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RESUMO

SILVA, Ubiana de Cassia, M. Sc., Universidade Federal de Vicosa, agosto de 2013.
Selecdo e caracterizacdo de mutantes desprgillus niger eficientes em
solubilizar fosfato na presenca de fluoreto Orientador: Mauricio Dutra Costa.
Coorientadores: Ivo Ribeiro da Silva e Marcos Rogério Tétola.

O uso dos micro-organismos solubilizadores de fosfato (P) € uma alternativa
para o uso sustentavel do P tendo em vista a diminuicdo das reservas fosfaticas de
alta qualidadeAs caracteristicas quimicas dos fosfatos de rocha (FR), em especial
nivel de elementos téxicos, podem influenciar a eficiéncia de solubilizagdo
microbiana. O fluoreto(F) liberado de fluorapatitas inibi significativamente o
processo de solubilizacdo paspergillus nigef=S1. Assim, o objetivo deste estudo
foi selecionar mutantes de niger eficientes na solubilizacdo de fosfato na presenca
de F. Trés mutantes selecionados foram também caracterizados quanto aos
mecanismos de solubilizacéo de fosfa@mo potencial de solubilizacdo de diferentes
fontes de P. Vinte e nove mutantes com alteracées na solubilizacédo de fosfato foram
obtidos. O mutante FS1-331 demonstrou maior potencial de solubilizacdo de fosfato
de Arax4, enquanto que o mutante FS1-555 aumentou o P solubilizado em meio de
cultura com fosfato de célcio suplementado cora iaqueles com fontes sintéticas
de P. Os mutantes avaliados mostraram maior tolerancia ao §ue o tipo
selavagem e tiveram a producdo de acidos organicos altéraciaior producédo de

acido oxalico pelos mutantes FS1-331 e FS1-555 relacionou-se comdhor



desempenho dessas estiprpes na solubilizacdo de fosfato delramautante com
solubilizagdo de P diminuida (FS1-375) apresentou menor producdo de acidos
organicos quando comparado ao tipo selvagem, corroborando a importancia desses
compostos para o processo de solubilizacdo de FRs. O mutante FS1-331 foi o mais
eficiente na solubilizagdo dos FRs de Araxa, Cataldo e Patos de Minas. A variacdo na
solubilizacdo de P das estirpes fangicas estudadas pode contribuir para a melhor
compreensao do processo de solubilizacdo de fosfatos. mager. Além disso, os
mutantes mais eficientes obtidos apresentam alto potencial de aplicacdo em sistemas

microbianos de solubilizagéo de fosfatos com fontes de P ricas em fluoreto.



ABSTRACT
SILVA, Ubiana de Cassia, M. Sc., Universidade Federal de Vigcosa. August 2013.

Screening and characterization of Aspergillus niger mutants efficient at
phosphate solubilization in the presence of fluorideAdvisor: Mauricio Dutra
Costa.Co-Advisors: Ivo Ribeiro da Silva and Marcos Rogério Tétola.

The use P solubilizing microorganisms are an alternativa $astainable use
of P against a backdrop of depletion of high-grade ores. Nevertheless, the chemical
characteristics of rock phosphates (RP), particularly the level of toxic elements, can
affect the efficiency of microbial solubilization. Fluoridg=) released from
fluorapatites has been showmsignificantly inhibit P solubilization byAspergillus
niger, stimulating the search for alternatives to overcomtxcity. Thus, the aim
of this study was to seled. niger mutants efficient at P solubilization in the
presence of F Three selected mutants were also characterized as to Rheir
solubilization mechanisms and the solubilization potential of different P sources.
Twenty-nine mutants were obtained that presented changes in their phosphate
solubilization activity in comparison to the wild type (WT). The mutant FS1-331
showed higher solubilization of Araxa RP, while FS1-555 promoted higher soluble P
when grown in media with calcium phosphate supplemented witdndF in those
with pure P sources. Teemutants also showed higher tolerance ‘tthen the WT
and displayed changes in the production of organic acids. The higher production of

oxalic acid by FS1-331 and FS1-555 correlated with their improved capacity of

Xi



Araxa RP solubilizationA mutant with decreased P solubilization capacity showed
lower production of organic acids, corroborating the importance of these compounds
for RP solubilization. FS1-331 was more efficient at solubilizing Araxa, Catalédo, and
Patos de Minas RPs than the WT and FS1-555. The variati®nsolubilization
capacity of the mutants obtained in this work may help clarifjfRiRsolubilization
mechanisms b¥A. niger. Moreover, the mutants with better performance selected in
this work show potential for use microbial RP solubilization systems wit?
sources rich in fluoride.
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INTRODUCAO

Fertilizantes fosfatados sdo amplamente utilizados na agricultura para
melhorar a fertilidade do solo, principalmente nas regides tropicais. Devido ao
aumento da demanda mundial por alimentos, algumas estimativas indicam
diminuicdo das reservas de fosfato de alta qualidade que sdo atualmente mineradas.
A utilizacdo de FR menos reativo, como os FRs de origem ignea, em consoércio com
micro-organismos solubilizadores de P (MSP) constitui alternativa para 0 uso
sustentavel desse nutriente, visto que o emprego direto dos FRs no sistema solo-
planta apresenta baixa eficiéncia em razao da pequena solubilidade desses materiais.

O processo de solubilizacdo microbiolégica de fosfato tem sido
correlacionado, principalmente, com a liberacdo de acidos organicos pelos micro-
organismos solubilizadores. Dentre as diversas espécies de fungos e bactérias
capazes de realizar o processo de solubilizacdo de P, destaéafsergillus niger
gue tem sido relatado como eficiente na disponibilizacdo de P a partir de diferentes
minerais. Essa espécie fungica é capaz de produzir os &cidos citrico, oxalico e
glucdnico, comumente associados ao processo de solubilizacdo de FRs.

A capacidade de solubilizacdo de fosfato pelos micro-organismos é
influenciada pela composicao quimica do FR. Frequentemente, esse material pode
conter elementos toxicos que comprometem o desenvolvimento de micro-organismos
e, consequentemente, o potencial de solubilizacdo. Recentemente, verificou-se que,
para o fosfato de Araxa, o teor ddiberado durante o processo de solubilizacéo por
A. nigerFS1éresponsavel por significativa reducdo do potencial de solubilizacdo de
fosfatos por esse fungo. Uma das principais formas de atuacamaonétabolismo
microbiano da-se por meio da inibicdo de enzimas importantes para o funcionamento
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celular. Além disso, o Fpode interferir negativamente na modulacdo da exmressa
génica, no ciclo, na proliferacdo e na migracdo calglana respiragdo, no
metabolismo, no transporte de ions, na secrecdo, na endocitose, na apoptose e no
estresse oxidativo.

Algumas estratégias podem ser utilizadas visando-se eliminar ou reduzir os
efeitos inibitérios do Fsobre a solubilizagdo microbiana de FR: o emprego de
sistemas de fermentacdo em que apenas 0s metabdlitos microbianos sejam
adicionados ao FR de forma que n&o ocorra o cultivo direto do micro-organismo
solubilizador na presenca do mineral; a remocéao gweSente no FR com vistas a
mitigar os efeitos inibitorios pela reducdo da concentracdo ou eliminacdo do
elemento do meio; o isolamento de estirpes naturalmente tolerantea parti de
amostras ambientais; e, finalmente, a obtencdo de mutantes de micro-organismos
solubilizadores com alto potencial de solubilizacdo e mais tolerantés ao F

Mutacdes ocasionadas pela exposi¢cdo a luz UV podem ser utilizadas para
acelerar o processo evolutivo de fungos mediante a introducdo de variabilidade
genética.A luz UV tem sido empregada amplamente em razdo da eficiérina e
baixo custo e por oferecer menor risco a salude durante a manipulagdo quando
comparada com outros agentes mutagénicos quimicos e fisicos. Mutantes de micro-
organismos solubilizadores de fosfato com maior potencial de solubilizacdo ja foram
obtidos utilizando-se a lulbV. A titulo de exemplo, um mutante dRenicillium
rugulosum produzido por mutagénese com UV apresentou maior halo de
solubilizac&o de hidroxiapatita e FePdd que a estirpe selvagem e demonstrou alto
desempenho na solubilizacdo de diferentes tipos de fosfatos de rocha. Da mesma
forma, mutantes dé\spergillus tubingensiom maior ou menor potencial de
solubilizacédo de fosfato ja foram obtidos, corroborando com a eficiéncia da técnica
em gerar variabilidade.

