were collected in twelve discrete locations in storage piles, and a composite sample
of approximately 1.0 kg of each byproduct was derived after homogenization.
Samples were placed in sealed and sterilized polyethylene bags and sent to Soil
Microbiology Laboratory of Agronomic Institute of Parana (IAPAR) where isolation
analyses were performed. Chemical analyses were performed in the byproducts

samples according to methods described by Pavan et al. [14].

5.2.3.2 Isolation of bacteria

To obtain viable bacteria, serial dilution and the spread plate method were
performed for each byproduct. A subsample of approximately 10 g of each byproduct
was added to 90 mL of sterile saline solution (NaCl 0.85%) with glass beads and
shaken at 100 rpm at 25°C for 30 min and serially diluted. Aliquots of 100 pl (10 to

10 dilutions) were seeded in sterilized modified DYGS media with agar (contained
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the following masses of compounds in g per litre of demineralized water: 2 of
glucose; 1.5 of peptone; 2.0 of yeast extract; 0.5 of KH,PO,4. 7H,0; 0.5 of MgSO,
7H20; pH 6.0) [14]. Two sets of Petri plates were prepared for incubation at 28°C and
37°C for 7 days.

Colonies of bacteria were purified in culture medium and each strain assigned an
IPR designation number (Table 1). All bacterial strains isolated from FS and RS used
in this study are kept cryopreserved in glycerol (65% v/v) at -80°C and lyophilized at
the Collection of Microorganisms of Interest of Agribusiness of the Laboratory of Soil
Microbiology — IAPAR. These strains are also deposited Iyophilized at the
Diazotrophic and Plant Growth Promoting Bacteria Culture Collection of Embrapa
Soja (WFCC Collection # 1213, WDCM Collection # 1054) with the same IPR number
designation. The isolates were grown on DYGS medium and the morphology of cells

was examined by Gram staining [15].

5.2.3.3 Molecular characterization

The bacteria isolates were grown in DYGS liquid medium for 24 h on a rotatory
shaker at 100 rpm and 28 °C. After growing, the cells were collected by centrifugation
and total genomic DNA was extracted using a phenol:chloroform modified method
[15]. DNA concentration and purity was determined by spectrophotometry on
ScanDrop® using the BioMethods software (analytic jena® Jena - Germany).

The 16S rRNA gene was amplified using fD1 (5-AGAGTTTGATCCTGGCTCAG-
3') and rD1 (5-AAGGAGGTGATCCAGCC-3’) universal primers [16]. Amplicons were
cleaned up with PureLink™ PCR Purification kit (Invitrogen™) and direct sequenced
using fD1, 362f (5-CTCCTACGGGAGGCAGCAGTGGGG-3’), 768f (5'-
CGAAAGCGTGGGGAGCAAACAGG-3) and 1203f (5-
GAGGTGGGGATGACGTCAAGTCCTC-3’), from Menna et al. [17], and Y2 (5'-
CCCACTGCTGCCTCCCGTAGGAGT-3') from Young et al. [18], using the Big Dye®
Terminator v3.1 Cycle Sequence Kit (Applied Biosystems®, USA). A Hi-Di formamide
(10 uL) was added to sequence products, and sequencing was performed in an ABI
3500XL Genetic Analyzer (Applied Biosystems®, USA).

Sequences of each strain were assemble in contigs using Contig Assembly
Program (CAP) according to Huang [19] using the forward and reverse sequences
and corrected manually when needed using the BioEdit v7.2.5 [20]. All 16S rRNA
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sequences were compared with sequences in NCBI (National Center for
Biotechnology Information) [http://www.ncbi.nlm.nih.gov/] with BLASTn (Basic Local
Alignment Search Tool) and against the RDP (Ribosomal Database Project)
[http://rdp.cme.msu.edu/index.jsp] database with the aid of Classifier tool for
taxonomic identification of strains. Phylogenetic analysis was performed using the
software CLUSTAL W 2.0.12 for alignment [21]. Phylogenetic trees were
constructed using MEGA 6.06 software on the Neighbor-Joining (NJ) method [22, 23]
in the Tamura 3-Parameter model. Bootstrap analyses were made with 1000
replicates [24].

The 16S rRNA sequences obtained in this study were deposited in the GenBank
database and assigned to accession numbers KT933198 to KT933230 (Table 1).

Amplified Ribosomal DNA Restriction Analysis (ARDRA) was performed to
characterize and cluster genetically similar isolates. The 16S-23S rRNA intergenic
spacer region was amplified using fC16S and rD23S primers [25]. PCR-products
were restricted using Rsa | (GT/AC), Nde | (CA/TATG) e Hae Il (GG/CC)
(Invitrogen™) endonucleases. Restricted products were electrophoresed on 1.8%
(w/v) agarose gel and fragments sizes were estimated by comparison with molecular
weight marker 1 Kb Plus DNA Ladder™ (Invitrogen™).

For ARDRA technique, bacterial isolates were clustered by analyses of presence
or absence of bands that were performed using BioNumerics program
(AppliedMaths). Similarity with established tolerance from 1.0 % was calculated with
coefficient of Jaccard and dendrograms were constructed with Unweighted Pair-
Group Method with arithmetical Mean algorithm (UPGMA) [27].

Data of ARDRA and the number of isolates of each genus found in
the two byproducts samples were subjected to a diversity analysis, using the Past

program software [28] and the diversity indexes were subject to t test.

5.2.4 Results and discussion

This study presents the Shannon and Margalef diversity indexes of bacterial
strains in association with two different shale byproducts, collected in storage piles in
SIX-Petrobras mining area in Sdo Mateus do Sul — Parana, Brazil. Bacteria were

isolated in all samples of byproducts studied and a total of eight genera were
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isolated, including Arthrobacter, Bacillus, Paenibacillus, Ralstonia, Serratia,
Sphingomonas, Terrabacter and Xanthobacter. Bacillus megaterium and
Paenibacillus taichungensis were the most predominant species in FS and RS
samples.

Based on cultivation analysis, a total of forty bacteria were isolated in all plated
dilutions and at 28°C and 37°C, with the most strains obtained from the 107 dilution.
The RS housed the largest number of isolates being twenty two obtained at 28°C and
seven at 37°C. From FS samples at 28°C were obtained five isolates, while six were
obtained from 37°C. Gram staining of microorganisms showed predominance of
Gram positive bacteria in the two byproducts samples (Table 1).

Sequences analyses of the 16S rRNA gene were performed with all IPR strains
isolated from FS and RS. Phylogenetic trees reconstructed from partial sequences of
16S rRNA genes from byproducts representative isolates and some type strains
allowed the proposed classification at the genus level and for some isolates, strong
evidence of species (Fig. 1 and 2).

