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RESUMO

As bactérias fixadoras de nitrogénio (BFN) noduliferas, em simbiose com
leguminosas formam estruturas denominadas nddulos que aumentam e eficiéncia
da fixacdo de N. Os fungos micorrizicos arbusculares (FMAS) sdo conhecidos
por sua eficiéncia em disponibilizar P para as plantas. A simbiose tripla entre
leguminosas, FMAs, e BFN é denominada de tripartite. Na relacdo tripartite a
formacdo do nddulo protege a BFN, os FMAs fornecem P para o sistema, e as
leguminosas fornecem fotoassimilados para ambos simbiontes. Tendo em vista
os beneficios nutricionais dessas relaces a tese tem como objetivo avaliar o
estado nutricional dos microrganismos da associacdo tripartite e identificar os
possiveis mecanismos de FMAs na absorcdo e compartimentalizagdo de Se em
seus esporos como possivel estratégia de protecdo as plantas. No primeiro estudo
feijdo-de-lima (Phaseolus lunatus L. Walp) foi cultivado em vasos, aos quais
foram adicionados isolados de FMAs (Glomus macrocarpum e Acaulospora
colombiana) e de BFN (Bradyrhizobium japonicum), e plantas controle. A
quantificagdo dos elementos minerais nos componentes simbiose tripartida foi
realizada utilizando-se espectroscopia de energia dispersiva de raio-X (EDS), e
para identificar estruturas utilizou-se a microscopia eletronica de varredura
(MEV). O segundo estudo foi conduzido com capim braquiaria (Urochloa
decumbens) cultivados por 30 dias em vaso, utilizando os isolados fungicos
(Acaulospora morrowiae, Dentiscutata heterogama e Rhizophagus clarus),
plantas controle ndo inoculadas, e cinco doses de selenato de sodio (0, 2, 4,6 e 8
mg kg™ Se). Um experimento paralelo foi conduzido em meio &gar utilizando
placas de Petri com as mesmas doses de Se do experimento em vaso, 0 que
permitiu que sete esporos de Dentiscutata heterogama crescessem por 15 dias a
37 °C. Foram avaliados a coloniza¢do micorrizica e 0 acimulo de Se na parte
aérea da planta, além da quantificagdo e visualizagdo de Se nas estruturas de
FMAs através de microanalises de fluorescéncia de raio-X sincrotron (S-XRF).
A anélise de EDX detectou 13 elementos, mostrando os de ocorréncia em todos
os tecidos, nas raizes, na epiderme e nos nodulos de feijdo. A distribui¢cdo dos
elementos no feijdo foi relacionada a sua fungdo na simbiose. Os fungos
alcancaram altas taxas de colonizacdo nas plantas de braquiaria. O acumulo de
Se na parte aérea indicou um possivel efeito protetor proporcionado por R.
clarus em U. decumbens ao evitar acimulo de Se. A analise por S-XRF
identificaram Se uma vesicula de R. clarus, dentro de um fragmento de raiz,
além de Se em esporos de D. heterogama cultivados em placa de Petri. Diante
dos trabalhos executados as técnicas de MEV-EDS e S-XRF foram eficientes
para a caracterizacdo de simbiontes do solo, permitindo uma contribuicdo
cientifica de aplicabilidade desses microrganismos.

Palavras-chave: XRF. Fixacgdo biologica. Micorrizas arbusculares.



ABSTRACT

Nitrogen-fixing bacteria (NFB) in symbiosis with legumes form structures called
nodules that increase the N fixation efficiency. Arbuscular mycorrhizal fungi
(AMF) are known by their efficiency in obtain P available to plants. The triple
symbiosis between legumes, FMAs, and NFB is denominated tripartite. In the
tripartite symbiosys the nodule formation protects the NFB, the AMF provide P
to the system, and the legumes provide photoassimilates for both symbionts. In
view of the nutritional benefits of these relationships the thesis aims are to
evaluate the nutritional status of the tripartite association microorganisms and to
identify the possible AMF mechanisms in the absorption and
compartmentalization of Se in their spores, as a possible strategy to the plant
protection. In the first study lima-bean (Phaseolus lunatus L. Walp) was
cultivated in pots, to which were added AMF isolates (Glomus macrocarpum
and Acaulospora colombiana) and NFB (Bradyrhizobium japonicum), also
control plants were added. The quantification of the mineral elements in the
tripartite symbiosis components was performed using X-ray dispersive energy
spectroscopy (EDX), and scanning electron microscopy (SEM) was used to
identify structures. The second study was conducted with Brachiaria decumbens
(Urochloa decumbens) cultivated for 30 days in pot, using AMF isolates
(Acaulospora morrowiae, Dentiscutata heterogama and Rhizophagus clarus),
uninoculated control plants, and five doses of sodium selenate (0.2 , 4, 6 and 8
mg kg ™ Se). A parallel experiment was conducted on agar medium using Petri
dishes with the same Se doses from the pot experiment, which allowed seven
spores of Dentiscutata heterogama fungi to grow for 15 days at 37 °C.
Mycorrhizal colonization and the Se in shoot plant accumulation were evaluated,
as well as the quantification and visualization of Se in the AMF structures by
microanalyses of synchrotron X-ray fluorescence (S-XRF). EDX analysis
detected 13 elements, showing the occurrence in all tissues, roots, epidermis and
nodules. The distribution of the elements in the bean was related to its symbiosis
function. The fungi reached high colonization rates in the brachiaria plants. The
Se accumulation in shoot plants indicated a possible protective effect provided
by R. clarus in U. decumbens to avoid Se accumulation. The S-XRF analysis
identified Se in a vesicle of R. clarus within a root fragment, and also, Se
presence in D. heterogama spores germinated in Petri dish. In view of the thesis
studies, the SEM-EDX and S-XRF techniques were efficient for the soil
symbionts characterization allowing a scientific contribution of applicability of
these microorganisms.

Keywords: XRF. Biological fixation. Arbuscular mycorrhizae.
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PRIMEIRA PARTE

1. INTRODUCAO

A simbiose pode ser definida como uma associagdo permanente ou
duradoura entre organismos, a qual é caracterizada pelo contato fisico, troca de
metabolitos e de nutrientes, integracdo morfofisiologica e regulagdo funcional
entre os parceiros. Podem ser caracterizadas como mutualistas, quando os dois
organismos sdo beneficiados, ou ainda parasiticas, quando um dos individuos é
beneficiado e o outro prejudicado.

Os simbiontes do solo sdo de extrema importancia no funcionamento do
planeta, pois participam de processos indispensaveis para o “ecossistema solo”,
tais como: a mineralizagdo da matéria organica do solo (MOS) e de
xenobioticos, o controle bioldgico de pragas e doencas, a ciclagem de nutrientes
e formacédo de himus, além de participarem do equilibrio bioldgico.

Em uma dimensdo rizosférica destacam-se 0s microrganismos que se
nutrem de substancias oriundas da simbiose com plantas. Os simbiotréficos,
assim denominados, receptam a transferéncia de fotoassimilados, especialmente
através das raizes e estabelecem relagcbes mutualistas ou parasiticas, dando
sequencia aos processos microbiol6gicos do solo.

As bactérias fixadoras de nitrogénio (BFN) e os fungos micorrizicos
arbusculares (FMAs) destacam-se entre 0s organismos simbiotréficos, que além
de se associarem individualmente com as plantas, podem, também, formar uma
associagdo tripla, denominada de tripartite.

As BFN sdo notadas, de relevancia por sua eficiéncia em fixar
nitrogénio atmosférico, principalmente em leguminosas, uma vez que a
adubacdo nitrogenada pode ser suprimida em até 80% de N, no caso da soja,

gerando uma economia monetaria e energética consideravel (SENAR, 2015).
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Considerado o segundo processo bioldgico mais importante do planeta, a fixacdo
bioldgica de nitrogénio (FBN) baseia-se na quebra da tripla ligacdo de dois
atomos do nitrogénio atmosférico (N,) através dos microrganismos
diazotroficos, resultando em amonia (NHs), que € assimilavel pelas plantas.