Tendo em vista os efeitos inibitérios do $obre o crescimento fungico, a
producdo de acidos organicos e a solubilizacdo microbiana de fosfato, o objetivo
deste trabalho foi a selecéo e caracterizagdo de mutanfesdger mais eficientes
em solubilizar fosfato tricalcico na presenca deisando a utilizagcdo em sistemas

de solubilizagdo microbiana de fluorapatitas.



REVISAO DE LITERATURA

O P érequerido por todos os organismos, sendo essencial ao funcionamento
celular. Participa da composicdo de acidos nucleicos, de fosfolipieletmss
moléculas responséaveis pela transferéncia de energia na célula, a exemplo do ATP.
Na agricultura, é essencial para o crescimento das plantas, sendo um dos principais
nutrientes limitanteaorendimento das culturas.

As fontes deP sdo constituidas, principalmente, por apatitas. Esses minerais
podem ser de origem ignea, sedimentar ou de acumulacao organica. As variedades
mais comuns de apatita sado a fluorapatita s(FX&)3(F)], a hidroxiapatita
[Cas(POy)3(OH)] e, mais raramente, a cloroapatitad®@&y)s;(Cl)] (Toledo & Pereira
2001). A maioria das rochas fosfaticas estédo distribuidas em cinco paises: Marrocos,
China, Estados Unidos, Africa do Sul e Jorda@iaviarrocos possui em torno de
80% do total das reservas fosfaticas e os cinco paises reunidos controlam 90% das
reservas mundiais de P (Jasinski 20119.réservas de P podem ser considesada
como recurso finito (Cordell & White 2011). Além disso, a diminuicdo das fontes de
P de alta qualidade que sdo mineradas atualmente, projetadas para o futuro, podera
gerar tensGes geopoliticas consideraveis, haja vista que poucos paises sédo detentores
desse recurso.

A demanda mundial por P é crescente. Apdaaecessidade de P da Europa
e da América do Norte ser considerada ett@os paises em desenvolvimento o uso
desse elemento tem aumentadoela® contribuird para o aumento, no curto prazo,

da dependéncia desses paises pela importacédo de P (Neset et al., 2008). No Brasil,



por exemplo, a dependéncia das importacdes de P estd na ordefb de 5tal de
fertilizantes fosfatados utilizados atualmente (ANDA, 2013).

Existe grande interesse no uso sustentavel de P, tanto pelo aumento da
eficiéncia de utilizacdo quanto por meio de sua reciclagem a partir de residuos
organicos (Gilbert 20Q9Cordell et al., 2011, Vassilev et al., 2013b). Almeja-se,
também, o uso mais racional de fertilizantes fosfatados, haja vista 0os gastos em
combustiveis fosseis necessarios ao processamento e transporte desses produtos
(Cordell & White 2011).

A explorazdo das reservas de P de menor qualidade representa estratégia
relevante para a sustentabilidade no uso desse elemento. No Brasil, as reservas de
fosfatos sao constituidas, em sua maioria, por rochas menos reativas, de origem
ignea. Essas rochas estdo associadas a complexos carbonatiticos, sendo que 67%
estdo no estado de Minas Gerais, 14 % em Goias e 6% em Sao Paulo. Os outros 13%
estdo nos estados de Santa Catarina, Ceara, Pernambuco, Bahia, Paraiba, Tocantins,
Maranh&o, Piaui e Mato Grosso do Sul (Souza & Fonseca 2009). Alguns trabalhos ja
foram realizados utilizando fosfatos de rocha (FR) de baixa reatividade (Bedin et al.,
2003, Steiner et al., 2009, Chaves et al., 2013), com indica¢gbes de que 0 uso dessas
fontes podera ser vantajoso considerando os custdisponibilidade e o efeito
residual desses materiais, além da perspectiva de reducédo da dependéncia nacional
pela importacdo de fertilizantes fosfatados. Todavia, o emprego direto desses
fosfatos na fertilizac@o do solo ainda ndo € economicamente recomendavel (Simpson
et al., 1998), visto que a liberacdo de P é muito lenta, se comparada aos fertilizantes
convencionais (Lopes et al., 200d)na alternativa para aumentar a disponibilizacédo
de P presente nos FRs de menor qualidade é o uso de micro-organismos
solubilizadores de fosfato, MSF (Vassilev et al., 2007, Farhat et al., 2009, Oliveira
2011, Mendes et al., 2013c, Mendes et al., 2013b, Mendes et al., 2013a).

Bactériase fungos séo capazes de solubilizar fosfato, participando do ciclo
biogeoquimico desse elemento (Richardson & Simpson 20khjre as bactérias
solubilizadoras de P, destacames género®seudomonas, Burkholderia, Bacillus,
Achromobacter, Agrobacterium, Microccocus, Aereobacter, Erwinia e
Flavobacterium(Rodriguez & Fraga 1999)Dentre os fungos, os génei@anicillium
e Aspergilluscompreendem aqueles de maior potencial de solubilizacdo de fosfato
relatados na literatura (Silva Filho et al., 200Httal et al., 2008). Em geral,so
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fungos apresentam maior capacidddsolubilizacéo de fosfato em razaoalevado
potencial de geracdo de acidez e a maior tolerancia a condi¢bes acidas, quando
comparados com bactérias (Silva Filho & Vidor 2000).

Os mecanismos responsaveis pela solubilizacdo microbiolégica de P ainda
nao estéo totalmente esclarecidos. De modo geral, acredita-se que a capacidade dos
MSF de liberar oP numa forma sollvel estd associada a liberacdo de &cidos
organicos durante o processo de solubilizacdo (Mendes et al., 20%3afores que
desencadeiam a disponibilizacdo de P por MSF ndo estdo relacionados apenas a
producdo dos acidos organicos, mas, também, a liberacdo de ‘iahgaHte a
assimilagdo de NH ou através de outras reacées metabdlicas que desencadeiam a
excrecdo de proétons, conerespiracdo (lllmer & Schinner 1995). Além disso,
compostos desconhecidos apresentando massa molecular maior do que 500 Da ja
foram relatados como atuantes no proce¥smurig et al., 2000). Geralmente, o
abaixamento do pH correlaciona-se com o aumento dos niveis de P solubilizado
(Reyes et al., 1999a, Khan et al., 2009, Oliveira 2011, Mendes et al., 2013b), o que
sustenta a hipotese de que a liberacdo de iondel papel importante na
solubilizagéo, assim como a producédo de acidos organicos.