The IPR isolates identified as Bacillus (n = 18) shared 99-100% sequence identity
with Bacillus aryabhattai, B. cereus, B. megaterium, B. muralis and B. thuringiensis.
Phylogenetic tree reconstructed with 14 types of strains of Bacillus and eighteen IPR
strains are shown in Fig. 1. In the first cluster, IPR4885 (KT933201) and IPR4890
(KT933202) from RS at 37°C, IPR4897 (KT933205) from FS at 28°C, IPR4898,
IPR4900, IPR4910 (KT933208), IPR4911 and IPR4921 from RS at 28°C and
IPR4884 (KT933200) from FS at 37°C were identified as B. megaterium grouped with
the type strain ATCC 14581 (GU252112). Grouped in this same cluster, isolates
IPR4883 from RS at 37°C, IPR4899, IPR4900, and IPR4921 from RS at 28°C, were
identified as B. aryabhattai closed related to strain B8W22 (NR_115953). Isolate
IPR4895 (KT933204) from FS isolated at 28°C was identified as B. cereus with 99%
identity with type strain ATCC 14579 (NR_074540). In the last cluster isolates
IPR4882 (KT933199), IPR4894 from FS isolated at 37°C and IPR4909, IPR4915,
IPR4916 (KT933210) and IPR4917 from RS at 28°C, were identified as B.
thuringiensis closely related to type strain ATCC 10972 (AF290545).

According to Bhandari et al., [29] the genus Bacillus is a large heterogeneous
group consisting of highly diverse organisms. The genus is comprised of aerobic and

anaerobic spore-forming bacteria, and includes diverse types of cells organisms of
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great medical, economic and historical importance. Among byproducts isolates we
identified a B. cereus specie, that is a common cause of food-poisoning [30], B.
thuringiensis, which is utilized as biocontrol of insects and has a great utility in
agricultural processes [31], B. megaterium, a commercially specie, important for the
biotechnological production of several substances [32] and B. aryabhattai related as
a zinc solubilizing bacteria and potential bio-inoculant [33]. The genus Bacillus has
been found in samples of oil shale and black shale from Poland and Serbia [12, 34]
that were reported to be very efficient in bioleaching process, desilicification and
demineralisation of the shale. In this study, with oil shale byproducts from Irati
Formation the most representative specie was B. megaterium.

Eleven IPR 16S rRNA sequences were more similar to species belonging to genus
Paenibacillus. The 16S rRNA-based neighbor-joining (NJ) tree using sequences
obtained from isolates and sequences of 27 type strains of Paenibacillus retrieved
from GenBank, revealed that three strains belongs to P. chibensis, four strains
belongs to P. pabuli, and four to P. taichungensis (Table 1). Based on NJ tree, (Fig.
2) in the first cluster, IPR4880 (KT933213) and IPR4893 (KT933216) isolated from
FS at 37°C and 28°C, respectively and isolates from RS isolated at 28°C, IPR4901
(KT933218) and IPR4906 (KT933220), were closely related to type strain P.
taichungensis BCRC 17757 (EU179327). The FS strains, IPR4881 (KT933214) and
IPR4896 (KT933217) isolated at 28°C and 37°C, respectively, and IPR4905 and
IPR4919 isolated from RS at 28°C, were grouped with P. pabuli (AB07391). The RS
IPR4887 (KT933215) and FS IPR4886, isolated at 37°C and IPR4905 isolated from
RS at 28°C were identified as P. chibensis (AB073194) in the NJ tree (Table 1).

In 1993, based on phenotypic and phylogenetic analyses, Ash et al. [35] proposed
that members of group 3 within the genus Bacillus should be transfer to the genus
Paenibacillus. This genus include aerobic or facultative anaerobic, endospore
forming microorganisms, neutrophilic and usually exhibiting a positive Gram reaction,
but with some representatives exhibiting gram-variable or —negative staining [36].
Members of the genus Paenibacillus are common saprophytic components of sail,
water, plants, food, faeces and diseased insect larvae [37]. Among this genus,
species of P. taichungensis and P. pabuli were related as important enzymes
producers [38, 39], and P. chibensis described as producer of antimicrobial

compounds against bacteria and pathogenic fungi [40]. Our findings show that P.
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taichungensis and P. pabuli are the predominant isolated species from this genus
presented in the byproducts samples.

Regarding to the Ralstonia 16S rRNA sequences, revealed that three strains
isolated from RS at 28°C were more similar to R. pickettii and R. mannitolilytica
species (Table 1). Based on the NJ tree, the isolates IPR4902 (KT933222), IPR4904
(KT933224), IPR4907 (KT933225) were identified as R. picketti (AJ270260), and
IPR4903 (KT933223) as R. mannitolilytica (AY043379) (Data not shown). Species of
the genus Ralstonia occupy diverse ecological niches, including water, soil, activated
sludge and human clinical samples [41]. Berlendis et al. [42] studied the mineralogy,
organic geochemistry and the microbial diversity associated with a carbon-rich
kerogen rock (Autun shale) and a coal rich in aromatic carbon in France. According
to authors, in the Autun shale, the dominant specie observed is R. picketti. Some
Ralstonia species are known as both iron oxidizers [43] and involved in polyaromatic
hydrocarbons (PHA) biodegradation [44]. It is important to note, that R. picketti was
found in this study only in RS samples, may be due the presence of PHAs in this
byproduct composition, as described by Nicolini et al. [45].

We identified two isolates from RS as belonging to the genus Serratia, where
IPR4888 (KT933226) was identified as S. nematodiphila and IPR4889 (KT933227)
as S. marcescens, both with 100% of sequence identity with strains, D2050SBS1
(EU036987) and DSM 4582 (AJ233431), respectively (Table 1). In black shale
weathering profiles samples from China, the genus Serratia was reported within
uncultivated bacteria using pyrosequencing analysis [46].

In regard to Arthrobacter, Sphingomonas, Terrabacter and Xanthobacter genera,
four isolates were obtained in RS samples studied herein. Based on the best
BLASTn hit, isolate IPR4891 (KT933228) were identified as Sphingomonas sp.
(100% identity with strain IFO 15915 [AB033949]) and IPR4892 (KT933229) as
Terrabacter tumescens (100% identity with strain AF005023); both IPR were isolated
from RS at 37°C. The IPR4920 (KT933230) was identified as Xanthobacter
autotrophicus with 99% sequence identity with strain c¢7 (X94201) and IPR4912
(KT933198) as Arthrobacter oryzae (100% identity with strain KV-651T) (Table 1 and
data not shown) both isolated from RS at 28°C.

The genus Sphingomonas was created by Yabuuchi et al. [47] to accommodate

strictly aerobic, chemoheterotrophic, yellow-pigmented, Gram-negative, rodshaped
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bacteria that contain glycosphingolipids as cell envelope components. The
classification in the genus Sphingomonas has been complicated due the increase in
the number of species and in 2001, a phylogenetic analysis based on the 16S rDNA
sequences shows that the currently known species of Sphingomonas were clearly
separated into four clusters [48]. In this study, IPR4891 was identified at genus level,
being necessary complementary analysis to allow the specie identification of this
isolate.

The genus Terrabacter, with the type species is Terrabacter tumescens isolated
from soil, was created by the transfer of Pimelobacter tumescens based on
phylogenetic and chemotaxonomic data [49]. Members of the genus Terrabacter
have been isolated from soil, air and stone [50] and are reported to produce the
enzyme urease and precipitate carbonate minerals [51].

Members of the genus Xanthobacter are yellow, Gram staining reaction negative;
cells are pleomorphic rods that can become highly irregular, multibranched or
twisted. Because of their metabolic diversity, Xanthobacter species are widespread
[52]. Xanthobacter autotrophicus is described as the type species of the genus and
this species has been demonstrated as suitable for biodegradation of
monochloroacetate in culture medium [53]. The genus Arthrobacter, first defined by
Conn and Dimmick [54], belongs to the class Actinobacteria and includes Gram-
stain-positive coryneform bacteria with aerobic metabolism and little or no acid
production from glucose. Bacteria of the genus Arthrobacter are common inhabitants
of the soil environment.