As BFN podem ser caracterizadas como de vida livre, associativas ou
noduliferas, as quais formam os nodulos e podem ser consideradas como
simbiose mutualistas. O tipo mais comum de simbiose ocorre entre as espécies
da familia Leguminosae e as bactérias de solo dos géneros Azorhizobium,
Bradyrhizobium, Photorhizobium, Rizobium e Sinorhizobium (popularmente
denominados de riz6bios).

Os FMAs sdo conhecidos principalmente por sua eficiéncia em
disponibilizar o fésforo para as plantas e por colonizarem até 80% das espécies
vegetais existentes (MOREIRA,; SIQUEIRA, 2006). A ampla existéncia dessa
simbiose proporcionou a descoberta de outros beneficios atribuidos aos FMAs,
tais como: absorcdo de nutrientes, regulacdo da absor¢do de oligoelementos,
maior alcance da agua, dentre outros (BERBARA et al., 2006; MELLONI et al.,
2003; MOREIRA; SIQUEIRA, 2006; SOARES; CARNEIRO, 2010).

As micorrizas sdo as associagdes mutualistas formadas pelos FMASs e as
espécies vegetais. Sua versatilidade de uso é empregada desde programas de
biofortificacdo, reabilitacio de areas degradadas, fitoestabilizacdo e até
fitoremediacdo (NOGUEIRA; SOARES, 2010), sendo que, a Ultima situacao
ainda necessita de maior interpretacdo a respeito dos mecanismos dessa protecdo
as plantas. Um estudo realizado por Bamberg et al. (2015), mostrou que em
doses excessivas de selénio (Se), a presenga de FMASs proporcionou maior
crescimento as plantas de braquidria quando comparada as plantas sem esses
fungos, comprovando a eficiéncia dos mesmos em promover a tolerancia ao Se e
auxilio no desempenho nutricional da planta. Entretanto novas investigacoes a

respeito do mecanismo de protecdo dos FMAS quando em excesso de Se devem
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ser realizadas, levando em conta as hip6teses de compartimentalizacdo ou
exclusdo desse elemento em estruturas fungicas.

A associacdo de plantas leguminosas, FMAs e BFN constitui uma
simbiose tripartite de interesse especial do ponto de vista ambiental e
nutricional, pois, esses microrganismos oferecem caracteristicas benéficas para a
planta hospedeira, tais como maior aporte de N e P, e por consequéncia, para a
manutencao do ecossistema, pois podem minimizar o uso de adubos fosfatados e
nitrogenados. Esses beneficios sdo conferidos ao desenvolvimento de estruturas
especializadas, como nédulos em raizes de plantas, formadas por expansdo de
células do crescimento das BFN noduliferas e por uma rede de hifas fungicas, o
gue aumenta o volume de solo explorado.

Alguns autores relatam que esta simbiose pode evoluir para uma
interacdo mais especifica, desenvolvendo contato direto (face a face) entre os
microrganismos, ou seja, estruturas fungicas que colonizam o tecido nodular. Os
primeiros relatos dessa interagcdo entre microrganismos foram feitos com
microscopia de luz, sendo observados apenas em nddulos senescentes - sem
atividade (BAIRD; CARUSO, 1994; SCHEUBLIN; VAN DER HEIJDEN,
2006).

A quantificagdo e o balango nutricional da simbiose tripartite s6 era
possivel nas plantas hospedeiras dessa associagdo, devido a disponibilidade de
material para analise e aos varios métodos estabelecidos para isso. No entanto,
em estudos com microrganismos, a quantificacdo elementar é limitada por suas
dimensBGes. Com o0s avangos nas técnicas de visualizacdo, particularmente na
microscopia eletrénica de varredura com espectrometria de energia dispersiva de
raio-X (MEV-EDX), possibilitou-se a realizagdo de analises multielementares
ndo destrutiva em materiais biol6gicos pequenos, tais como nodulos, raizes e
esporos de FMA. Dessa forma tornou possivel a averiguacdo do balango

nutricional em uma simbiose tripartite.
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O wuso da luz sincrotron para pesquisas em materiais nano e
micrométricos vem mostrando-se eficiente e confiavel, especialmente para
analisar e caracterizar as estruturas e matérias presentes em microrganismos
(STAEDLER; MASSON; SCHONENBERGER, 2013; SZCZEPANOWSKA,
JHA; MATHIA, 2015). Atraveés da linha de fluorescéncia de raio-X (XRF) faz-
se possivel identificar os elementos quimicos e sua forma estrutural, na presenca
de padrdes de identificacdo, em materiais com 50 a 200 micrometros de
espessura, obtendo-se elevada precisao.

Observadas as singularidades e lacunas nas investigacGes
micromorfoldgicas desses microrganismos do solo, a linha XRF do laboratério
nacional de luz sincrotron (LNLS) mostra-se como uma alternativa de elevado
amparo tecnolégico e confiabilidade para identificar as especificidades da
colonizagdo micorrizica em estruturas especificas, como nddulos, e da
compartimentalizagdo do Se nessas estruturas, quando existir excesso desse
elemento no solo. Dessa maneira, justifica-se 0 emprego dessas técnicas nas
investigaces microbioldgicas em simbiontes do solo.

Reafirmando as potencialidades das técnicas de raios-X para caracterizar
os simbiontes do solo, os objetivos desta tese sdo: avaliar e caracterizar através
de MEV- EDX a distribuicdo de elementos minerais absorvidos durante a
simbiose tripartite em Phaseolus vulgaris, FMAs e BFN; identificar os possiveis
mecanismos do FMAs na absorcédo e redugdo de translocacdo de Se em esporos
como possivel estratégia de protecdo as plantas; verificar se ha
compartimentalizacdo de Se em estruturas de armazenamento de FMAs. Desta

forma podendo elucidar particularidades em cada simbiose.
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2. REFERENCIAL TEORICO

2.1  Simbioses do solo

Relagdo simbiotica é uma associacéo estabelecida entre seres vivos, em
gue os organismos criam uma relacdo permanente ou duradoura caracterizada
pelo contato fisico, troca de metabolitos e nutrientes, integragdo
morfofisioldgica e regulacdo funcional entre os mesmos.

Os organismos em simbiose podem ter relacdo parasitica ou mutualista
dependendo da caracteristica da interagcdo. Caso seja positiva podem ser
mutualista, mas em caso de algum dos individuos serem prejudicados, a relagdo
é parasitica.

As interagdes simbidticas positivas, também denominadas mutualistas,
permitem que organismos de diferentes nichos possam sobreviver em locais
onde nenhum dos dois tipos sobreviveria individualmente, ou, ainda, permitir
gue estes, ao se complementarem, utilizem uma maior abrangéncia de recursos
para sua manutencdo. As interacBes negativas podem ser consideradas como
danosas, ao analisarmos somente o individuo na interagdo, mas, em um espectro
maior, ao exemplo de populacdes e ecossistema, podem ser consideradas
benéficas, devido ao impedimento de explosbes populacionais e contribuirem
para a selecdo natural, gerando novas adaptacbes (MOREIRA; SIQUEIRA,
2006; SIQUEIRA; LAMBAIS; STURMER, 2002).

Devido a ocorréncia e importancia ecoldgica e econébmica de algumas
simbioses, existem duas principais no ecossistema solo, sendo elas os nédulos
fixadores de nitrogénio e as micorrizas. Essas simbioses sdo indispensaveis para
a funcionalidade do ecossistema solo, pois além de beneficiarem
nutricionalmente, as espécies vegetativas contribuem com a manutengdo do
meio em que se encontram através da inser¢do de fotoassimilados no complexo

rizosférico.
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Essas simbioses também sdo conhecidas como relacdo de
simbiotrofismo, isto é, os organismos crescem e se nutrem de substancias
oriundas de organismos vivos. A ocorréncia de cada uma dessas simbioses se da
atraves da interacdo entre plantas da familia leguminosa e as bactérias fixadoras
de nitrogénio (BFN), entre plantas e os FMASs, para as micorrizas, e ainda ha
uma particularidade das micorrizas, que conseguem se associar as plantas
leguminosas, caracterizando uma relacdo de mutualismo entre trés organismos
do solo, as BFN os FMAs e as espécies vegetativas leguminosas, denominada de

tripartite.