Varios acidos organicos estédo envolvidos com o processo de solubilizacao de
fosfato efetuado por MSF. Por exemplo, os acidos citrico, oxalico e gluconico sdo os
mais descritos durante a disponibilizacdo de P mediada por fungos filamentosos e os
acidos latico e itacbnico destaca-também, no processo de solubilizacdo de
fosfato exercido porRhizopus oryzaee Aspergillus terreus respectivamente
(Vassilev et al., 2013a). A eficiéncia dos acidos organicos na solubilizacdo de fosfato
esta relacionada a capacidade de acidificacdo do eniomacao de complexosae
quelacao de ions (Vassilev et al., 2013a). Os grupos hidroxila e carboxila dos acidos
organicos ligam-se aos cétions na estrutura do fosfato, liberando o P em forma
solavel (Sagoe et al., 1998). Além dissoproducao de acidos organicos confere
vantagens competitivas ao micro-organismo. Em meio com alto teor déeAlos
acidos organicos formam complexos organo-metéalicos, que podem diminuir
toxicidade desses elementos (Jarosz-Wilkolazka & Gadd 2003). Também, esses
compostos promovem a quelagédo de ions metalicos formando cristais insoluveis,

retirando elementos toxicos da solugdo (Magnuson & Lasure 2004).



O é&cido citrico é um dos principais agentes quimicos no processo de
solubilizacdo de fosfato (Mendes et al., 2013b). O acido citrico € um &acido
tricarboxilico sintetizado nas vias metabodlicas centrais, particularmente, pela
atividade da enzima citrato sintase no ciclo de Krebs. Esse acido também pode ser
produzido por uma via metabdlica alternativa mediante a atividade da enzima
piruvato carboxilase. O funcionamento concomitante do ciclo de Krebs e da via
alternativa de producédo de acido citrico com atuacao da piruvato carboxilase confere
ao micro-organismo alta eficiéncia na conversdo de carbono nesse metabdlito
(Magnuson & Lasure 2004). A capacidade desse &cido de liberar P a partir de fontes
pouco sollveis ocorre em razao do poder de quelacao e de liberacdo de prétons desse
composto (Kpomblekou-A & Tabatabai 1994).

O acido oxalico possui alta capacidade de formacdo de complexos,
especialmente com o calcio, cuja remocao favorece a solubilizacdo de fosfato pela
mudanc¢a do ponto de saturacdo do meio (Schneider et al., 2010). A liberacdo de
acido oxalico porPseudomonas fluorescersvou a solubilizacdo de fosfato
tricalcico e de varios tipos déER (Vyas & Gulati 2009). O acido oxalico,
dicarboxilico, € sintetizado pela enzima oxaloacetato hidrolase (OAH) por meio da
guebra do oxaloacetato em oxalato e acetato. O oxaloacetato pode ser formado no
ciclo de Krebs ou no citoplasma pela acdo da piruvato carboxilase (Kubicek et al.,
1988). Além do oxaloacetato, o oxalosuccinato também pode ser precursor do acido
oxalico (Bomstein & Johnson 1952). Nessa via, 0 oxalato é sintetizado na via do
glioxilato pela atuacdo da glioxilato desidrogenase (Munir et al., 2001). O acido
oxdlico pode ser produzido por vasta gama de fungos, a exemplo dos fungos
causadores das podridées branca e marrom, dos fungos ectomicorrizicos e de alguns
fungos fitopatogéncos (Magnuson & Lasure 2004, Gonzalez et al., 2009)

O é&cidoglucénico promove a dissolucdo de fosfatos por meio da acidificacéo
do meioe da quelagdo (Magnuson & Lasure 2004). Esse composto constitui-se de
acido monocarboxilico sintetizado extracelularmente pela enzima glicose oxidase.
Essa enzima catalisa a reagcdo de oxidagdo da glicose para ditlactona e a
reducdo concomitante do oxigénio molecular para peréxido de hidrogénio (Frederick
et al., 1990)Num segundo passo, glucotdactona € hidrolisada por processo nao
enzimatico a 4cido glucénico e a coenzima FABHeoxidada pelo OKhattab &

Bazaraa 2005). De modo geral, micro-organismos com elevada capacidade de
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solubilizagdo de fontes puras de fosfato de célcio apresentam producdo de &cido
gluconico nos sistemas de solubilizagdo (Lin et al., 2006, Chuang et al,, 2007
Mendes et al., 2013b).

A producédo de acidos organicos sofre influéncia das condi¢cdes do meio. A
fonte de carbone de nitrogénio, o teor de P e a presenca de metais sdo algumas das
varidveis que interferem na sintese desses compostos. A producdo do acido citrico,
por exemplo, é estimulada em condi¢cdes limitantes de nitrogénio e o cultivo de
alguns fungos na presenca de nitrato estimula a producéo de acidos organicos em
comparacao ao cultivo realizado na presenca de amonio (Cunningham & Kuiack
1992, Whitelaw et al., 1999). Todavia, ainda ndo € bem compreendido o efeito da
fonte de nitrogénio sobre a producdo dos acidos organicos (Plassard & Fransson
2009). Varias fontes de carbono ja foram usadas como substrato para processos de
fermentacao visando a producao de acidos organicos, incluindo hexoses, pentoses, n-
alkanos, glicerol, além de materiais complexos (Vassilev et al., 2013a). O bagaco de
cana € uma das fontes de carbono complexas utilizadas nos sistemas de fermentacgéo
em estado solido com vistas a solubilizacdo de fosfatos. Essa fonte de @rbono
promissora para a producdo de &cidos organicos pelo Aingigerno processo de
solubilizacéo de FR (Mendes et al., 2013c).

A concentracdo de P e a presenca de metais sdo tambégs ifafmrtantes
para a sintese dos acidos organicos por micro-organismos (Gadd 1999). Altas doses
de P promovem maior producdo de biomassa e menor sintese de acidos (Oliveira
2011). Esse fato j& foi observado, principalmente, para a producdo de &cido citrico
(Papagianni 2007). Ressalta-se, no entanto, que a producdo de acidos organicos por
micro-organismos depende da interagh®o muitos fatores, tais como a espécie
microbiana, as fontes de carbono e de nitrogénio e do método de ulfvesenca
de Zn, Mn, Fe, Cu, metais pesados e metais alcalinos no meio inibe a producédo de
acido citrico (Gadd 1999, Papagianni 2007). J&4 a sintese de acido oxalico é
estimulada por Mn (Plassard & Fransson 2009) O efeito dos metais depende dos
niveis de pH, sendo quengoH basico, ocorre a formacao e precipitacdo de oxidos
ou hidroxidos metalicos e, em pH &cido, a concentracdo de ions metalicos em
solucdo aumenta, levando a competicdo conpst sitios de adsorcdo na célula
(Gadd 1999, Sayer & Gadd 2001).



A composi¢do quimica dos FRs também exerce influencia sobre a producgéo
de acidos organicos e, consequentemente, sobre a solubiliza¢géR @@= FRs,
geralmente, apresentam elementos toxicos que exercem efeito inibitério ao
metabolismo microbiano (Banik & Dey 1982, Mendes et al., 203aglementos
liberados durante o processo de solubilizacad-Repodem interferir também no
crescimento do micro-organismo e, consequentemente, na disponibilizacdo de P
(Mendes et al., 2013a). O teor de, por exemplo, exerce efeito inibitério solare
solubilizacdo de fosfatos em raz&o da interferéncia negatigguisacio de K', no
efluxo de H e no crescimento flingico. O célcio é elemento importante no meio
intracelular, atuando como mensageiro secundario durante o crescimemto e
diferenciacéo de fungos. No entanto, em altas concentra¢des, pode se tornar toéxico a
célula causando a precipitacdo de fosfatos, o que inibe todo o desenvolvimento
celular (Gadd 1993). £compostos toxicos podem afetar ainda processos genéticos,
fisico-quimicos e bioquimicos dos micro-organismos. A resposta a toxicidade
causada por esses compostos pode variar entre estirpes, estagio de crescimento e
entre as formas vegetativas e reprodutivas dos micro-organismos (Sabie & Gadd
1990, Gadd 1993). Recentemente, verifisewtue dentre os elementos que afetam
negativamente o processo de solubilizagdo microbiand&Eeso fluoreto (H € o
mais importante (Mendes et al., 20132gra o fosfato de Araxa, demonstrou-se que
o F reduz em até 55% o nivel de P solubilizado ao final do processo (Mendes et al.,
2013a).