These four genera, Sphingomonas, Terrabacter, Xanthobacter and Arthrobacter,
were not correlated to oil shale samples in the literature. Is possible that these IPR
isolates obtained from RS byproducts samples may be considered as settler
microorganisms. To compare the genotypic similarity among IPR strains isolated
from oil shale samples and calculate the diversity indexes the ARDRA fingerprint
techniques was used.

Thirty one bacteria previous identified as Bacillus and Paenibacillus were analyzed
by ARDRA technique. Eleven Paenibacillus strains yielded ten restriction band
patterns. A total of 77 fragments were obtained with the three restriction enzymes
used. Nineteen Bacillus strains yielded fifteen restriction patterns and a total of 120

fragments were obtained. The dendrograms derived from UPGMA cluster analysis
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presents the polymorphism among Paenibacillus and Bacillus strains isolated from
RS and FS byproducts (Fig. 3 and 4).

ARDRA results from Paenibacillus distinguished eight main groups at 70%
similarity, being five of them formed by only one strain. Group | was formed by
isolates IPR4880 and IPR4881 with 78% of similarity. Group Il and IV comprised
isolates IPR4905 (P. pabulli) with IPR4906 (P. taichungensis) and IPR4896 (P.
pabulli) with IPR4901 (P. taichungensis) in a clonal relationship (Fig. 3).

ARDRA results from Bacillus strains distinguished eleven main groups at 70%
similarity, being five of them formed by only one strain (Fig. 4). Group | comprised in
a clonal relationship bacterial strains B. thuringiensis (IPR4882) and B. cereus
(IPR4894 and IPR4895). Group Il comprised the strains IPR4899 and IPR4900 (B.
aryabhattai) with 72% of similarity. Group IV and V comprised in a clonal relationship
bacterial strains identified as B. megaterium IPR4897, IPR4898, IPR4884 and
IPR4885). Group IX comprised in a clonal relationship bacterial strains B.
megaterium (IPR4921) and IPR4911 (B. aryabhattai). Group XI comprised bacterial
strains isolated from RS identified as B. cereus (IPR4909 and IPR4915) and B.
thuringiensis (IPR4916).

According to the two molecular techniques, the highest Shannon and Margalef
indexes were found to Baciilus strains (Shannon index = 2.306 and Margalef = 3,396)
and RS strains, analyzed by 16S rRNA gene sequence (Shannon index = 1.608 and
Margalef = 2.079), showing that its community had the most bacterial diversity (Table
2). The different ARDRA patterns indicate the co-occurrence of distinct population of
Bacillus and Paenibacillus, suggesting a great intraspecific diversity.

The Irati Formation is comprised of two distinct beds of oil shale, separated by
non-bituminous shale and limestone. For years, the limiting factor for the extraction
and processing of shale was the generation of large amounts of byproducts.
Currently, the valuation of byproducts has led to the development of new
technologies aimed at utilizing them not only for restoration of mined land but also as
raw materials for other processes, primarily in agriculture. Taking into account the
chemical properties of fine shale, Mangrich and collaborators [3] suggested that this
byproduct has a potential to act as slow-release fertilizer mainly if added to acid soils
with low levels of potassium. Due to the possible use of shale in agriculture, studies

of microbial community composition, biodegradation and/or biotransformation of
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byproducts are important, particularly for indigenous and early colonizer
microorganisms.

No significant differences in bacterial density were observed among the
populations associated to both FS samples. Nevertheless, the diversity of the RS
bacterial isolates suggested qualitative differences regarding the populations in
association with this byproduct, mainly considering that the two temperatures of
incubation allowed the isolation of three different genera (Serratia, Terrabacter and
Sphingomonas), comparing to FS samples.

The role of byproduct in the associated bacterial population is unclear, but a low
number of bacteria recovery from shale samples has been previously reported [13,

55] and supports our findings.

In previous studies, as well as in our study, bacteria have been reported as
indigenous to shale byproducts. At times, relatively limited diversity has been
observed, such as in the work performed by using denaturing gradient gel
electrophoresis (DGGE) analysis to study bacteria distributed across the shale-
sandstone at Cerro Negro, New Mexico [56]. For instance, indigenous bacteria play a
prominent role in the weathering of black shale and in the biogeochemical cycles of
elements in this rock [55, 57].

This study provides the first data on the occurrence, characterization and diversity
of cultivable microorganisms present in oil shale byproducts from Irati Formation,
which will contribute to a better understanding, giving a wider representation of
bacterial communities. Among the cultivable bacteria, the Bacillus and Paenibacillus
genera were the most prevalent. The presence of cultivable microorganisms is low,
but there are distinct that were recovered by direct plating techniques in the two
temperatures of incubation. The retorted shale had a higher number of cultivable
microorganisms than fine shale samples. The results have yielded new insights into
the microbiology of these shale byproducts. Also, it is important to consider that the

data make available information for future agricultural applications.
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Table 1 Strain designation (IPR code) from fine shale (FS) and from retorted shale
(RS), temperature of bacteria isolation, Gram staining, proposed taxonomic position
(identification) and access number in NCBI database.

IPR strain Temp. (°C) Gram Identification Access number
Fine Shale

4894 28 + Bacillus cereus KT933203
4895 28 + Bacillus cereus KT933204
4897 28 + Bacillus megaterium KT933205
4893 28 + Paenibacillus taichungensis KT933216
4896 28 + Paenibacillus pabuli KT933217
4884 37 + Bacillus megaterium KT933200
4883 37 + Bacillus aryabhattai KX355760
4886 37 - Paenibacillus chibensis KX355757
4881 37 + Paenibacillus pabuli KT933214
4880 37 - Paenibacillus taichungensis KT933213
4882 37 + Bacillus thuringiensis KT933199
Retorted Shale

4900 28 + Bacillus aryabhattai KX355761
4909 28 + Bacillus cereus KT933207
4898 28 + Bacillus megaterium KX355754
4899 28 + Bacillus aryabhattai KX355762
4911 28 + Bacillus megaterium KX355753
4908 28 + Bacillus muralis KX355763
4919 28 + Paenibacillus pabuli KX355755
4916 28 + Bacillus thuringiensis KT933210
4910 28 + Bacillus megaterium KT933208
4920 28 - Xanthobacter autotrophicus KT933230
4915 28 + Bacillus cereus KT933209
4912 28 + Arthrobacter oryzae KT933198
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4921 28 + Bacillus aryabhattai KX355759
4905 28 - Paenibacillus pabuli KX355756
4901 28 - Paenibacillus taichungensis KT933218
4906 28 - Paenibacillus taichungensis KT933220
4917 28 + Bacillus cereus KT933211
4902 28 - Ralstonia pickettii KT933222
4903 28 - Ralstonia mannitolilytica KT933223
4904 28 Ralstonia pickettii KT933224
4907 28 - Ralstonia pickettii KT933225
4918 28 - Paenibacillus chibensis KX355758
4885 37 + Bacillus megaterium KT933201
4890 37 + Bacillus megaterium KT933202
4887 37 + Paenibacillus chibensis KT933215
4888 37 - Serratia nematodiphila KT933226
4889 37 - Serratia marcescens KT933227
4891 37 - Sphingomonas sp. KT933228
4892 37 + Terrabacter tumescens KT933229

Table 2 Molecular techniques, byproducts samples, numbers of isolates and groups

formed, and diversity indexes of isolates IPR from FS and RS samples.