2.2 Fixacdo Bioldgica de Nitrogénio

Devido a importancia nutricional do N para as plantas e o elevado custo
de producéo de fertilizantes nitrogenados, a FBN passa a ser fundamental para a
sustentabilidade do planeta. Estima-se que essa aquisicdo bioldgica de N é
responsavel por reduzir 258 milhGes de toneladas de N atmosférico em aménia
por ano, evitando gastos energéticos para a producdo de fertilizantes
nitrogenados e gastos econdmicos para a aquisi¢do desses insumos (EMBRAPA,
2017; FREIBERG et al., 1997; MOREIRA; SIQUEIRA, 2006).

A FBN é o processo pelo qual o N, é assimilado pelas BFN através da
quebra da ligacdo tripla do N atmosférico, e entdo é disponibilizado para plantas
em formas assimilaveis (MOREIRA et al., 2010; SAMPAIO; COSTA, 2011).
Os mecanismos utilizados pelas bactérias para a reducdo do N atmosférico se
deve a quebra da tripla ligagcdo proporcionada pela enzima nitrogenase, que por
sua vez é produzida por esses microrganismos. Essa conversdo é caracterizada
como a principal via de incorporacdo de N & biomassa terrestre.

As BFN sdo também denominadas de organismos diazotréficos e podem
ser caracterizadas de acordo com a relacdo que estabelecem com as plantas,

sendo elas: de vida livre, associativas ou, ainda, simbidticas, nesse caso quando
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as BFN dos géneros Burkholderia, Rhizobium, Sinorhizobium, Mesorhizobium,
Phylorhizobium, Bradyrhizobium e Azorhizobium realizam uma relacdo de
mutualismo com leguminosas (MOREIRA et al., 2010; MOREIRA; SIQUEIRA,
2006; SANTOS; REIS, 2008).

Apesar de presente em um grande nimero de espécies, a capacidade de
FBN ndo é comum a todas as leguminosas, variando entre sub-familias, géneros
e até mesmo entre espécies dentro de um mesmo género (SAMPAIO; COSTA,
2011).

2.2.1 Nitrogenase

A nitrogenase € um complexo enzimatico responsavel pela fixacéo
biolégica de nitrogénio em nddulos radiculares das leguminosas. Séo
encontrados na estrutura interna desses nédulos, os denominados bacteroides, os
quais sintetizam as proteinas desse complexo enzimatico, bem como reduzem,
no interior de seu citoplasma, o nitrogénio molecular para NH; (Equacéo 1), que
entdo é rapidamente convertida a amidas e/ou ureideos, para nutrirem a planta
hospedeira (MOREIRA et al., 2010; RODAK et al., 2017; SANTOS; REIS,
2008).

N, + 8H" + 16 ATP + 8¢’ Nitrogenase 2NH;+ H, + 16 ADP + 16 Pi (D)
—

O complexo enzimético é constituido de proteinas distintas: a ferro
proteina ou dinitrogenase, constituida pelo atomo de Fe; a Molibdenio-ferro
proteina ou dinitrogenase redutase, formada por &tomos de Mo e Fe; a Vanadio-
ferro proteina, que ocorre quando o vanadio substitui o molibdénio, encontrados
nas bactérias Clostridium, Rhodobacter, Anabaena, Rhodospirillum,
Heliobacterium e Azospirillum; e ainda ha um quarto tipo de nitrogenase,
encontrada na bactéria Streptomyces thermoautotrophicus, cuja propriedade

mais notével é a dependéncia de oxigénio e do radical superoxido, diferindo das
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demais proteinas, que sdo extremamente sensiveis & presenca de oxigénio
(BUREN; RUBIO, 2018; MOREIRA; SIQUEIRA, 2006; WANG et al., 2016).

Por apresentarem na maioria das espécies de diazotréficos, a Fe-proteina
e a FeMo-proteina sdo consideradas unidades bésicas da nitrogenase. A Fe-
proteina € a doadora de elétrons para a MoFe-proteina, que por sua vez reduz o
substrato, em processo bastante energético (MAYER et al., 1999; VRUBEL,
2007). Além do nitrogénio molecular, outros substratos também podem ser
catalizados pela nitrogenase, tais como: acetileno, cianeto, 6xido nitroso e
isocianeto de metilo.

Devido a sua falta de toxicidade e facil disponibilidade, o acetileno
(C,H,) é frequentemente utilizado para mensurar a atividade da nitrogenase. No
procedimento de ensaio, 0s nddulos radiculares das leguminosas sdo expostos a
25% de acetileno na mistura de ar e incubados a 25 - 30°C. O etileno (C,H,)
produzido pela redugdo do acetileno € medido por cromatografia gasosa.
Embora a reducédo de acetileno seja um método sensivel para avaliar a atividade
da nitrogenase, a informagédo de redugdo ndo pode ser traduzida em N fixado
devido a frequentes desacordos tedricos na estequiometria dos dois processos de
reducdo, entretanto permite uma estimativa da capacidade de fixacdo bioldgica
de N..

2.2.2 Caracterizacdo morfoldgica

As BFN noduliferas (BFNNL) sdo aquelas com a presenca do gene nod
e possuem a capacidade de colonizar endofiticamente as raizes de leguminosas,
formando estruturas altamente especializadas conhecidas como ndodulos
(BROUGHTON et al., 2006; MOREIRA; SIQUEIRA, 2006). Nodulos sdo
6rgdos novos, que consistem de células infectadas das plantas com
microrganismos diazotroficos, que por sua vez promovem a fixacéo bioldgica do
nitrogénio (SANTOS; REIS, 2008).
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A formacdo dessa estrutura € iniciada pela etapa de exsudacdo e
quimiotaxia radicular, ou seja, hd emissdo de compostos flavonoides das raizes
das plantas, os quais percorrem 0s poros do solo e ativam a regulacdo da
expressao génica dos genes NodD das BFNNL, que por sua vez direcionam a
sintese de lipo-quito-oligossacarideo do fator Nod e entdo as secretam,
permitindo o reconhecimento pelas células da raiz da leguminosa e
consequentemente proporcionam a adesdo do rizébio ao pélo radicular, bem
como a deformacdo e encurvamento do mesmo para a penetragdo das bactérias e
formagdo de um canal de infeccdo (BROUGHTON et al., 2006; FREIBERG et
al., 1997; PERRET; STAEHELIN; BROUGHTON, 2000). O cord&o de infeccdo
consiste de uma extensdo tubular interna contendo bactérias, que avangcam em
direcdo a base do pelo que infectaram. Ao adentrarem a base ha fusdo da
membrana plasmatica com vesiculas derivadas do Complexo de Golgi, chamado
de sitio de infeccéo.

Em seguida, através das camadas do parénquina do cortex da raiz,
continuando frequentemente o seu desenvolvimento até atingirem as células
exteriores a endoderme. A partir de entdo ocorre a divisdo celular, hiperplasia, e
a ramificacdo do corddo de infeccdo nas células adjacentes, que através da
multiplicacdo bacteriana ocasiona o enchimento da cavidade celular dos tecidos
atingidos. Dessa forma o parénquima cortical e a epiderme sdo forcados para
fora, formando na raiz uma entumescéncia lateral denominada nodulo
(CARVALHO, 1946; COSTA, 2011; FREIBERG et al., 1997).

2.3 Micorrizas

As micorrizas sdo relagcBes simbidticas, ndo patogénicas e benéficas
entre certos fungos de solo e plantas superiores (MIRANDA; MIRANDA,
1997). Essas associa¢Oes sdo caracterizadas como o tipo de mutualismo mais
comum na natureza (SIQUEIRA; LAMBAIS; STURMER, 2002), possuindo
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dessa forma uma grande variedade de espécies de fungos e condi¢Bes para 0
estabelecimento da simbiose (MOREIRA; SIQUEIRA, 2006).