O F pode interferir em inimeros processos nas células microbianas, como na
modulacdo da expressdo génica, no ciclo celular, na proliferacdo e na migracao
celulaes na respiracdo, no metabolismo, no transporte de ions, na secre¢do, na
endocitose, na apoptose e no estresse oxidativo (Barbier et al., 2010). Além disso,
concentragdes em torno de um milimolar reduzem significativamente o crescimento
fungico ea producédode acido citrico na ordem de 47 e 85,5%, respectivamente
(Agrawal et al., 1983). Uma das principais formas de atuacao épdta inibicao
enzimétia (Adamek et al., 2005). A inibicdo da enolase, enzima da via glicolitica, &
um exemplo de atuacdo do Kue pode ocorrer mesmo em concentracde
micromolares do elemento (Belli et al., 1995). Em seu estado i6énico ou como HF,
promove a inibicdo direta de enzimas que apresentam grupo heme ou metaloenzimas.

Na forma de complexos metélicos, com aluminio ou berilio, pode exercer a inibicdo
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das enzimas pela competicao por sitios de ligac@&(Narquis et al., 2003). O'lé

capaz de interagir, ainda, com sistemas enziméticos que atuam na transferéncia de
grupamento fosforil, como GTPases e ATPases (Barbier et al., 2010) e ocasionar
efeitos adversos no metabolismo celular.

Os efeitos do Fou de outros compostos inibitérios para as células
microbianas podem ser minimizados desde que o0 micro-organismo desenvolva
mecanismos de tolerancia a esses elementos, a saber, a precipitacdo extaacelular,
complexacdo, a cristalizacaa,transformacéo por meio de reacfes de oxidacao,
reducdo, metilagcdo e desalquilacadyiossorcédo a paredes celulares, pigmentos e
polissacarideos extracelularesdiminuicdo do transporte ou impermeabilidade, o
efluxo, a compartimentacéo intracelula precipitacdo e, ou sequestro (Ross 1975
Gadd & Griffiths 1977, Mehra & Winge 1991).

Algumas estratégias podem ser desenvolvidas para contornar o efeito
inibitério do F sobre o potencial microbiano de solubilizacéo de fosfato: sistemas de
fermentacdo em que apenas os metabdlitos microbianos sejam adicionados ao FR, de
forma que ndo ocorra o cultivo direto dos micro-organismos na presenca do FR
(Goldstein et al., 1993); a remocao ddiberado durante a solubilizacdo B&; o
isolamento de estirpes naturalmente tolerantes a@értir de amostras ambientais;
obtencdo de mutantes mais tolerantes aa fpartir de MSF com alto potencial de
solubilizacéao.

A mutagénese induzida é bastante utilizada para o melhoramento genético de
micro-organismos, podendo torna-los mais resistentes a compostos inibitérios. As
mutacBes podem ser alcancadas por diferentes mecanismos: mediante o uso de
agentes mutagénicos fisicos e quimicos, que induzem a mutacdo aleatoriamente, ou
pela manipulacdo do ciclo sexual e parassexual, para obtencdo de recombinantes.
Outra forma de desenvolver estirpes mutantes € através do uso de técnicas de
engenharia genética que permiteanto a introdugcdo de novos materiais no genoma
como a delecdo de regides génicas de interesse (Nevalainen 2001). Contudo, a
manipulagdo genética adequada para determinado organismo muitas vezes representa
grande desafio. No caso dos fungos filamentosos, por exemplo, o desenvolvimento
de método de transformacdo pode nao ser triavial, a depender do fungo utilizado,
visto que em muitos casos os eventos de integracdo ilegitima podem ocorrer com

alta frequéncia (Meyer 2008).



A luz ultra violeta (UV), dentre os agentes fisicos, € frequentemente usada
para a obtenc&do micro-organismos mutantes (Reyes et al., 1999b, Hao et al., 2006
Maresma et al., 2010A irradiacdo com a luz UV pode indua formacéo de varios
tipos delesbes ndDNA. Os danos mais frequentes sdo a formacdo dos dimeros de
pirimidina ciclobutano e os fotoprodutos (6-4) pirimidina-pirimidona (Pfeifer et al.,
2005). Ambasaslesdes modificam a estrutura do DNA gerando tor¢gbes que alteram
a replicacdo @ transcricdo (Clancy 2008). As lesdes causadas pela UV podem ser
reparadas pela atividade da enzima DNA fotoliase de forma dependente da luz
visivel. Essa enzima promove quebra na regido atingida pela UV sem alterar a
estrutura das ligacdes fosfodiésteres do DNA danificado. Um croméforo converte a
energia da luz visivel em energia quimica necessaria para esta reacao. Além disso, o
reparo por excisdo de nucleotideos também atua sobre o DNA danificado pela UV
que escapa do reparo por fotorreativagcdo (Goldman et al., 2002, Clancy 2008).
Portanto, a mutacao pblV ocorre mediante erros de reparo e no preenchimento das
falhas no DNA da fita complementar a que possui o dimero (Azevedo 2008).

Mutacbes desencadeadas pela exposicdo a luz UV podem ser utilizadas para
acelerar o processo evolutivo dos fungos mediante a introducdo da variabilidade
genética (Borba et al., 2007). O uso da luz UV tem sido empregado em muitos
estudos dada a eficiéncia da técnica e o baixo custo e por oferecer menar risco
saude durante a manipulacdo, quando comparada a outros agentes mutagénicos
quimicos e fisicos (Nevalainen 2001, Azevedo 2008). MutanteA. adgger com
aumento da producado de &cido citrico foram obtidos pela exposicdo dos esporos a
diferentes doses de UV (Hamissa 1992). Da mesma forma, mutantes do fungo
patogénicaOphiostoma ulmihipersensiveis a UV foram desenvolvidos mediante a
atuacdo da luz UV (Bernier & Hubbes 1994).

Mutantes de MSF tém sido obtidos utilizando-se a Uy como agente
mutagénico (Reyes et al., 1999b, Achal et al.,, 2007). Um mutanBemeillium
rugulosum produzido por essa técnica, apresentou maior halo de solubilizacdo de
hidroxiapatita e FeP{comparada estirpe selvagem e demonstrou alto desempenho
na solubilizacdo de diferentes tipos de fosfatos de rocha (Reyes et al., 1999a, Reyes
et al.,, 2001). Além disso, mutantes Aspergillus tubingensicom aumento e
diminuicdo do potencial de solubilizagéo de fosfatam desenvolvidos por Achal
et al., (2007).
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Dessa forma, a mutagénese por luz UV ta®arelevante para o
melhoramento doMSF tendo em vista a capacidade desse agente mutagénico em
acelerar o processo evolutivo dos micro-organismos. A mutagénese dos MSF
utilizando meios de cultura especificos para a seleciicadacteristicas de interesse
pode permitir a obtencéo dos fendtipos: aumento do potencial de solubilizagdo de P e
maior tolerdncia ao ’Fo que contribuird para um avanco na area de solubilizagédo

microbioldgica de P, especialmente, par&RBs com alto teor de' F
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SCREENING AND CHARACTERIZATION OF Aspergillus niger MUTANTS
EFFICIENT AT PHOSPHATE SOLUBILIZATION IN THE PRESENCE OF
FLUORIDE