Molecular Origin of Number  Numberof  Shannon Margalef

techniques isolates of groups (H’)
isolates
ARDRA Bacillus 19 11 2.306 3.396
Paenibacillus 11 8 2.02 2.919

16S rRNA FS 11 2 0.689 0.417
sequence RS? 29 8 1.608 2.079
dlsolates identified as Serratia, Arthrobacter, Xanthobacter,

Terrabacter and Ralstonia from RS are included in indexes.

Sphingomonas,
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5.2.7Figure legends

Figure 1. Neighbor-Joining tree reconstructed from 16S rRNA gene sequences of
Bacillus clado cereus IPR isolates from shale byproducts. GenBank accession
numbers of type strains are given in parentheses and of IPR strains are in Table 1.
The percentage of replicate trees in which the associated taxa clustered together in
the bootstrap test (1000 replicates) is show next to the branches. The evolutionary
distances were computed using the Tamura 3-parameter method. Escherichia coli

NBRC 102203 16S rRNA gene sequence was used as an out-group sequence.

Figure 2. Neighbor-Joining tree reconstructed from 16S rRNA gene sequences of
Paenibacillus IPR isolates from shale byproducts. GenBank accession numbers of
type strains are given in parentheses and of IPR strains are in Table 1. The
percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) is show next to the branches. The evolutionary
distances were computed using the Tamura 3-parameter method. Bacillus subtilis

DSM10 16S rRNA gene sequence was used as an out-group sequence.

Figure 3 UPGMA dendrogram based on Jaccard’s coefficient from ARDRA profiles
of Paenibacillus isolated from two different byproducts, retorted shale (RS) and fine
shale (FS).

Figure 4 UPGMA dendrogram based on Jaccard’s coefficient from ARDRA profiles
of Bacillus isolated from two different byproducts, retorted shale (RS) and fine shale
(FS).
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5.2.8 Figures
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5.3 Artigo lll: Bacteria isolated from shale byproducts can enhance Brachiaria

ruziziensis growth

5.3.1 Abstract

Some soil/sediment bacterial isolates produce a wide gamma of beneficial
metabolites for plant growth. We aimed to analyse the biochemical traits and the
potential plant growth-promoting of selected bacteria isolated from shale byproducts
as microbial inoculant to Brachiaria ruziziensis. In total, 40 bacteria were isolated
from fine shale and retorted shale byproducts by serial dilution. Among these 40
bacterial strains, 39 were able to produce indole-3-acetic acid (IAA) in tryptophan-
supplemented medium, with values ranging from 0.02 to 86.12 mM mL™" IAA, while
50% showed potential of phosphate solubilization and 35% was able to produce
siderophore in specific agar medium. The ability to survive in mineral medium
containing the byproducts were demonstrated by strains of Paenibacillus pabuli
(4881), B. aryabhattai (4883) and B. megaterium (4884 and 4897) after 40 days of
incubation. To verify the effect of some selected isolates based on the plant growth
traits a pot experiment was conducted with Brachiaria ruziziensis. The isolate of
Bacillus aryabhattai (IPR4883), a mix of five strains (grown separately — GS and
grown together — GT) and Azospirillum brasiliense strains (AbV5 and AbV6) were
inoculated on Brachiaria ruziziensis. Plant inoculation study indicated that B.
aryabhattai strain IPR4883 isolated from RS provides increases in tiller numbers,
shoot and root mass of B. ruziziensis similar to treatment of nitrogen fertilizer (urea).
This study indicates the potential of this strain from RS for inoculant production using
the shale byproducts as microbial carrier for enhancing plant growth and nutrients

uptake.

Keywords: fine shale, retorted shale, 16S rRNA, IAA, PGPB, siderophore.
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5.3.2Introduction

Shale is a sedimentary rock that contains kerogen as organic matter and
decomposes under heating, producing oil and gas (BRENDOW, 2003; PEREIRA &
VITTI et al.,, 2003). Brazil holds the Irati Formation, a large shale reserve with a
significant part is located in Sdo Mateus do Sul — Parana. Petrobras explore this
reserve applying the Petrosix® process to mining and extract oil from shale through
the pyrolysis process. This exploration generates tons of solid byproducts, such as
the fine shale particles (FS) that constitutes 20% of mined rock not usable in the oil
extraction in addition to the retorted shale (RS) originated after pyrolysis. The RS
returns to the mine after oil extraction and cooling, where is exposed to air until
receiving its final destination (COSTA et al., 1996; PIMENTEL, 2005; PIMENTEL et
al., 2006). These byproducts have shown potential to be used in agriculture as
fertilizers (CHAVES & VASCONCELOS, 2006; ANDRADE, 2013).

World agricultural practice is moving toward a more sustainable and environmentally
friendly approach without decreasing productivity. This includes the increasing use of
transgenic plants, plant growth-promoting bacteria (PGPB) and new fertilizers as a
part of mainstream agricultural practice, mainly considering that the indiscriminate
use of fertilizers has led to substantial pollution of soil, air and water; besides the
deleterious effects on soil microorganism and losses by leaching and groundwater

pollution.

PGPB have various effect mechanisms in plant growth, and the prospects in the not
too distant future will begin to replace the use of chemicals in different agriculture
practices and environmental cleanup strategies (GLICK, 2012). These bacteria may
exist in the rhizosphere, rhizoplane or in the spaces between the cells of root cortex
and inside specialized structures of root cells. They mediate plant growth promotion
directly by their ability for nutrient supply (nitrogen, phosphorus, potassium and
essential minerals) or by modulating plant hormone levels, or indirectly by decreasing
the inhibitory effects of various pathogens on plant growth and development in the
forms of biocontrol agents, root colonizers, and environmental protectors (GUPTA et

al., 2015). It is very important to search for specific microbial strains which can be
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used as a growth promoting/enhancing inoculum to achieve desired crop production
(DEEPA et al., 2010).

Microorganisms in different sources and types of shale have been reported in
literature (JOHNSON and HALLBERG, 2007; MATLAKOWSKA and SKLODOWSKA,
2009; DRAGUTINOVIC and VRVIC, 2012), however there aren’t studies about the
microbial community from Irati Formation. Due the possibility of RS and FS use in
Brazilian agriculture, it is necessary identify its microbial community; which impacts
and/or benefits microorganisms can bring to the soil and crops; suggest how bacteria
can act providing shale complexed nutrients or investigate its plant growth promoting
potential adding value to these byproducts. Matlakowska et al. (2010; 2012)
demonstrated that indigenous bacteria play a prominent role in the weathering of
black shale and in the biogeochemical cycles of elements occurring in this rock.

In this study we suggest that indigenous or settler's microorganisms can be used as
PGPB or in a shale biodisponibilization process, mainly considering that
microorganisms isolated from byproducts have advantages of surviving in its
material. In this context, the aims of this study were to characterize by biochemical
techniques the cultivable bacteria isolated from FS and RS byproducts and to
evaluate the potential of selected strains as plant growth promoting bacteria when

inoculated on Brachiaria ruziziensis.