A classificacdo dessa associacdo é baseada na morfologia e anatomia e
podem ser divididas em seis tipos anatdmico-funcionais: ectomicorriza,
ectendomicorriza, micorrizas orquidoides, micorrizas arbutdides, micorrizas
ericéides e micorrizas arbusculares, sendo esta Ultima de maior ocorréncia no
planeta (MIRANDA; MIRANDA, 1997; MOREIRA; SIQUEIRA, 2006).

Os FMAs sdo pertencentes ao filo Glomeromycota, o qual é dividido em
trés classes (Archaeosporomycetes, Glomeromycetes e Paraglomeromycetes),
cinco ordens (Glomerales, Diversisporales, Gigasporales, Archaeosporales, e
Paraglomerales), quinze familias, 38 géneros e atualmente, compfem uma
diversidade fagica com, aproximadamente, 270 espécies descritas (CASTILLO
etal., 2016).

A ocorréncia dos FMAs é ampla, podendo ser encontrada em todas as
latitudes e em quase todos 0s ecossistemas terrestres, além disso, mais de 80%
das espécies vegetais existentes estdo aptas a realizarem essa simbiose, sendo
considerada como regra no ecossistema solo (SIQUEIRA; FRANCO, 1988).

O funcionamento dessa relacdo ocorre através do fornecimento de
fotoassimilados da planta, oriundos da fotossintese para os fungos, que em
contrapartida absorvem nutrientes minerais e dgua do solo translocando-os para
a planta (BERBARA; SOUZA; FONSECA, 2006).

O desenvolvimento dessa simbiose comeca a partir da emissdo
exsudatos pelas plantas hospedeiras, que por sua vez estimulam o crescimento e
ramificagbes micelial dos FMAs. Ocorre, entdo, a formacdo de hifas na
superficie da raiz, através de trocas de sinais bioquimicos e reconhecimento de
sinais topograficos pelos FMAS, que por sua vez diferenciam-se em apressorios,
ao qual déa inicio a colonizacdo de todo o tecido cortical. Ao penetrar a parede

celular, a hifa se torna extremamente fina, reduzindo seu didmetro a menos de 1
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um, para entdo ramificar-se e formar uma matriz de troca com a plasmalema da
célula vegetal sem, entretanto, ultrapassé-la. (KIRIACHEK et al., 2009;
MOREIRA; SIQUEIRA, 2006; SIQUEIRA; FRANCO, 1988).

A penetracdo e o crescimento das hifas micorrizicas no cortex radicular
sdo considerados pré-requisitos para o desenvolvimento de arbdsculos, que sdo
estruturas similares a um haustorio excessivamente ramificado e sua funcéo € de
trocas de nutrientes das micorrizas (BONFANTE; ANCA, 2009; KIRIACHEK
et al., 2009). Apds a hifa penetrar em uma célula do cortex, os arbusculos sdo
originados a partir da intensa divisdo dicotdbmica do apice da hifa, juntamente
com o rearranjo da parede e membrana celular vegetal, que sofrem influéncia
desse processo infectivo. Além da formagéo de arbusculos, as hifas de FMAs, ao
crescerem, vdo se acomodando entre as paredes celulares da raiz de sua
hospedeira, até alcancarem o cortex, onde também é possivel a colonizagdo
intracelular e formacéo de hifas intracelulares enoveladas, vesiculas e células
auxiliares (KIRIACHEK et al., 2009).

Alguns dos mecanismos utilizados pelos FMAs em simbiose sdo a
absorcao e mobilizacdo de nutrientes através de suas hifas externas, que por sua
vez possuem uma extensdo prolongada (até 8mm de distancia em média das
radicelas) e pequeno didmetro, permitindo uma maior exploracao dos espacos do
volume do solo, inalcangaveis pelas raizes (BERBARA; SOUZA; FONSECA,
2006; MELLONI; CARDOSO, 1999). Dessa forma proporcionam para sua
hospedeira melhorias na parte nutricional e ambiental, j4 que a planta estara
menos susceptivel a estresses (hidrico, por exemplo) ou antrépicos (solos
contaminados).

Existem vérios estudos mostrando a eficiéncia dos FMAs na absorcao de
diversos elementos, entretanto sua eficiéncia foi amplamente documentada e
estabelecida para o P, Zn e Cu (BRESSAN et al., 2001; SIQUEIRA et al., 1998;
SIQUEIRA,; SAGGIN-JUNIOR, 2001). Marschner e Dell, (1994) constataram
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até 80% de eficiéncia na absor¢do de P em plantas micorrizadas, bem como 25%
para 0 Zn e 60% para o Cu. Os efeitos nutricionais nas plantas resultam,
principalmente, da acdo do fungo na absorcdo e, em alguns casos, de
modifica¢des na translocacdo e eficiéncia de utilizacdo dos nutrientes absorvidos
pelas micorrizas ou raizes (MOREIRA; SIQUEIRA, 2006; POUYU-ROJAS;
SIQUEIRA, 2000).

De modo geral, quando o teor do elemento que limita o desenvolvimento
da planta é baixo no solo, a micorrizagdo, ou seja, a capacidade de
estabelecimento de micorrizas, resulta em grandes beneficios para o crescimento
e o desenvolvimento da planta. A colonizagdo e relagéo trofica entre o fungo e
planta é regulada principalmente pelo requerimento nutricional da planta e pela
sua habilidade em adquirir os nutrientes minerais do solo (SIQUEIRA,
FRANCO, 1988). A exploragdo de maior volume de solo, proporcionada pelos
FMAs, envolve a maior aquisicdo de nutrientes pouco mdveis no solo, a
exemplo do P, podendo influenciar também a absorcdo de outros elementos ali
presentes (HART; FORSYTHE, 2012).

Outras interagdes nutricionais entre FMAS e bactérias tem mostrado um
efeito benéfico aos FMAs junto ao desenvolvimento de BFN noduliferas e vice-
versa, a exemplo da aquisicdo nutricional do N, que também é um nutriente
absorvido por esses fungos. Os genes envolvidos na absorcdo orgéanica e
inorgénica de N foram identificados em FMAs, além de que ocorre a ativagdo de
transportadores de N na planta hospedeira durante a micorrizacéo, 0 que sugere
gue esses fungos liberam uma quantidade substancial de N para seus
hospedeiros e tem o aporte desse elemento auxiliado pelas BFN (BONFANTE;
ANCA, 2010; GUETHER et al., 2009).

Ha grande interesse em conhecer os potenciais efeitos das micorrizas na
absorcdo de outros elementos de ocorréncia natural no solo, visto que essa

simbiose poderia auxiliar em programas de biofortificacdo alimentar ou ainda de
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fitorremediacdo. Como, por exemplo, no caso do selénio - Se, um elemento
essencial aos humanos e animais e benéfico as plantas, que em solos brasileiros
possuem baixa ocorréncia natural, em média 0,4 mg kg™, j& em solos chilenos,
chineses e russos podem ser encontrados em doses altamente toxicas as plantas,
acima de 5,0 mg kg™ (FORDYCE, 2013).

Sabe-se que os FMAs podem exercer efeitos variados na absor¢do de
metais e ametais pelas plantas, podendo aumentar ou diminuir a absor¢do
dependendo da concentragdo no solo (SOARES; MACHADO, 2007). Alguns
estudos mostram diferentes consequéncias para as hospedeiras dessa simbiose
micorrizica, como por exemplo, em estudo com U. decumbens, Silva et al.
(2006) relataram que varias espécies de FMAs aumentaram a absor¢ao de metais
pesados do solo, ja em Sorghum vulgare, as plantas micorrizadas obtiveram
maior tolerdncia ao Ni, quando cultivadas em solos ultraméficos (AMIR et al.,
2013) em contrapartida, Goicoechea et al., (2015) adicionaram Se e FMASs em
plantas de alface e observaram o surgimento de compostos bioativos em partes
comestiveis desse vegetal, elevando o seu valor nutritivo.