ABSTRACT

The use of phosphate solubilizing microorganisms is an alternativa for
sustainable usef P against a backdrop of depletion of high-grade ores. Nevertheless,
the chemical characteristics of rock phosphates (RP), particularly the level of toxic
elements, can affect the efficiency of microbial solubilizatleinoride (F) released
from fluorapatites has been showa significantly inhibit P solubilization by
Aspergillus niger stimulating the search for alternatives to overcomeoficity.
Thus,the aim of this study was to seléctniger mutants efficient at P solubilization
in the presence of FThree selected mutants were also characterized as tdPtheir
solubilization mechanisms and the solubilization potential of different P sources.
Twenty-nine mutants were obtained that presented changes in their phosphate
solubilization activity in comparison to the wild type (WT). The mutant FS1-331
showed higher solubilization of Araxa RP, while FS1-555 promoted higher soluble P
when grown in media witltalcium phosphate supplemented withdad in those
with pure P sources. Teemutants also showed higher tolerance ‘tthen the WT
and displayed changes in the production of organic acids. The higher production of
oxalic acid by FS1-331 and FS1-555 correlated with their improved capacity of
Araxa RP solubilizationA mutant with decreased P solubilization capacity showed
lower production of organic acids, corroborating the importance of these compounds
for RP solubilization. FS1-331 was more efficient at solubilizing Araxa, Catalédo, and
Patos de Minas RPs than the WT and FS1-555. The variati®nsolubilization
capacity of the mutants obtained in this work may help clariffRiRsolubilization
mechanisms byA. niger Moreover, the mutants with better performance selected in
this work show potential for usm microbial RP solubilization systems with

sources rich in fluoride.

Keywords: Phosphate solubilizing;Aspergillus niger mutagenesis; fluoride;
fluorapatite.
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INTRODUCTION

Phosphate fertilizers are used intensively in agriculture for improving soll
fertility. The use of lower-grade rock phosphates (RP), such as igneous RP, in a
consortium with P-solubilizing microorganisms (PSM) has been shown to be an
alternative for a sustainable use of P. Many studies have already reported the
potential of PSMto increase the content of soluble P fr&Bs (Reyes et al., 2001
Vassilev et al., 2007, Farhat et al., 2009, Mendes et al., 2013b, Mendes et al., 2013a).
Bacteria and fungi are able to solubilize P and are involved in the biogeochemical
cycling of this element (Richardson & Simpson 2011). Among P solubilizing
bacteria, those belonging to the gendtseudomonas, Burkholderia, Bacillus,
Achromobacter  Agrobacterium, Microccocus, Aerobacter, Erwiniand
Flavobacteriumhave been commonly reported in the literatRedfiguez & Fraga
1999). Among fungi,Penicillium and Aspergillus are the most efficienat P
solubilization so far reported (Silva Filho et al., 2002, Mittal et al., 2008).

The ability of PSM to solubilize RP is mainly associated with the release of
metabolites with chelating or complexing properties, such as organic acids (Mendes
et al., 2013pVassilev et al., 2013a). The release 6fddring NH," assimilation or
through other metabolic processes that trigger proton excretion is also repaated as
mechanism oP solubilization (llimer & Schinner 1995). Generally, decreasgsH
correlates well with increased levels of solubilized P during RP solubilization (Reyes
et al., 1999a, Khan et al., 2009, Oliveira 2011, Mendes et al., 2013b).

The fungusAspergillus nigeris a PSM with high P solubilization activity
(Mendes et al., 2013b), due to its capacity of medaadification during growth
andits production of organic acids with high metal-complexation actiityniger
has been shown to solubilize either synthetic (e.g. su€lafB0y),, FePQ AIPOy)
or natural P sources, such @&Ps (Vassilev et al., 1995, Chuang et al., 2007
Mendes et al., 2013b, Xiao et al., 2013).

The chemical characteristics of RPs can interfere with the production of
organic acidsoy PSM (Reyes et al., 2001, Schneider et al., 20Aéndes et al.,
2013a) and may bring toxic effects microbial metabolism (Banik & Dey 1982,
Mendes et al., 2013a). Recently, it has been demonstrated that fl{fejideleased
from fluorapatite, strongly inhibits RP solubilization medialbgdA. niger (Mendes
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et al., 2013a). Fluoridean show inhibitory effects on the fungal metabolism causing
decreased grav and organic acid production. Numerous other cellular processes
can be negatively affected by, Buch as ion transport, secretion, endocytosis, cell
cycle, and gene expression, and especially enzyme inhik{iiarbier et al., 2010).

Given the ubiquitous distribution of "Fin RPs, most microbial RP
solubilization systems studied so far have probably been operated under suboptimal
conditions (Mendes et al., 2013a) and, thus, strategies to overcome the toxic effects
of F on phosphate solubilization must be developed. Such strategies might involve:
solubilization systems in which microbial metabolites are added to RPs, with no
direct microbial cultivation in the presence of the toxicity source (Goldstein et al.,
1993) removal of F released during RP solubilizationthe isolation of strains
naturally tolerant to Hrom environmental samples; and mutagenesis of PSM for the
production of mutants tolerant to. F

Mutagenesis can be done by different strategies, such as the genetic
engineering for the introduction of new information into the genome or deletion of
chromosomal regions, induction of random mutations with physical and chemical
mutagens, and manipulation of the sexual and parasexual cycles (Nevalainen 2001).
The ultraviolet light (UV) is largely used for the improvement of fungi (Hao et al.,
2006, Lotfy et al., 2007, Maresma et al., 2010). The irradiation of the DNA with UV
light induces the formation of lesions @NA. The most common damage are the
formation of cyclobutane pyrimidine dimers and the pyrimidine (6-4) pyrimidone
photoproducts (Pfeifer et al., 2005). Mutants of PSM with high P solubilization
ability were obained usingUV light (Reyes et al., 1999b, Achal et al., 2007). For
example, a mutant foPenicillium rugulosumshowing higher solubilization of
hydroxyapatite and FeR@han wild type (WT) was obtained by Reyes et al (1999b)
This mutant also demonstrated high ability to solubilization of diffelRést (Reyes
et al.,, 1999aReyes et al., 2001 Aspergillus tubingensimutants obtained by W
also showed increases in P solubilization (Achal et al., 2007). The usd/-of
induced mutagenesis can allow obtaining mutant strains effective at solubilizing RPs
rich in F.

Thus, the objective of this work was to selactiger mutants with altere@
solubilization capacity, in the presence of &1d to characterize their phosphate
solubilizing mechanisms and potential to solubilize different P sources.
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MATERIALS AND METHODS

Microorganism and cultivation conditions

The isolate Aspergillus nigerFS1 was obtained from the Collection of
Phosphate Solubilizing Fungi, Microbiology Department, Institute of Biotechnology
Applied to Agriculture (BIOAGRO), Federal University of Vigosa, Vigcosa, MG,
Brazil. Batch fermentations were performed in 125-mL flasks with 50 mL of the
National Botanical Research Institute’s phosphate growth medium (NBRIP)
(Nautiyal 1999) (5 g G#PQOy),, 10 g glucose, 5 g MgebH,O, 0.25 ¢
MgSOy.7H,0, 0.2 g KCI, 0.1 g (NB2SQy, 1 L deionized water). pH was adjusted to
7 and the P source was modified as stated befowigerinoculum was added to
flasks at the concentration of ®i€bnidia froma suspension prepared in 0.1% (v/v)
Tween 80. The flasks were incubated for 60 hours at 32 °C and 160 rpm on an orbital
shaker (Mendes et al., 2013&)ninoculated flasks were used as controls for the

experiment.