5.3.3 Material and methods

5.3.3.1 Sampling and chemical characterization

Samples of shale byproducts, FS and RS were collected from twelve different points
in storage piles at Schist Industrialization Business Unit (Six) — Petrobras, in Sao
Mateus, Parana - Brazil (25° 52' 26" S, 50° 22' 58" W). Two samples of FS and RS
were sent to the Soil Microbiology Laboratory of Agronomic Institute of Parana -
IAPAR and stored at 25°C until be processed. Chemical analyses were conducted at
Soils Laboratory (IAPAR) according to the routine procedures (PAVAN et al., 1992).
The following characteristics were determined: phosphorus (P), potassium (K),

calcium (Ca), magnesium (Mg), sulphur (S), copper (Cu), zinc (Zn), boron (B),
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manganese (Mn), iron (Fe), chromo (Cr), cobalt (Co), nickel (Ni), lead (Pb), cadmium
(Cd), barium (Ba) and total carbon (C) (Table 1). The byproducts moisture
determination was made by gravimetric method, based on the sample weight loss
after oven-dried at 105°C overnight (ANDRADE & HAMAKAWA, 1994) and the
electrical conductivity (uS cm™) was determined using conductivity, adjusted to

ambient temperature.

5.3.3.2 Bacterial isolation

Viable bacteria were isolated by serial dilution plating method of each byproduct.
Approximately 10 g of each byproduct were grounded in 1:10 (w/v) saline solution
(0.85% NaCl) with glass beads and serially diluted up to 107. One hundred
microliters of the 102 to 10 dilutions were seeded in modified DYGS agar medium
(g L™): 2.0 glucose; 1.5 peptone; 2 yeast extract; 0.5 KH,PO4 7.H,0; 0.5g MgSOy4
7.H20; pH 6.0 (RODRIGUES NETO & MALAVOLTA, 1986). Plates were incubated
for 7 days at 28 °C and 37 °C to expand the growth of some mesophilic bacteria
groups. Macroscopically unique colonies were subcultured on DYGS agar to
establish pure cultures for further experimentation. Isolates from single colonies were
deposited in IPR Collection of Microorganisms of Agricultural Interest - Soll
Microbiology Lab - IAPAR. The maintenance of bacterial isolates being in liquid
glycerol at -20°C and lyophilized ampoules. These strains are also deposited
lyophilized at the Diazotrophic and Plant Growth Promoting Bacteria Culture
Collection of Embrapa Soja (WFCC Collection # 1213, WDCM Collection # 1054)

with the same IPR number designation.

All strains were identified by analysis of 16S rRNA gene sequence. The partial 16S
rRNA region was amplified using the universal bacterial fD1 and rD1 primers as
described in GOES et al.,, 2015. The gene sequences were compared with
sequences in NCBI (National Center for Biotechnology Information)
[http://www.ncbi.nlm.nih.gov/] with BLASTn (Basic Local Alignment Search Tool) and
against the RDP (Ribosomal Database Project) [http://rdp.cme.msu.edu/index.jsp]

database with the aid of Classifier tool for taxonomic identification of strains.
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5.3.3.3 Biochemical characterization

Indole-3-acetic acid (IAA) production

To detect and quantify IAA production, each strain was inoculated in DYGS liquid
medium supplemented with D-L-tryptophan (100 pg mL™). The cultures were
incubated at 28°C for 5 days in the dark. Then, the cell suspensions were centrifuged
at 8000 rpm for 5 min to remove cells, and the concentration of IAA in 1 mL of
supernatant was determined by Salkowsky colorimetric method (GORDON &
WEBER, 1951) [1 mL of FeCl3.6H20 0.5 M in 50 mL of HCIO4 35%] by measuring the
absorbance at 540 nm with a spectrophotometer (Genesys 10 uv - Thermo Electron
Corporation). A standard curve of 0 to 200 uM mL™ of indol-3-acetic acid was used

for IAA quantification. All assays were performed in triplicate.
Protein quantification

After determination of IAA analysis, the cells sediments were used for protein
quantification by Bradford method (BRADFORD, 1976). Cells suspension (1 mL) was
mixed with NaOH 1 M (1 mL), boiled (90°C, 15 min) to disrupt the membranes and
release the total cellular contents. After disrupt 300 pl of Comassie Brilliant Blue G-
250 reagent (1 M) was added. After five min of incubation the protein content of each
sample was measured by the absorbance at 595 nm using spectrophotometer. A
standard curve of 0 to 500 pg mL™" of serum albumin was used for protein

quantification. Experiments were performed in triplicate.
Siderophore production

Siderophore production was assayed using the modified SCHWYN & NEILANDS,
(1987) method. One drop of bacterial cultures was inoculated onto plates containing
DYGS solid medium supplemented with Chrome Azurol S (CAS), Cetyl Trimethyl
Ammonium Bromide (CTAB) and Fe*? solutions (1 mM FeCls.6H,0, 10 mM HCI). The
plates were incubated at 28°C for 3 days and detection of orange halo zone around
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the colonies was assumed as the ability to produce siderophores. Evaluations were
performed in triplicate.

Phosphate solubilization potential

Each bacterial culture was tested to phosphate solubilization using a solid medium
containing insoluble calcium phosphate Ca3(PQO4), according to Nautiyal (2000). One
drop of bacterial cultures was inoculated onto plates containing medium and were
incubated at 28°C for 3 days. Formation of a clear halo around the bacterial colony
indicated the phosphate solubilization potential. Evaluations were performed in

triplicate.

5.3.3.4 Bacterial survival in shale byproducts

To test the ability of P. pabuli (IPR4881), Bacillus aryabhattai (IPR4883) and B.
megaterium (IPR4897 and 4884) strains to survive in shale byproducts, a liquid
medium containing FS and RS byproducts were used. Isolates were growth in 10 mL
of Luria Bertani (LB) medium, for 24 h at 28 °C under constant shaking (100 rpm).
The two byproducts (proportions of 10 g L™ and 15 g L") were sterilized by
autoclaving for 20 min at 121 °C. Aseptically was added to byproducts 45 mL of J.E.
mineral medium (g L") 0.5 KoHPO4 0.5 (NH4),SO4 0.5 MgS0,.7H,O; 0.01
FeCl,.1H,0; 0.01 CaCly; 0.0001 MnCly; 0.0001 ZnSO4 (JONES & EDINGTON, 1968)
and inoculated 5 mL of each strain. Samples were incubated at room temperature.
After 5, 10 and 40 days of incubation, survival were analyzed by serial dilution plating
technique on LB agar and number of viable cells was estimated as colony forming

units (CFU). All experiments were performed in triplicate.

5.3.3.5 Effects of PGPB strains inoculation in Brachiaria ruziziensis

Effect of bacterial inoculation on plant growth was examined in B. ruziziensis, in a
greenhouse experiment using a sandy texture soil (Table 2), during September to
December 2014.
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Table 2. Selected chemical characteristics of soil used in the plant growth promoting

bioassay.
P c Al H+Al Ca Mg K D3€ cgc Base Al
pH sum sat sat
mg.dm® gdm® . cmole.dm®........ .. %.....