Avaliar, conhecer a absor¢do e transferéncia de elementos que as
micorrizas podem proporcionar para as plantas, assim como 0s mecanismos
envolvidos neste processo merece elevada atencdo. Dessa forma estudos
direcionados para a investigacdo de FMAs faz-se de elevado interesse

tecnolégico para os setores agricola e ambiental.

2.3.1 Micorrizas arbusculares e selénio

Os relatos na literatura cientifica sobre a influéncia das micorrizas
arbusculares na absorcdo e acimulo de Se nas plantas ganharam maior
visibilidade a partir da década de 90, sendo, portanto, considerados ainda
recentes e requerem ampla diversidade de espécies vegetais a serem pesquisadas
(GOICOECHEA et al., 2015; WANEK; VANCE; STAHL, 1999; YU et al.,
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2011; YULING; YUANYING, 2014). Entretanto h& varias investigacfes sobre o
comportamento desses fungos na absor¢cdo de elementos-trago, 0s quais
englobam o Se (NOGUEIRA; SOARES, 2010).

Quando ocorre a alta concentracdo de elementos traco no ambiente, 0s
FMAs comportam-se como agentes tamponantes (ANZANELLO et al., 2011;
NOGUEIRA; SOARES, 2010), ou seja regulam a absorcdo desses elementos
para a planta, aumentando a absorcdo pela planta quando ha menor
disponibilidade no solo ou reduzindo a absorcdo quando ocorre o contrério.
Dessa forma contribuindo com a fertilizagdo de Se nas plantas, visto que 0s
limites das dosagens no solo para ser considerado um elemento benéfico ou
toxico sdo proximos.

Estudos promissores quanto a aplicacdo de Se e FMAs vem sendo
relatado, principalmente nas duas ultimas década, entretanto, ainda sdo
necessarias maiores investigacOes para as diversas espécies vegetais hospedeiras
dessa simbiose na presenca desse metaldide. Como exemplo, as flores de
Antirrhinum majus L. foram avaliadas quanto a inoculagdo de Rhizophagus
intraradices e pulverizacdo foliar de &cido selenidrico, demonstrando melhor
desempenho de altura, comprimento e didmetro basal das hastes florais quando
aplicados esses dois tratamentos (TOGNON et al., 2016). No Sul do Chile, um
estudo com trigo, selenobactéria e fungo micorrizico Claroideoglomus
claroideum demonstrou um sinergismo entre esses componentes, resultando em
um incremento de aproximadamente 23% no teor de Se na planta (DURAN et
al., 2013). O teor de Se em alho foi elevado na planta quando, juntamente a
fertilizagdo do solo, foi inoculado o fungo micorrizico Glomus intraradices
(LARSEN et al., 2006).

Em contrapartida, estudos envolvendo a absorcéo do Se e inoculagéo de
Funneliformis mosseae, em alfafa, milho e soja mostraram, que o teor de Se nas

raizes e parte aérea diminuiram quando se aplicou uma menor dosagem de Se
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(entre 0 e 2 mg kg™) em conjunto com esse FMAs. Em alfafa e milho obteve-se
maior acumulacdo de Se, quando se aplicou 20 mg kg™ desse elemento, também
na presenca de FMAs (YU et al., 2011). Efeito indiferente quanto a absor¢édo de
Se em trigo foi observado, quando inoculou-se Claroideoglomus claroideum e
fertilizou-se com Se as plantas, apesar de haver um aumento da enzima
superdxido dismutase (SOD) (DURAN et al., 2018).

A absor¢do do Se também foi avaliada em rabanetes, azevém, milho e
alface, sob condigdes de solo argiloso, com 0 FMAs Funneliformis mosseae, e
o0s resultados obtidos variaram de acordo com a espécie hospedeira. A maior
producédo de biomassa foi observada no rabanete e a menor no azevém, que por
sua vez nao sofreram alteragdes de crescimento significativas com a inoculagdo
do fungo (MUNIER-LAMY et al., 2007).

A presenca de Se em conjunto com a simbiose micorrizica ocasiona
diferentes respostas nutricionais na planta hospedeira, tornando inconclusivos 0s
efeitos da micorrizas arbusculares na presenca desse elemento. Maiores
investigacOes fazem-se necessarias para estabelecer as possiveis aplicagdes das
miccorrizas em solos com teores extremos de Se, a exemplo de solos do cerrado
que possuem baixo teor, 0,04 mg kg™, e solos de algumas regides da China com
2000 mg kg™ , visto que essa simbiose pode, entdo, ser a chave pare enriquecer,

ou amenizar estresse nutricional da espécie vegetal.

2.4 Simbiose tripartite

Plantas da familia Leguminosae podem se associar simbioticamente com
BFNNL e FMAs, simultaneamente, resultando em uma interagdo denominada
simbiose tripartite. Geralmente, essa interacdo € tida como mutualista, uma vez
que as leguminosas sdo altamente micorrizadas, implicando em maior
disponibilidade de P para a tripla interacdo, além disso, sdo capazes de formar

nodulos, o que agrega maior aporte de N para esse sistema, indiretamente a
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planta hospedeira quando bem nutrida fornece para esses microrganismos maior
conteido de fotoassimilados (BONFANTE; ANCA, 2010; CARVALHO;
MOREIRA, 2010; RODAK et al., 2017).

Vérios efeitos positivos foram descritos em relacdo a simbiose tripartite
com destaque para a sua funcionalidade nutricional em solos tropicais. Notadas
as caracteristicas de baixa disponibilidade de P, principalmente nos Latossolos,
gue abrangem maior parte de solos cultivados com soja no Brasil, e a elevada
demanda energética do processo de FBN, as micorrizas favorecem a
disponibilidade deste macronutriente no sistema tripartite (CARVALHO;
MOREIRA, 2010). Segundo Vadez et al. (1997), os nddulos sdo considerados
um forte dreno de P, devido ao teor desse elemento nessa estrutura, que em
comparagdo com 0s demais 6rgdos da leguminosa, ser cerca de trés vezes maior.

Outro aspecto importante dessa tripla simbiose € o prolongamento da
extensdo radicular que os FMAs proporcionam as leguminosas, que por sua vez
adquirem nutrientes com maior eficiéncia, devido a micorrizagdo, e
consequentemente, devido aos ganhos nutricionais. A planta tem maior
capacidade de desenvolvimento radicular, ampliando, entdo, a area para
formacdo de nddulos pelas BFNNL (BRESSAN; VASCONCELLQOS, 2002;
ISOPI et al., 1995; SIQUEIRA et al., 1994).

A autorregulacdo, processo pertinente a simbiose de BFNNL e das
micorrizas, é entendida pela formacdo ndo infinita de nédulos ou colonizagdo
micorrizica desses organismos, ou seja, quando a planta é suprida de N ou P ou
guando ha disponibilidade e quantidade suficientes no solo, interrompe-se a
exudacdo de flavonoides e demais compostos que permitem a formag&o continua
dessa simbiose (RAMOS; MARTINS, 2010).

Até meados dos anos 80, acreditava-se que a formacgdo de nodulos
poderia inibir a micorrizacdo através da autorregulacéo ou vice-versa, resultando
em antagonismo (BETHEMFALVAY; YODER, 1981). Em 2005 um estudo
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com um mutante de soja, que ndo fazia a autorregulacdo com rizébio e FMAs,
mostrou que havia uma dindmica benéfica entre os processos regulatérios do
estabelecimento de ambas simbioses (MEIXNER et al., 2005). A partir de entéo,
varios outros estudos mostraram que o estabelecimento da tripartite com efeitos
sinérgicos era concretizado quando as colonizacBes eram feitas simultaneamente
ou ainda, que a presenca da BFN era suficiente para promover o processo de
micorrizagdo, como por exemplo Antunes et al. (2006) observaram que
isoflavonoides emitidos pelas raizes de soja, em funcdo da micorrizagdo,
propiciavam a nodulagdo por Bradyrhizobium japonicum, assim como Mortimer
et al. (2008) mostraram que para plantas de feijao (Phaseolus vulgaris) e Abd-
alla et al. (2014) para o feijdo fava (Vicia faba L.), que o estabelecimento das
micorrizas arbusculares, também, favorece a nodulagdo, devido aos beneficios
nutricionais promovidos pelo FMAs.