Mutagenesis ofA. niger

The mutants oA. niger were obtained by exposing the conidial suspension to
ultraviolet light (UV). Ten milliliters of a suspension of°1€onidia per milliliter,
prepared in 0.1 % (v/v) Tween 80, were irradiated during 16 minutes using &/13.8-
UV lamp (Mineralight) aiming at, approximately, 1% survival. After UV
irradiation the conidia were spread onto potato dextrose agar (PDA) and incubated at
28 °C for 48 hours.
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Screening of mutants for P solubilization in the presence of fluoride

The A. niger colonies obtained on PDA were then screened on solid NBRIP
medium supplemented with sodium fluoride (NBRIP-F) (50 mi§ ). This
concentration corresponds to the maximarount that would be released when 3 g
L™ of Arax& RP is added to the medium (Mendes et al., 2013a). The Petri plates were
incubated at 28 °C for four days.

The colonies having clear solubilization halos were transferred in triplicate to
Petri dishes with NBRIP-F medium and incubated for six days at 28 °C. The
diameters of the P solubilization halos of the mutants and of the wild type (WT) were
measured and compared by Scott Knott tast5% probability. Monosporic
purification, successive cultivation on PDA and on NBRIP-F media was performed
to ensure mitotic stability (Reyes et al., 1999b) ofAhaiger mutants.

The P-solubilization ability was confirmed through quantification of
solubilized P (Mendes et al., 2013in) liquid medium. Batch fermentations were
done in liquid NBRIP-F medium and NBRIP medium supplemented with 3 of L
Araxa RP (NBRIPRP) (Tablel). Inoculum preparation and cultivation conditions

were performed as described above.

Characterization of A. niger mutants

Mutants showing higher or lower P-solubilizing ability than the wild type
were selected for further studies. The mutants were cultivated in NBRIP medium
supplemented with #1PO, as the only P source, with and withoutt® allow the
evaluation of the mutagenesis effects on organic acid release and fungal growth. The
experiments were conducted in triplicate following a completely randomized design.

The influence of mutagenesis on P solubilization in the presencewsdsF
also investigated. The selected mutants were grown in NBRIPNBRIP-F and
NBRIP. The experiments were done in triplicate in a completely randomized .design
At the end of incubation solubilized P, dry biomass, pH, titratable acidity, and

concentration of organic acids were analyzed (See analytical methods below).
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Effect of fluoride on RP solubilization byA. niger mutants

The mutants and the wild type strain were grown on NBRIP-RP medium
supplemented with increasing concentrations pfahging from 0 to 50 mgtin
intervals of 5 mg L*. At the end of the experiment, solubilized P, fungal biomass,

Y pis (P/biomass yield = Solubilized P (mg)/dry biomass (g), in 50 mL of medium)
and pH were quantified. Treatments were arranged in a completely randomized
design with three replications at the central point. The results were submitted to

regression analyses.

P-solubilizing performance ofA. niger mutants with different P sources

The mutants with the highest P-solubilizing activity were also tested as to
their ability to solubilize other P sources besides Araxa RP. Pure P sources, namely
AIPO, and FePQ were added to NBRIP medium at an equivalent concentration of 1
g L'! of P. The RPs evaluated were Cataldo, Patos de Minas, Itafés, and Crandallite
ore (aluminum phosphate). Due to the high variability in the P content, all the P-
bearing rocks were added at 3 ¢.LThe experiments were conducted in a

completely randomized design with three replications.

Analytical methods

After incubation, the supernatants were centrifuged at 530020 minutes
and filtered through quantitative filter paper with 8-um pores (J. Prolab 42)
Solubilized P, pH, titratable acidity, and organic acids were determined as described
below.

Solubilized P concentration was quantified by the ascorbic acid method
(Braga & Defelipo 1974). Titratable acidity was measured by titrating 5 mL of the
culture filtrate to pH 7 with 0.1 M NaOH using bromothymol blue as a pH indicator.
The fungal biomass retained on the filter paper was collected, dried at 70°C to a

constant weight, and incinerated at 500°C for 8 h. This method avoids the
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overestimation by the adherence of phosphate particles on the mycelium (Reyes et
al., 1999b). Biomass yield was determined by subtracting the weight of the residue
left after incineration from the weight of dried fungal mycelium.

Based on previous results for the isolateniger FS1, organic acids analysis
was focused on citric, gluconic, and oxalic acids (Mendes et al., 2013b). The citric
and gluconic acids were determined by ultra-performance liquid chromatography-
tandem mass spectrometry (UPLC/MS/MS) using a UPLC Agilent 1290 Series
coupled to a 6400 Triple Quadrupole mass spectrometer. Chromatographic
separations were carried out using an Agilent ZORBAX Eclipse Plus C18 column
(1.8 pm, 2.1 mm x 50 mm). The column temperature was controlled at 35 °C. An
isocratic flow of 97 % water and 3% acetonitrile at a flow rate of 0.45 mL/min was
used. The sample injection volume was 10 or 20 pL according to the acid
concentration in each sample. Eluate from UPLC was introduced into MS with APCI
as ion source in negative mode. The acids were identified in an analysis time of 1.5
min using unigue multiple reaction monitoring (MRM). The transitions 191.18 to
110.90 and 195.15 to 128.93 were monitored to citric and gluconic acids,
respectively, according to standards (Sigma Chemical Co. St. Louis, MO). For oxalic
acid analyses, the culture supernatants were acidified with HCI to pH 0.5 before
filtration (Mendes et al., 2013b). The compound was determined using an Ultimate
Dionex 3000 High Performance Liquid Chromatogram (HPLC) equipped with RI
(Index of refraction) detector and Rezex ROA-Oiigaxcid H+ (8%) column (8 um,

300 mm x 7.8 mm). The mobile phase corresponded to 5 mM sulfuric acid with a
flow rate of 0.7 mL/min, sample injection volume, 2D, and analysis time, 15 min.
Oxalic acid was quantified by reference to the peak areas obtained with appropriate

standards (Merck, Germany).

Statistical analyses

The data obtained were subjected to variance analysis. Comparisons between
the means for each mutant and that of the wild type were done using the Dunnet test
(P < 0.05). Multiple mearomparisons were performed using the Tukey’s test (P <
0.05).
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RESULTS

Mutagenesis ofA. niger

After exposure to UV light, 29 mutants showing higher and lower
solubilization halos than th&T in NBRIP-F medium were obtained. These mutants
were quantitatively evaluated in liquid medium for solubilization of ArBaand
Ca(PQy), supplemented with 'K Table 1). Based on these data, three mutants were
selected for further studies according to the following criteria: FS1-555 showed the
highest increase in P solubilization frabag(POy), with F (67 %); FS1-331 showed
the highest increase in P solubilization from Araxa RP %y and FS1-375
decreased solubilized P for both sources. The mutants FS1-55 and FS1-42 also
showed reduced ability to solubilize P, but were not chosen for further analyses

because they also showed substantial growth reduction.

Characterization of A. niger mutants

Mutagenesis and Rltered the organic acid profile of the strains (Fig. 1a, b).

In the NBRIP-KkHPQO, medium, only the mutants FS1-331 and FS1-555 produced
oxalic acid (Fig. 1a). The citric and gluconic acids were produced Byrains under
these conditios. The production of citric and oxalic acids was inhibited in the
NBRIP- K;HPO,-F medium (Fig. 1b). All mutants showed higher growth in the
NBRIP- K;HPO,-F medium compared to the WT (Fig. 1c), but W& grew better
than the mutants in the NBRIPAHPO,; medium.