5.6 537 46 015 368 1 065 01 175 543 3222 7.89

Total Carbon by Walkley and Black; P and K in Mehlich-1; H+Al in SMP; Ca, Mg and
Al by KCI 1 mol L™; CEC — Cation exchange capacity; Base Sat —saturation.

Treatments evaluated were: i. control without inoculation; ii. nitrogen fertilized control;
iii. B. aryabhattai strain IPR4883; iv. a mix of five bacteria strains (grown separately —
GS); v. a mix of five bacteria strains (grown together — GT); and vi. Azospirillum
brasilense strains AbV5 and AbV6 in a complete randomized design with five
replications. The bacteria mixture contained the following strains: IPR4881
(Paenibacillus pabuli), 4883 (B.aryabhattai), 4884 (Bacillus megaterium) and 4897
(B. megaterium), grown separated or grown in the same medium to prepare the
inoculum. Twenty seeds were sown in four liter pots. The phosphate fertilization was
performed in all treatments, using 24 ppm phosphorus, which resulted in 480 mg per
pot. Seeds were inoculated according to the treatments at planting adding 0.5 g of
inoculant per pot. In the nitrogen fertilizer treatment it was applied 120 mg dm?® of

urea per pot.
Inoculum and plant analyses

Bacterial cultures were grown in 250 mL Erlenmeyer flasks filled with 100 mL of LB
medium that were kept on shaker at 200 rpm for 72 h. The inoculant was prepared by
adding 40 mL of bacterial cultures in 160 g of RS or FS byproducts sterilized by
gamma radiation at 50 kGy. The number of cells in the inoculum used was
approximately 2x10'® CFU g'. The growth parameters evaluated were height,
number of leaves, number of tillers and root length, and biomass parameters was dry
weight of shoot and root. The nutrition parameters evaluated were nitrogen (N),
phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca), and sulfur (S) in the

aerial part, analysed according to Pavan et al., (1992) method, after ninety days of
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growth in a greenhouse. All data were submitted to analysis of variance and t test at
5 % significance level to compare means using SASM-Agri version 8.2 (CANTERI et
al., 2001).

5.3.4 Results

5.3.4.1 Chemical characteristics

Samples of FS (I and Il) and RS (I and IlI) showed different physicochemical
characteristics (Table 1). The total carbon and phosphorus contents had a slight
difference among FS and RS samples. The major values of electrical conductivity
(I=2.675 and 11=3.451 pS cm™") and moisture content (1=5.96 and 11=7.67) were found
to FS byproducts samples. The byproducts differed to calcium, sulphur, zinc and iron
content, the major values were found in RSIl sample (Ca=26.97 and S=29.52 g Kg™";
Zn=188.52 and Fe=20329.41 mg Kg™"). The two RS samples had major values of Cu,
Mn, Cr, Co and Ni content comparing to the FS samples. Barium was present in both
sample types, but the FSI and RSII samples exhibited a higher level (I= 96.68 and
[1=92.14) than the FSII (87.63) and the RSI (1=50.66) samples.

5.3.4.2 Culturable bacteria isolated from shale byproducts

A total of 40 bacterial strains were obtained from FS and RS byproducts as well in
the two temperatures using cultivation based analysis. Isolates were obtained in all
dilutions mostly from the 107 dilution and from the plates that were incubated at 28
°C. A difference in the number of isolates among the byproducts was observed, five
isolates were obtained from FS at 28°C and six from 37°C (Table 3). A higher
number of different colony morphotypes was isolated from the RS that harbored the
largest number of bacteria, at 28°C of incubation were obtained twenty-two isolates
and six from 37°C (Table 3).

Among the byproducts, bacteria belonging to the genus Bacillus and Paenibacillus,
which occur abundantly in most rhizospheric soils, prevailed in the RS and FS
byproducts. With respect to the bacterial strains defined by the phylogenetic analysis
(data not show), six Bacillus (1 B. aryabhattai, 2 B. cereus, 2 B. megaterium and 1 B.

thuringiensis) and five Paenibacillus (1 P. chibensis, 2 P. pabuli and 2 P.
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thuringiensis) were obtained from FS samples. On the other hand, an Arthrobacter
oryzae, thirteen Bacillus (3 B. aryabhattai, 3 B. cereus, 5 B. megaterium, 1 B. muralis
and 1 B. thuringiensis), six Paenibacillus (2 P. chibensis, 2 P. pabuli and 2 P.
taichungensis), four Ralstonia (3 R. picketti and 1 R. mannitolilytica), one
Sphingomonas sp., one Serratia marcescens, one S. nematodiphila, one Terrabacter
tumescens and one Xanthobacter autotrophicus were isolated from the RS
byproducts (Table 3).

5.3.4.3 Biochemical characterization

We evaluated the abilities of the isolates to produce IAA, protein, siderophores, and
solubilize P. The ability to produce IAA is associated to bacterial plant-promoting
activity and the ability to solubilize calcium phosphate, the potential to provide
nutrition to plants. These tests were used to evaluate the potential use of isolates as
biofertilizers. Of the 40 isolates, 38 were able to produce IAA and the amount of IAA
produced by individual isolates ranged from 0.02 to 86.12 mM mL™" IAA (Table 3).
Among isolates from FS byproduct 90% were able to produce IAA and all isolates
from RS isolates were able to produce IAA. The highest value was recorded for the
IPR-4887 isolated from RS and phylogenetically related to Paenibacillus chibensis.
Strains isolated from FS present the lower levels of IAA production. The amount of
protein produced by individual isolates ranged from 9.23 to 360 ug mL™ protein.

The ability to produce siderophores was identified in a total of fourteen strains (five
from FS and nine from RS), based on the observation of an orange halo around the
colonies in the plate assay (Table 3). Most isolates from RS did not produce
siderophores. The potential P-solubilization was observed in 20 isolates, being 12
from RS and eight from FS that formed a clear halo around colonies in the plate

assay.

5.3.4.4 Bacterial survival test in shale byproducts

Bacterial survival in mineral medium containing FS and RS byproducts was
conducted for 40 days with Bacillus (IPR-4883 FS and 4884 FS) and Paenibacillus
(4881 FS and 4896 FS) strains. After five days, strains from FS showed the major
CFU (82.21 to 114.15 CFU x 10" mL™) in the RS and FS supplemented medium, it
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was observed an increase in the CFU number at the higher byproducts doses. After
10 and 40 days, strains maintained the cells viability but decrease the CFU number.
Strains IPR4881 (P. pabulli) and IPR4883 (B. aryabhattai) remained viable after 40
days showing the higher numbers of CFU (37.49 and 63.32 CFU x 10’ mL™) in RS
and FS medium, respectively.

Considering the results of plant growth-promotion characterization, potential
candidates were selected to plant inoculation experiments. From the total 43 strains,
four of them presented at least three plant growth-promotion traits in potential:
IPR4883 (Bacillus aryabhattai), 4884 (B. megaterium), 4881 (P. pabuli) and 4896 (P.
pabuli).