Em face as variadas respostas nutricionais e fisioldgicas ocasionadas em
decorréncia da simbiose tripartite e a possivel aplicabilidade da mesma em
agroecossistemas produtivos, a investigacdo elementar nos trés simbiontes torna-
se de elevado cunho tecnolégico, uma vez que a quantificacdo dos minerais que
compbem cada microrganismo, apds o estabelecimento da tripartite, pode

elucidar possiveis efeitos sinérgicos ou antagénicos nesta relagéo.

2.5 Luz Sincrotron

A luz, ou radiacdo, sincrotron é um tipo de radiacdo eletromagnética de
alto fluxo e alto brilho que se estende por uma faixa ampla do espectro
eletromagnético desde a luz infravermelha, passando pela radiacéo ultravioleta e
chegando aos raios-X. Ela é produzida quando particulas carregadas, aceleradas
a velocidades préximas a velocidade da luz, tém sua trajetoria desviada de

direcdo por campos magnéticos. Sua utilizacdo é de extrema importancia, pois, é
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capaz de penetrar a matéria e revelar caracteristicas de sua estrutura molecular e
atdbmica (TASCH; DAMIANI, 2000).

Essa radiacdo é exponencialmente mais intensa que a radiacdo produzida
por fontes convencionais de raios-X e cobre uma ampla faixa espectral, o que
ndo se consegue em demais aparelhos ou lasers disponiveis. Caracteristicas
como brilho de alta intensidade, pequenas dimensdes espaciais, e amplitude
espectral fazem necessérias e desejaveis a utilizacdo da luz sincrotron em
pesquisas cientificas envolvendo materiais de escala nano e micrométrica
(LNLS, 2017; SCHUBERT et al., 2017).

No acelerador do tipo sincrotron, um feixe de particulas carregadas é
acelerado em um intensificador e entdo é guiado para um grande anel,
movimentando-se em oérbitas circulares através de um conjunto de eletroimas,
que geram um campo magnético. A luz sincrotron é obtida quando os elétrons
perdem energia ao passarem pelos campos magnéticos de eletroimds e a partir de
entdo é direcionada paras as linhas de luz, onde sera canalizada e filtrada de
acordo com a necessidade experimental (FIGURA 1) (LNLS, 2017).

2.5.1 Linha de luz fluorescéncia de raio-X

O objetivo dessa linha de luz é determinar e mapear elementos traco em
amostras com aplicaces nos campos de quimica analitica, biomedicina,
geoquimica ambiental e ciéncia dos materiais. A faixa de energia utilizada no
LNLS para essa linha de luz é de 5 a 20 keV e sua fonte energética é um ima de
1,67T.

A fluorescéncia de raios-X (FRX) para medigdo de concentracdes
elementares de amostras bioldgicas vem sendo empregada durante anos. A FRX
do LNLS usa uma fonte de raios-X de alta energia para irradiar um alvo para
produzir um vazio nas camadas internas dos a&tomos que compdem o material.

Devido as leis da fisica esse vazio serd preenchido pelo elétron da camada
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subsequente, que é quando raios-X caracteristicos daquela amostra sdo emitidos
e detectados, sendo utilizados para andlise qualitativa e quantitativa da

concentragdo elementar.

Figura 1- Modelo do acelerador de particulas sincrotron. Adaptado “Diamond”,
2017

Linha de luz //',:_ = -
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Armazenamento

A espectrometria de fluorescéncia de raios-X do LNLS é uma técnica
multielementar, algumas vezes ndo destrutiva, capaz de identificar elementos de
namero atémico maior ou igual a 11 (Mg ao U). As amostras terdo seus elétrons
excitados devido a irradiacdo pelos feixes de raios-X com alto brilho,
denominado de luz sincrotron, e assim emitindo fétons (fluorescéncia) que séo
expressados como picos posteriormente detectados e quantificados dos
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elementos quimicos. Tais picos possuem um comprimento de onda e uma
energia especifica que sdo caracteristicos de cada elemento presente na amostra.
Consequentemente, a analise quantitativa de cada elemento pode ser descoberta
através da intensidade da fluorescéncia, que por sua vez é mensurada pela
guantidade de picos com o comprimento de onda especifico de cada elemento
(JONES et al., 1988; LNLS, 2017).

As aplicacdes da linha de luz de FRX incluem o mapeamento elementar
da amostra, a especiacdo de elementos-trago com resolugdo de 20 microns,
informacdo 3D de elementos em amostras volumétricas e analise de massas

muito pequenas depositadas em substratos planos.

2.6 Microscopia Eletrénica de Varredura com Energia dispersiva de raio-X

A microscopia eletronica de varredura com espectrometria de energia
dispersiva de raio-X (MEV-EDX) é uma técnica analitica que possibilita a
realizacdo de andlise répida e multielementar de diversos materiais. Geralmente
essa analise é realizada por um equipamento acoplado ao microscépio eletrdnico
de varredura (MEV), o qual possibilita a avaliagdo quimica qualitativa e
semiquantitativa de amostras.

O funcionamento da analise MEV-EDX ocorre através da irradiagdo por
um fino feixe de elétrons na amostra e como resultado da sua interagcdo com a
regido analisada, vérias radiagdes sdo emitidas, dentre elas: elétrons secundarios,
elétrons retroespalhados, raios-x caracteristicos, fétons, etc. Ao passo que a
amostra € varrida pelos elétrons irradiados, as radiagdes geradas vao sofrendo
modificacdes de acordo com as variagGes de superficie. Os elétrons secundarios
e retroespalhados fornecem imagem de topografia e da caracteristica de
composicdo do material, o0s raios-X caracteristicos gerados propiciam
informacGes qualitativas e quantitativas da composicdo elementar da amostra
analisada (SOARES; SARON, 2010).
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3. CONSIDERACOES FINAIS

Os simbiontes BFN e FMASs possuem um papel indispensavel para a
manutencdo do ecossistema solo gerando beneficios, ndo s6 para o seu
hospedeiro, mas também para a sociedade, visto que o emprego deles pode
reduzir a aplicacdo de fertilizantes, tais como N e P.

A elucidacgdo da presenca de Se em estruturas fungicas faz-se necessaria
e permite-se viavel através da utilizacdo da luz sincrotron, visto que a mesma
possibilita a analise in natura da amostra.

Investigar os simbiontes do solo, desde a sua composi¢do, até a sua
caracterizacdo da formagdo fisica permite o melhor entendimento das
potencialidades desses individuos no ambiente. Ainda que varias de suas
funcdes ja estejam bem elucidadas, tais estudos contribuirdo com o avanco do
uso da biotecnologia na agricultura e na recuperacdo de ambientes
contaminados, como visto para 0 Se que ocorre nos solos em concentragdes
extremas (0,4 a 2000 mg kg™).
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Abstract
The symbiosis between legumes, arbuscular mycorrhizal (AM) fungi, and N,-
fixing bacteria (NFB) provides mutual nutritional gains. However, assessing the
nutritional status of the microorganisms is a difficult task. A methodology that
could assess this status, in situ, could assist managing these organisms in
agriculture. This study used X-ray microanalyses to quantify and locate mineral
elements in structures formed in a tripartite symbiosis. Lima bean (Phaseolus
lunatus L. Walp) was cultivated in pots under greenhouse conditions, to which
we have added AM fungal isolates (Glomus macrocarpum and Acaulospora
colombiana) and NFB (Bradyrhizobium japonicum) inocula. Uninoculated
control plants were also included. Symbionts were evaluated at the onset of
flowering. Quantification of the mineral elements in the symbiotic components
was performed using energy dispersive X-ray spectroscopy (EDX) and a
scanning electron microscopy (SEM) was used to identify structures. EDX
analysis detected 13 elements with the most abundant being N, Ca, and Se,
occurring in all tissues, Fe in roots, Ni and Al in epidermis and P and Mo in
nodules. Elemental quantification in fungal structures was not possible. The
distribution of elements was related to their symbiotic function. X-ray
microanalysis can be efficiently applied for nutritional diagnosis in tripartite

symbiosis.
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1. Introduction

The interaction between legumes, arbuscular mycorrhizal (AM), fungi
and N,-fixing bacteria (NFB) results in a tripartite symbiosis, providing mutual
nutritional gains for these organisms (Bonfante and Anca, 2009). Quantification
of nutrients in plants is widely studied and various methods are established.
However, in studies with microorganisms, mainly due to low availability of
material for analysis, elemental quantitation is problematic.