FS1-331 showed the highest value of solubediZ? from Arax4d RP
solubilizing 70% more than the WT (Table 3). The FS1-555 also increased the
solubilization of the Araxa RP by 15% compared to the WT (Table 3). The
production of acids differed among the mutants. The titratable acidity was higher in
the treatments inoculated with the mutants FS1-331 and FS1-555 (Table 3). These
two mutants were the only ones that produced oxalic acid in the presence of Araxa
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RP (Table 4)The mutant FS1-331 increased the production of oxalic acid by 25% in
comparison to FS1-553l the mutants produced less citric acid than the WT, avhil
the production of gluconic acid was similar for all strains (Table 4).

In the medium with C4PQOy), + F, the mutant FS1-555 was the most
effective at P solubilization (Table 3), showing the highest content of soluble P in the
medium. Moreover, in the media inoculated with this mutant, the lowest pH value
was observed. Oxalic acid was not detected under these cultivation conditions. The
production of gluconic and citric acids was recorded in the medium cultivated with
FS1-555 and FS1-331, respectively (Table 4).

In the medium supplemented only witlia(POQy),, no difference was
observed between the values of solubilized P by the mutants FS1-331 and FS1-555
and the WT (Table 3). Under these cultivation conditions, only the WT produced
oxalic acid (Table B A significant decrease in P-solubilization was observed for the
FS1-375 in the three media evaluated (Table 3). This result was accompanied by
higher pH values (Table 3) and a lower production of organic acids (Fig.2). The

biomass of FS1-375 was also lower than that of WT in all sources tested.

Effect of fluoride on RP solubilization by A. niger mutants

The selected positive mutants for Araxa RP solubilization (FS1-331 and FS1-
555) were grown in media containing increasingcéncentrationso simulate the
complete release of From Araxa RP and its effect on P solubilization by the
mutants compared to the WT. FS1-331 showed high capacity of P solubilization at
low F doses, solubilizing up to 90% more P than the WT (Fig. 3a). FS1-555 was the
most efficient P solubilizer at higher &oses. In general, biomass production of the
mutants was lower than that of the WT (Fig. 3b). The biomass production of FS1-
331 was less affected by increasingdbse (Fig. 3b) ands Yp;s was reduced at
higher FdoseqFig. 3c).

Higher pH values were observed in response to increasinigdes in the
growth medium inoculated with FS1-331. For FS1-555, thg Was not affected,
but the Yogwas higher than that of the WT for all doses evaluated (data not shown
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P-solubilizing performance ofA. niger mutants with different P sources

FS1-555 presented the highest values of solubilized P ggdoy the pure P
sources, namely AlPfand FeP®(Fig. 4). When compared to the WT, this mutant
increased the concentration of solubilized P from AlB@d FeP@by 65 and 270%
respectively. In media with the RPs sources, FS1-331 showed the highest P-
solubilizing ability, increasing the solubilization of Cataldo RP by 55% and that of
Patos de Minas RP by 180% in comparison to the WT. This mutant also showed the
highest values of g However, none of the mutants was more efficient tham\fiie
in the solubilization of Itafés RP. Additionally, no P was solubilized from the

Crandallite ore by any of the strains.

DISCUSSION

Mutagenesis using UV light allowed selecting strains with increased P-
solubilizing ability in the presence of.H'he most prominent phenotypic difference
between the mutants and the WT was the profile of organic acids produced (Fig. 1,
2). Organic acids are effective agents in mobilizing P from RPs or soil particles due
to their capacity to form chelates with the cations linked to P in poorly soluble forms
(Bolan et al., 1994, Kpomblekou-A & Tabatabai 1994). However, the type of organic
acids produced in a microbial solubilization system is of great importance, given that
the effectiveness of an organic acid as a chelating agent is highly dependent on the
chemical structure, type and position of the carboxyl and hydroxyl groups in the
molecule (Kpomblekou-A & Tabatabai 1994, Jones 1998). The mutants FS1-331 and
FS1-555 were the only ones that produced detectable quantities of oxalic acid in the
medium with Araxa RP (Table 4). The capacity of production of this acid under such
conditions is probably the characteristic that explains the superiority of these mutants
over the WT aRP solubilization. The production of gluconic and citric acids by the
mutants was not higher than that of the WT. Oxalic acid neaarted as the most
effective organic acid in releasing P from RP (Kpomblekou-A & Tabatabai 1994).
The chemical structure of oxalic acidfzO,) is formed by the linkage of two
carboxyl groups. The proximity of the carboxyl groups increasets chelation

ability (Razzaghe-Karim & Robert 1975). Additionally, oxalats a high tendency
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to precipitate withCa*, favoring the solubilization of apatite RR®nes 1998)The
significance of the oxalic acid for Araxa RP solubilizatisralso evidenced by the

fact that the FS1-331, the best P solubilizer among the strains (Table 2), showed the
highest secretion of this acid (Table 4). Kpomblekou-A & Tabatabai (1994)
demonstrated that a small increase in oxalic acid concentration can significantly
enhance RP solubilization.

The mutants FS1-331 and FS1-555 also produced oxalic acid in the medium
with a soluble P source while the WT did not (Fig. 1a). This characteristic is very
interesting for microbial solubilization systems based on batch culture, since the
concentration of soluble P increases along the time in this cultivation system.
Conversely, the synthesis of citric and oxalic acids in all treatments with soluble P
supplemented with ‘Fwas inhibited (Fig. 1b). Fluoridéenhibits the glycolytic
pathway and the Krebs cycle through binding to the active center of the enzymes of
these pathwayBarbier et al., 2010). The enolasanhibited by F (Agrawal et al.,

1983) and, thus, in the medium with &decrease in the pyruvate pool, an important
precursor for the synthesis of citric and oxalic acids (Magnuson & Lasure,2004)
may have inhibited the production of these acids. The additiontoftReCaz(POy)2
medium had less effect on citric acid production (Table 4). This result suggests that
the P content in the medium affects organic acid production by the fungus since the
low P concentrations initially recorded from the poor soluble P source favored citric
acid production. P-limiting condition is a crucial factmr increase citric acid
production (Papagianni 2007, Vassilev et al., 2013a).

Gluconic acid was produced under all experimental conditions and presented
little variation among the strains (Fig. 1, 2). In general, the presencewasFnot
inhibitory for gluconic acid production, as previously observed by (Mendes et al.,
2013a). Gluconic acid has been found in various solubilization systems and
contributes mainly with protons for the solubilization reaction (Lin et al., 2006,
Schneider et al., 2010) (Mendes et al., 2013a). It seems that the increased production
of gluconic acid in the medium witGa;(POy). supplemented with"KTable 4) was
the reason for the losv pH and, consequently, the higher levels of solubilized P
(Table 2) observed for FS1-555.

As expected, mutagenesis changed the response of the fungusAb F
mutants grew more than the WT in the medium with soluble P supplemented with F
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(Fig. 1c). This data suggests that mutagenesis allowed the isolation of mutants more
tolerant to Fsince the decrease in fungal growth is one of the effects (@fgrawal

et al., 1983, Mendes et al., 2013ah&s antimicrobial action and can alter numerous
cellular processes, such as respiration, metabolism, ion transport, secretion,
endocytosis, cell cycle, and gene expression (Marquis et al., Ba@Bier et al.,
2010). The production of citric acid during process of P solubilization was almost
completely inhibited by F(Mendes et al.,, 2013aJ.he negative mutant M375-
showed expressive reduction of P solubilization in all sources evaluated (Table 3)
This result can be due to decreased organic acid production, mainly, citrate and
oxalate (Fig. 1, 2), suggesting that the metabolism of this mutant was the most
sensibleto £

The mutants FS1-331 and FS1-555 were more effective than theatWT
solubilizing Araxa RP even at increal~ doses (Fig. 3a). However, P solubilization
by FS1-331 decreased sharply with increasindgdses. At higher doses, this mutant
solubilized less than FS1-555, indicating that the lastenore tolerant to F This
can be also observed in the medium v@dg(PQy), supplemented with"Fwhere the
FS1-555 solubilized more P than the FS1-331 and the WT (Table 2). In the case of
the FS1-555 and the WT, the decreases in P solubilization can be associated to the
toxic effects of Fon fungal growth (Fig. 3b). However, above 10 mdf F, there
was no further decrease in biomass production by FS1-331, whilepth®f\this
mutant decreased with increasing doses (Fig. 3¢ These data show that the
biomass became less efficient at P solubilization as a result of changes brought about
by F in metabolic processes involved in P solubilization, as observed for the pH,
which was higher at higher Boses (Fig. 3c).