5.3.4.5 Effects of bacteria inoculation on Brachiaria ruziziensis growth

To prove the effects of bacterial inoculation on plant growth and biomass of ruzi
grass plants, four selected isolates were inoculated using as vehicle the gamma-
sterilized byproducts. We included one positive control in the experiment, the strains
AbV5 and AbV6 (A. brasilense) which are used as a biofertilizer, one fertilizer control
and an absolute control. The chemical characteristics of the soil used in bioassay for
plant growth promoting evaluations were present in Table 2.

To B. ruziziensis growth and biomass the inoculation of Bacterial mixture (GT), in FS
vehicle, provided the major plant height comparing others treatments. To number of
leaves, results not differ statistically. Results of tillers and shoot dry weight shows
that the inoculation of isolate IPR-4883 (B. aryabhattai), in FS and RS vehicle,
bacteria mixture GS in RS, AbV5 and AbV6 RS not differ to fertilizer treatment. To
dry weight of roots only AbV5 and AbV6 FS inoculation and absolute control provided
smaller statistical values compared to the others treatments that differ statistically
(Table 4).

Only K nutrition parameter was influenced by inoculation of bacteria growing in FS
and RS inoculant in B. ruziziensis, all treatments showed significant major value than
absolute control. In relation of others nutritionals parameters, N, P, Mg, Ca and S, the

fertilizer control treatment provided the major values (Table 5).
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5.3.5 Discussion

The role of byproduct in the associated bacterial population is unclear, but a low
number of bacteria recovery from shale samples has been previously reported
(MATLAKOWSKA & SKLODOWSKA, 2009; MATLAKOWSKA et al., 2012). The FS
generated a total of 11 bacterial strains, corresponding to 27.5% of the total isolated.
This differed from the bacterial associated to the RS byproduct, where a total of 29
different colony morphotypes were isolated (corresponding to 72.5%). This higher
number of isolates recovery from RS maybe due to recolonization process, mainly

considering the pyrolysis process suffered by this byproduct.

A number of different bacterial groups being considered as PGPB include
Acinetobacter, Agrobacterium, Arthrobacter, Azotobacter, Azospirillum, Burkholderia,
Bradyrhizobium, Rhizobium, Frankia, Serratia, Thiobacillus, Pseudomonads and
Bacillus (GLICK, 1995; VESSEY, 2003).

In the rhizosphere, species of these two genera (Bacillus and Paenibacillus) are
involved in atmospheric nitrogen fixation, solubilization of soil phosphorus and uptake
of micronutrients, production of phytohormones and antimicrobial metabolites.
Multiple species of the genus affect the crop growth and its health by different
ecological mechanisms. In recent years, Bacillus and Paenibacillus spp. attracted
considerable attention because of their advantages over other PGPB strains in
inoculant formulations, stable maintenance in rhizosphere soil, and greater potentials
in sustainable agriculture (GOVINDASAMY et al., 2010). The other genus isolated in
this study, as Arthrobacter and Serratia belongs to PGPB list and have been reported
in literature being analyzed for some plant-growth promoting traits (ALMAGHRABI et
al., 2013; DONG et al., 2014; AGBODJATO et al., 2015).

Results of this study suggest that an inoculation of bacteria mixture composed by
Bacillus and Paenibacillus strains isolated from FS and RS, using the FS as vehicle,
provided the major plant height of B. ruziziensis in a greenhouse condition. Araujo et
al. (2012) inoculated 45 isolates of Bacillus sp. in Brachiaria brizantha seed during
180 days in a greenhouse experiment. As final evaluation seven isolates were able to

root colonization and three were able to promote the growth of B. brizantha. Results
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in literature prove the plant-growth promoting potential by Bacillus sp. in different
cultures (ARAUJO & GUERREIRO, 2010; FIGUEIREDO et al., 2010).

Considering that some PGPB strains can improve plant growth with others
mechanisms, the association of beneficial bacteria with B. ruziziensis can be a good
alternative to supply and improve the plant nutrition. Kelemu et al. (2011) studied
three bacterial strains previous isolated from Brachiaria hybrid CIAT 36062 and
inoculated into Brachiaria hybrid cv. Mulato. Under conditions of nutrient deficiency,
inoculated Mulato plants had significantly higher biomass production, chlorophyll and
total nitrogen contents in leaves than to control plants and were darker green,
confirming effects of benefit bacteria in plant-growth. Hungria et al. (2016) observed
increases of 5.4% and 22.1% of two genotypes of Brachiaria spp. (=Urochloa spp.) in
response to N-fertilizer alone and to N-fertilizer in combination with Azospirillum
brasilense, respectively, The inoculation with this PGPB may represent a key
component of programs to reclaim degraded pastures according to these authors.

In conclusion, the strains tested in this study exhibited some characteristics of PGPB.
Selected Bacillus and Paenibacillus strains provided increase in Brachiaria
ruziziensis growth and nutrition in greenhouse experiment. This study indicates the
potential of some strains for inoculums using the shale byproducts as microbial
vehicle inoculant for enhancing plant growth. However, there are needs for field

experiments where these selected strains should be assessed.
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5.3.7 Tables

Table 1. Physicochemical characteristics of shale byproducts samples of fine shale
(FS) particles and retorted shale (RS).

Characteristics FSI FSlI RSI RSII
Total C (g dm™) 29.22 27.23 31.79 31.63
P (mg dm™) 14530 134.00 150.20  154.10
Moisture content (%) 5.96 7.67 3.68 3.68
Electrical Conductivity (uS.cm™)  2.675 3.451 2.074 1.396
K (g Kg™ 12.24 10.50 11.90 12.51
Ca (g Kg™) 14.37 13.92 16.53 26.97
Mg (g Kg™) 9.95 8.42 9.43 7.99
S (gKg™ 17.92 10.85 19.47 29.52
Cu (mg Kg™) 36.43 31.37 59.27 54.50
Zn (mg Kg™) 49.19 90.41 85.32 188.52
Mn (mg Kg™) 323.76  144.38 45461  571.62
Fe (mg Kg™”) 13505.00 9866.51 15566.89 20329.41
Cr (mg Kg™) 34.20 33.98 45.53 43.02
Co (mg Kg™) 10.77 6.71 16.79 17.08
Ni (mg Kg™) 13.91 10.71 20.84 21.55
Pb (mg Kg™) 12.64 11.67 13.74 12.96
Cd (mg Kg™) 0.90 0.65 1.16 1.26
Ba (mg Kg™) 96.68 87.63 50.66 92.14

Total Carbon by Walkley and Black; P and K in Mehlich-1; H+Al in SMP; Ca, Mg and
Al by KCI 1 mol L™. K, Ca, Mg, S, Cu, Zn, Mn, Fe, Cr, Co, Ni, Pb, Cd and Ba in nitro-

perchloric digestion.
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Table 3. Strain designation (IPR code) from fine shale (FSI=sampling in 2008 and
FSllI=sampling in 2011) and retorted shale (RSI=sampling in 2008 and
RSll=sampling in 2011), temperature of bacteria isolation (°C), siderophore
production (Sidero), phosphate production (Phosph), protein production, proposed of

taxonomic position (identification).