The use of techniques that allow a better understanding of the nutritional
behavior of microorganisms would assist with the application of these
microorganisms in agricultural systems, thus improving soil fertility
management, particularly in family farms.

A viable technique for in situ microanalytical studies of mineral
elements that has the advantage of requiring small amount of material is
scanning electron microscopy (SEM). This technique allows the identification of
morphoanatomic structures and, its association with energy dispersive X-ray
spectroscopy (EDX), enables the quantification and distribution of elements in
organisms (Chen et al., 2016, 2015; Kroukamp et al., 2016).

In this way, the aim of this study was to investigate, using SEM and
EDX, the distribution of mineral elements formed during the tripartite symbiosis
of lima bean, AM fungi and NFB.

2. Material and methods
The experiment was conducted under greenhouse condition in Lavras,
Brazil, for 12 weeks. The treatments consisted of a dual inoculation of lima bean

plants with AM fungi and NFB. An uninoculated control was included for
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comparison. Treatments were allocated in a completely randomized design with

four replications.

The soil used was a Latossolo Vermelho Distréfico tipico (Embrapa
Solos, 2013), corresponding to Oxisol (Soil Survey Staff, 1999) (Table 1).

Before sowing, the soil was sterilized at 120 °C for 2 h on two consecutive days.

After this procedure, the soil was transferred to 4-kg pots, limed, and fertilized

according to Embrapa Cerrado (2004).

Table 1

Chemical characterization and particle size of a B-horizon of a Latossolo
Vermelho Distrofico tipico (Oxisol).

Elements Units Extractors Concentration
Chemical properties

SOM* gkg? Na,Cr,0; 4N e H,SO, 10N 13.4
pH - Water 55
Al cmol, kg™ KCl 1 mol L™ 0.0
H + Al cmol, kg™ SMP 2.9
P mg kg Mehlich-1 0.6

K mg kg™ Mehlich-1 22.0
Ca cmol. kg™ KCl 1 mol L™ 15
Mg cmol, kg™ KCl 1 mol L™ 0.1
s mg kg Ca(H,PO,), in CH;COOH 21.2
Zn mg kg Mehlich-1 1.9
Fe mg kg Mehlich-1 28.6
Mn mg kg Mehlich-1 7.8
Cu mg kg Mehlich-1 1.8
B mg kg™ Hot water 0.3

Particle size

Clay gkg* Pipette 690
Silt gkg* Pipette 140
Sand gkg?! Pipette 170

*SOM - organic soil matter.

Inoculation was performed in each pot during sowing and consisted first

of 50 cm® of AM fungi soil-inoculum, containing 60 spores of Glomus

macrocarpum Tul. & Tul. and 40 spores of Acaulospora colombiana Spain &

Schenck. Next, seeds were added to each pot together with a 1-mL suspension of
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Bradyrhizobium japonicum (Kirchner) Jordan (strain INPA 54B), containing
109 colony forming units.

Symbionts were evaluated in the phenological stage R6 (first flower to
open on 50% of plants) (Fernandez, 1986). At this stage, number and dry weight
of nodules, percentage AM colonization (Giovannetti and Mosse, 1980; Koske
and Gemma, 1989), and spore density (Gerdemann and Nicolson, 1963) were
assessed.

Quantification of mineral elements in the symbionts was performed
using a multi-channel detector for EDX on SEM (BRUKER - QUANTAX
XFLASH 5010), at a voltage of 15 kV. Root samples were fixed in 2.5%
glutaraldehyde and 2.5% formaldehyde in a 0.05 M sodium cacodylate buffer,
pH 7.2. After that, samples were transferred to glycerol for 30 min. The
root/nodule intersect was transversely cut in liquid nitrogen (freeze fracture).
Removed sections were immersed in osmium tetroxide solution (1%) with a 0.05
M sodium cacodylate buffer, pH 7.2 for 1 h. Samples were dehydrated in
acetone gradient (25, 50, 75, 90, and 100%) for 10 min in each solution,
followed by further two changes in 100% acetone. Next, samples were dried to
the critical point (BALTEC - CPD 030), placed on stubs and subjected to carbon
coated (BALZER - CED 020). Readings were taken with 5 min acquisition time
and directed to K-series. The beam was centered in a square on the symbiosis
region at a magnification of 200x and in each one of the isolated organisms at
500x. Counts were periodically equilibrated with standard spectrum. Four
replicate analyses were performed for each tissue. The measured elements
included macro- (N, P, K, Ca, Mg and, S) and micronutrients (Zn, Cu, Cl, Mo,
Ni, Fe, B and, Mn) required by plants, as well as selected relevant toxic (Al) and
beneficial (Se, Si and, Co) elements.

Identification of fungal, bacterial, and plant structures was performed

using a scanning electron microscope (ZEISS - LEO EVO 40 PVX). Samples
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for EDX analysis were gold coated (BALZERS - 004 SCD). The beam was
centered on the symbiosis region at a magnification of 200x and, in specific
zones of 1,500x. Employed voltage was 25 kV.

3. Results

Occurrence of nodulation and mycorrhizal colonization was only
observed in the inoculated treatment. An average of 24 nodules per plant with a
dry weight of 0.46 g per plant, associated with an average of 64% mycorrhizal
colonization and spore density of 238 AM fungi spores per 1 dm?® soil was
recorded.

Through ultrastructural analysis it was possible to observe the contact
zone between nodule and root, as well as AM fungal hyphae (Fig. 1a and 1c).
Furthermore, fungal hyphae were observed along the entire root and next to the
nodules formation spots. The presence of these structures confirmed the
tripartite association.

Intercellular fungal hyphae were observed in the region of the root
cortex (Fig. la and 1d). These hyphaes were morphologically categorized as
Arum-type, with aid of light microscope
(images not shown).

Morphoanatomical results revealed that nodules were of determinate
growth (Fig. 1a). Cortical cells and meristems were observed in the peripheral
nodule regions (Fig. 1a and 1b), while bacterial infected cells were observed
internally in the nodule (Fig. 1la and 1e). Electron dense compounds were
observed in inter- and intracellular regions and were identified as lipids and
polysaccharides (Fig. 1a and 1e).

Total quantification of mineral elements in symbionts demonstrated that
macronutrients accounted for 76% of the weight. Concentration reduction was

observed in the following order N > Ca > P > K (Table 2). Micronutrients
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Fig. 1. Scanning electron microscopy micrographs showing cross section of nodule-root-
hyphae intersect formed in tripartite symbiosis. a) Background was removed to facilitate
visualization; b) peripheral nodule regions €) detail specific regions. A - cortical tissue
cells; B - region of infection; C - meristems; D - contact region nodule-root; E -
biopolymers; F - infected cells; G -hyphae; H - root tissues; | - vascular root tissue; J -
root cortex; K - root epidermis.
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corresponded to 11% of weight in the following order Fe > Zn> Mo > Cu.
Beneficial elements represented 11% of the weight, decreasing in the following
sequence Se > Si > Co. Approximately 2% of the weight corresponded to Al.

Other elements were below quantification limits.

Table 2

Application of energy dispersive X-ray spectroscopy in a 200x magnification, showing
concentration of mineral elements in a cross section of nodule-root-hyphae intersect
(nutrient exchange zone) formed in tripartite symbiosis.

Element Real weight Noror;;alized weight Error
Macronutrients

N 4.224 60.96 0.978

Ca 0.864 12.47 0.058

s o 2.86 0.037

K 0.012 0.17 0.002
Micronutrients

Fe 0.352 5.08 0.046

Zn 0.130 1.88 0.041

Mo 0.127 1.84 0035

Cu 0.125 180 0.04
Benefic elements

Se 0.588 8.48 0.093

Si 0.150 2.17 0.035

Co 0.016 0.23 0.004
Other elements

Al 0.137 1.98 0036

Others - 0.08 .