When the mutants were tested in different P sources, the following pattern
was observed: FS1-331 was more effective at solubilizing the RPs (Cataldo RP,
Patos de Minas RP, and Itafés RP), while FS1-555 stood out in the media with pure
synthetic sources (AIPOand FeP@) (Fig. 4). FS1-555 possesses important
characteristics for P solubilization, such as high production of citric and oxalic acids.
However, this mutant seems to be more sensitive to other elements released from RP.
Finally, none of the fungal strains was able to solubilize crandallite (Fig. 5), possibly,

because oits highly stable mineralogical structure (Toledo 1999).
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In this work, A. niger mutants with improved P-solubilizing activity and
higher tolerance to Fwere obtained using UV light-induced mutagenesis. An
improved capacity of oxalic acid production was the characteristic presented by the
mutants that possibly conferred the higher RP solubilization ability. Given the
effectiveness of oxalic acid to solubilize apatite RPs and that most RPs are fich in F
the mutants obtained, especially M331-H, represent a significant improvement and
possess a high potential for application in solubilization system with fluoride-rich

phosphate sources.

CONCLUSION

UV light-induced mutagenesis allowed selecting strainsA.ohiger with
increased P-solubilizing capacity in the presence off ke importance of organic
acids for P solubilization systems, particuladf/oxalic acid for the solubilization of
Araxad RP, was clearly demonstrated. The results showed tha& siméubilizing
ability of the mutantds dependent on th® sources used. The mutant FS1-331
showed high ability to solubilize all RPEhe mutant FS1-555 was more efficiext

P solubilization at high Feoncentrations and from synthetic P sources.
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Table XChemical composition of rock phosphates (RP).

RP P,0s AlLO;  CaO F Par?::ﬁ)s'ze
%
Araxa 32 0.56 42 1.6 <75
Cataldo 37 0.3 48 2.2 <75
ltafos 9 10 13 0.9 <600
Patos de Minas 31 3 41 2.6 <75
Crandallite 12 23 3 0.1 <300
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Table 2: Percentage increase or decrease in solubilized P in media inoculated with
Apergillus nigerFS1mutants compared to the wild type and incubated
for 60 h at 32 © C and 160 rpm. The experiments were carried out in
liquid NBRIP medium supplemented with INBRIP-F) and NBRIP
supplemented with 3 gtof Araxa rock phosphate (NBRIRP.

STRAINS NBRIP-F NBRIPRP
FS1-555 67 42
FS1-408 62 50
FS1-270 48 55
FS1-326 45 -41
FS1-307 36 14
FS1-512 29 25
FS1-506 23 -15
FS1-261 21 8
FS1-440 19 51
FS1-442 16 22
FS1-347 13 -30
FS1-331 12 64
FS1-250 9 30
FS1-98 7 -13
FS1-8 6 17
FS1-22 6 -23
FS1-262 5 16
FS1-406 4 10
FS1-164 -2 -12
FS1-537 -4 61
FS1-48 -11 22
FS1-166 -15 -10
FS1-28 -15 -5
FS1-41 -15 -8
FS1-110 -25 -6
FS1-123 -33 -10
FS1-375 -48 -52
FS1-55 -56 -72
FS1-42 -71 -43

The percentage increase or decrease on solubilized P
of the mutants was calculated based on the content of
solubilized P, 346 mg [} and 61 mg [}, by the WT

in the media NBRIP-F and NBRIRP, respectively.

(P (%): mMUT- mWT/mWT x 100, m: means; MUT:
mutant; WT: Wild type).
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Figure 1: (A) Gluconic, citric and oxalic acid produced by

Aspegillus nigef=S1 mutants and the wild type grown o
NBRIP medium with KHPO, as a P source (B) and
supplemented with fluoride (0 to 50 m@).(C) Fungal dry
biomass. The experiment was incubated for 60 h at 32 ° C
and 160 rpm. * Manis statistically different from that of the
WT by the Dunnett tesP(< 0.05).
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Table 3: Solubilized P (mg L), dry biomass (mg flask, pH and titratable acidity
(mmol H' L™") in NBRIP medium supplemented with Arax& rock phosphate,
Ca(PQy), + fluoride (50 mg [Y), or Cay(PQy), after the cultivation oAspergillus
niger FS1 mutants and the wild type for 60 hours at 32 °C and 160 rpm.

Strains Solubilized P Dry biomass pH Titratable acidity
RP Araxa
WT? 60.70 41.63 2.91 25
FS1-37% 33.32* 34.17* 3.27* 0.8
FS1-331 102.75 26.43 * 2.79 6.4*
FS1-555 69.66 * 28.73* 277 6.0+
Cag(PO,), with Fluoride
WT 382.81 35.87 3.49 13.0
FS1-375 199.58 * 16.07 * 3.46 4.7
FS1-331 372.25 20.73* 3.20* 125
FS1-555 558.90 * 29 * 3.07* 17.1
Caz(PO,)2
WT 766.31 51.17 2.86 25.2
FS1-375 458.68 * 23.43 * 3.45* 13.9
FS1-331 694.54 32.63* 3.08 16.7
FS1-555 744.82 52.63 3.47* 14.8

* Mean is statistically different from that of the wild type by the Dunnett st (
0.05).

& Wild type: Aspergillus nigefFS1.

® Mutant with a significant reduction phosphate solubilization potential.
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Table 4: Organic acids produced Aspergillus nigef=S1 mutants and the
wild type in NBRIP medium supplemented with (A) Araxa RP, (B)
Ca(PQy), + fluoride (50 mg ), or (C) Ca(PQy), after 60 h of
incubation at 32 ° C for and 160 rpm. * Mean is statistically different
from th at of the wild type by the Dunnett teB&(0.05).

Strains Gluconic acid Citric acid Oxalic acid
RP Araxa
WT 286.7 163.5 nd
FS1-375 190 99.8* nd
FS1-331 225.1 126* 27*
FS1-555 240.4 135* 22%
Cag(PO,), with Fluoride
WT 1854.8 454.5 nd
FS1-375 1280.6* 103* nd
FS1-331 1012.6* 711* nd
FS1-555 2482.4* 249.6* nd
Caz(POgs)2
WT 4676.1 1114.2 nd
FS1-375 5929.7 197.3* nd
FS1-331 76565.1* 629.3* nd
FS1-555 6381.7* 618.4* nd

Nd: Not detected.
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Figure 3. (A) Solubilized P andR) dry biomass produced by the
Aspergillus niger FS1 mutantsS1-331 and FS1-555, and the
wild type, and (C) solubilization efficiency per gram of
biomass(Ypi), and medium pH by mutant FS1-331, as a
function of the fluoride dose in NBRIP medium, after 60 h of
incubation at 32 °© C and 160 rpm. All regression coefficients
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