IAA Protein

IPR  Source (°C) Sidero Phosph mMmL' mgmL™ Identification
4894 FSI 28 - - 0.33 73.68 B. cereus
4895 FSI 28 - - 2.34 73.62 B. cereus
4897 FSlI 28 + + 14.55 53.73 B. megaterium
4893 FSI 28 - + 0.02 56.71 P. taichungensis
4896 FSlI 28 + + 0 44.42 P. pabuli
4884 FSI 37 NG + 11.23 58.14 B. megaterium
4883 FSli 37 + + 7.41 46.75 B. aryabhattai
4881 FSli 37 + + 1.33 56.73 P. pabuli
4880 FSll 37 + + 7.53 58.25 P. taichungensis
4882 FSI 37 - - 0.65 77.91 B. thuringiensis
4886 FSli 37 - + 0.96 77.72 P. chibensis
4899 RSI 28 - - 37.96 114.8 B. aryabhattai
4900 RSI 28 - + 6.72 35.23 B. aryabhattai
4909 RSII 28 - - 32.39 227.69 B. cereus
4911 RSII 28 - - 15.3 94.49 B. megaterium
4916 RSl 28 - - 7.45 69.39 B. thuringiensis
4910 RSl 28 - - 5.13 9.83 B. megaterium
4908 RSl 28 - - 8.99 88.88 B. muralis

Xanthobacter

4920 RSl 28 + 22.34 107.39 autotrophicus
4915 RSII 28 - - 2.96 88.09 B. cereus
4912 RSII 28 - - 8.07 138.1 Arthrobacter oryzae
4921 RSII 28 - + 4.7 64.66 B. aryabhattai
4898 RSI 28 - - 7.41 ND B. megaterium
4905 RSII 28 - + 5.07 60.43 P. pabuli
4901 RSII 28 + + 6.05 22.82 P. taichungensis
4906 RSII 28 - + 7.09 47.24 P. taichungensis
4917 RSII 28 - + 30.61 195.6 Bacillus cereus
4902 RSl 28 - - 16.74 115.07 Ralstonia pickettii
4903 RSl 28 - - 21.81 84.06 R. pickettii
4904 RSl 28 NG - 28.26 122.45 R. pickettii
4907 RSl 28 - + 8.43 103.16 R. mannitolilytica
4918 RSII 28 + + 7.39 161.44 P. chibensis
4919 RSI 28 + - 9.11 360 P. pabuli
4885 RSI 37 + - 6.59 86.47 B. megaterium
4890 RSII 37 + + 1.46 67 B. megaterium
4887 RSI 37 + - 86.12 90.76 P. chibensis
4888 RSII 37 + + 8.85 218.05 Serratia nematodiphila
4889 RSII 37 + + 3.21 222.68 S. marcescens
4891 RSII 37 NG - 47.23 113.65 Sphingomonas sp.
4892 RSII 37 - + 38.4 226.67 Terrabacter tumescens
NG= not growth; ND= not determined. Phosphate solubilization potential was

determined in vitro by the ability to solubilize Caz(PO4), in solid medium; Total indoles in
the supernatant of isolates cultured in Dygs liquid medium supplemented with 100 pg/ml
DL-tryptophan; Siderophore production determined in Dygs solid medium supplemented
with chrome azurol S; ND = not determined; IAA = Indole-3-Acetic Acid; (-) = negative

for evaluated characteristic; (+) = positive for evaluated characteristic.
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Table 4. Influence of inoculation of selected bacteria isolated from FS and RS in

Brachiaria ruziziensis growth and biomass. GS: strains growth separately and GT:

growth together.

Treatments Height Leaves Tillers Shoot Root
cm L number..... ... [« TR

1- IPR-4883 FS (B. aryabhattai) 82,4 bc 40,2 6,8 ab 10,5 ab 4,0 ab
2- Mix of Bacteria GS FS 659c 25,3 48b 8,5 bc 3,0 abc
3- Mix of Bacteria GT FS 111,3 a 33,0 4,75 b 9,2 bc 3,2 abc

4- AbV5 and AbV6 FS 76,3 bc 26,8 45b 8,3 bc 19c

5- IPR-4883 RS (B. aryabhattai) 84,2 bc 34,8 5,8 ab 11,3 ab 44 a
6- Mix of Bacteria GS RS 91 ab 32,7 5,5ab 8,2 bc 3,0 abc
7- Mix of Bacteria GT RS 83,6 bc 31,4 52b 9,1 bc 3,4 abc
8- AbV5 and AbV6 RS 91,4 ab 35,8 6,3 ab 9,9 bc 3,5ab
9- Nitrogen fertilizer 71,6 bc 40,8 8,2a 13,6 a 3,9ab
10- Control 62,2c 27,8 52b 6,9c 2,4 bc

C.V. (%) 22,2 36,8 38,1 26,7 37,9

Means followed by different letters in each column are different (p<0.05) by t test.
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Table 5. Influence of inoculation of selected bacteria isolated from FS and RS in

Brachiaria ruziziensis nutrition. GS: strains growth separately and GT: growth

together.
Treatments N P K Mg Ca S
mg.planta'1
1- IPR-4883 FS (B. aryabhattai) 659bc 496bc 88,7a 599b 57,8bc 14,6 bc
2- Mix of Bacteria GS FS 55,7bc 456bc 826ab 519bc 44,1bc 11,3bc
3- Mix of Bacteria GT FS 64,8bc 456bc 87,7a 529bc 55, 7bc 13,8bc
4- AbV5 and AbV6 FS 51,7bc  37,0c 81,0ab 459bc 424bc 10,8bc
5- IPR-4883 RS (B. aryabhattai) 747b 522bc 858a 65,1b 61,7b 16,7 ab
6- Mix of Bacteria GS RS 56,8bc 49,0bc 83,0ab 523bc 495bc 12,5bc
7- Mix of Bacteria GT RS 56,9bc 534b 79,7ab 53,0bc 556bc 13,7 bc
8- AbV5 and AbV6 RS 645bc 449bc 815ab 580bc 60,3b 12,2bc
9- Nitrogen fertilizer 1331a 79,8a 729ab 133,3a 1142a 22,7a
10- Control 458c 389bc 652b 33,2c¢c 334c 78¢
C.V. (%) 27,5 24,2 17,4 33,9 33,2 39,0

Means followed by different letters in each column are different (p<0.05) by t test.
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6 CONSIDERACOES FINAIS

Este estudo fornece os primeiros dados sobre a ocorréncia e
caracterizagado de microrganismos cultivaveis presentes nos coprodutos do xisto da
Formacéo Irati, o que contribui para uma melhor compreensdao da microbiota
presente nos finos do xisto e xisto retortado.

A presenga de microrganismos cultivaveis nos coprodutos é baixa,
porém foram recuperadas pelo plaqueamento direto de colénias morfologicamente
distintas. O xisto retortado apresentou o maior numero de microrganismos cultivaveis
quando comparado as amostras de finos de xisto.

Combinando os dados morfolégicos e as sequéncias de DNA da
regido ITS foi possivel descrever pela primeira vez, um panorama da diversidade de
fungos que habitam os coprodutos do xisto da Formagado lIrati no Brasil. T.
sayulitensis foi a espécie mais frequentemente encontrada no xisto retortado e A.
bohemica nas amostras dos finos de xisto.

Entre as bactérias cultivaveis, Bacillus e Paenibacillus foram os
géneros prevalentes encontrados nos dois coprodutos.

Dentre as bactérias isoladas dos coprodutos foram encontradas
estirpes com potencial para serem aplicadas como promotoras do crescimento de

Brachiaria ruziziensis.