Regarding the distribution of elements, it was noteworthy that the Fe, Si,
and Al had accumulated along the root-nodule contact region, at concentrated

points (Fig. 2).
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Specific nodule quantification, infection and cortical regions,
demonstrated the following composition order N > Ca > Se > P > Mo > Cu > Si
> Zn, with other elements being below the limit of quantification (Table 3).
Nodule quantification revealed that the macronutrients corresponded to 79% of
the weight, in which P concentration was higher than the amounts quantified in
the symbionts. Micronutrients represented 11% of the weight and 9% of the
weight corresponded to beneficial elements. The higher concentrations of Mo, a

micronutrient, as well as the beneficial element Se, was noteworthy.

Table 3

Application of energy dispersive X-ray spectroscopy in a 500x magnification, showing
concentration of mineral elements in a cross section of nodule infection region and
cortical tissue formed in tripartite symbiosis.

Element Real weight Normali(z;;d weight Error
Macronutrients
N 3.488 61.04 0.624
Ca 0.639 11.18 0.046
P 0.367 6.42 0.041
Micronutrients
Mo 0.367 6.42 0.040
Cu 0.187 3.28 0.036
Zn 0.094 1.65 0.033
Benefic elements
Se 0.369 6.45 0.054
Si 0.126 2.20 0.032
Others - 1.36 -

Distribution of elements N and Se occurred in all nodule tissues (Fig. 3a
and 3c). Ca occurred in the cortical tissue cells (peripheral region) (Fig. 3b),
while the elements P, Mo, Cu, Si, and Zn occurred in lower concentration, with

a predominance in the region of infection (central region) (Fig. 3d to 3h).
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Elemental quantification in the root system revealed a decreasing
mineral distribution in the following order N > Al > Fe > Ca > Se > Cu > Ni >
Zn > Si > Co. In root cells, N and Ca were the only macronutrients that could be
detected, representing 53% of the weight (Table 4). Micronutrients accounted
for 19% of the weight and the occurrence of Ni is of note, as well as the high
concentration of Fe. Percentage of beneficial elements amounted to 8% of the
weight. The highest concentration of Al (19% of the weight) was recorded in the

root, while other elements were not detected above quantification limits.

Table 4

Application of energy dispersive X-ray spectroscopy in a 500x magnification, showing
concentration of mineral elements in a cross section of lima bean root formed in
tripartite symbiosis.

Element Real weight Normalize(c;oweight Error
Macronutrients
N 3.97 47.76 0.70
Ca 0.51 5.98 0.03
Micronutrients
Fe 1.12 13.91 0.06
Cu 0.21 2.53 0.04
Ni 0.13 1.57 0.02
Zn 0.11 141 0.03
Benefic elements
Se 0.48 5.93 0.07
Si 0.11 1.32 0.03
Co 0.07 0.85 0.02
Other elements
Al 1.53 18.61 0.10
Others - 0.13 -

Distribution of N and Se in the roots cells occurred in all tissues (Fig. 4a
and 4e). Copper, Zn and Co occurred predominantly near the vascular tissues
(central region) (Fig. 4f, 4h and 4j). The beneficial element Si occurred
preferentially in the epidermal cells (peripheral region) with a lower

concentration in the cortical cells adjacent to the vascular tissue (Fig. 4i).
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Regarding the elemental distribution verified in the symbionts, Ca, Ni, and Fe
showed some peculiarities in the root system. Calcium occurred predominantly
in the cortex cells, at points and in low concentrations in the epidermis (Fig. 4d).
Iron and Ni presented the opposite behavior of Ca (Fig. 4c and 4g), while Al is

mainly located in epidermal cells (Fig. 4b).

100 pm

Fig. 4. Scanning electronmicroscopy and energy dispersive X-ray spectroscopy
micrographs showing cross section of roots of lima bean in tripartite symbiosis showing
the elements a) N; b) Al; c) Fe; d) Ca; e) Se; f) Cu; g) Ni; h) Zn; i) Si and j) Co.

It was noteworthy that specific fungal quantification was not possible

since we were not able to differentiate them from the other symbionts.



51

Morphoanatomic or ultrastructural differences were not found between

repetitions.

4. Discussion

The methodology used in this study - the application of SEM and EDX-
was efficient for quantification and localization of mineral elements in lima bean
roots in symbiosis with B. japonicum and AM fungi. Its use has been reported
for other plant species (Bueno Guerra et al., 2013; Durmuskahya et al., 2016;
Gallardo et al., 2016; Moore et al., 2014; Singh et al., 2014; Shi et al., 2016;
Zhao et al., 2014) and bacteria (Adediran et al., 2016; Kanu et al., 2014; Laue
and Fulda, 2013; Solis et al., 2011; Vardien et al., 2014; Xia et al., 2013).
However, some adaptations such as increase acquisition time, changes in
magnification and use of more sensitive detectors could be done in order to
improve quantification limits for AM fungal structures (Blicking and Heyser,
2000; Fomina et al., 2007; Przybytowicz et al., 2004; Seven and Polle, 2014;
Weiersbye et al., 1999).

Organisms in tripartite symbioses have a high nutritional demand.
According to Mortimer et al. (2008), in the symbiosis between nodulated legume
roots and AM fungi, the symbionts can sink nutrients from each other. In this
way, the mineral composition of each organism in symbiosis is changed as well
as its distribution, which is related to the function performed.

Two elements, N and Ca, were themajor ones occurring in the symbiotic
components. According to O'Hara (2001) and Gonzalez and Gonzalez-Lépez
(2013), these elements are described as macronutrients for both plants and
nodules, and are essential components in the rhizobia-legume symbiosis.
Nitrogen was observed in all tissues of the symbionts due to its broad functions,
acting as a structural component of cell membranes and the wall, and

participating in energy exchange reactions. Calcium occurred predominantly in
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the cortical tissue of nodules and in the root epidermis, aswell concentrated in
points located in the root cortex. The distribution of this element was related to
its function as a structural component of cell membranes and wall, an enzyme
cofactor and as a mechanism to control osmosis and signaling.

Among other representative elements, Se was widely distributed in
symbionts. Although not considered an essential element for plants (Terry et al.,
2000), Se was evidenced as beneficial for some plants and bacteria that contain
selenoenzymes and selenoproteins such as integralselenocysteine dehydrogenase
and GSH peroxidase (GPX) (Broadley et al., 2006; Lobanov et al., 2007; Pilon-
Smits et al., 2009). It is noteworthy that the presence of Se-methylselenocysteine
and y- glutamyl-Se-methylselenocysteine has been reported in lima bean
(Birringer et al., 2002). In N,- fixing bacteria, Se can replace one of the terminal
Ni-cysteine ligands by selenocysteine resulting in an enzymatic subclass known
by [NiFeSe]-hydrogenases. The enzyme is very effective in the H, cycling
process (Parkin et al., 2008). It is of note that, according to O'Hara (2001), Se
should be considered a micronutrient for No-fixing bacteria.

In addition to the abovementioned occurrences, the high concentrations
of P and Mo in nodules infection region are plausible. Phosphorus has an
essential function in the energetic metabolism, which is very demanding in N,
fixation due to the high ATP required for nitrogenase reaction (Mortimer et al.,
2013; Sulieman and Tran, 2015; Vardien et al., 2014). Furthermore, bacteroides
can stock, in intra- and intercellular regions, phospholipids granules (Siebers et
al., 2016). Molybdenum plays a major role in nodules, as a component of
nitrogenase (Hu and Ribbe, 2013). This enzyme is responsible for breaking the
triple bound of atmospheric N, converting it to the NHs.

In the nodule, the micronutrients Cu and Zn also occurred in the
infection region. During symbiosis, Cu is an essential cofactor of superoxide

dismutase enzymes (Cu or CuZn), which are responsible for cation
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detoxification (Gonzalez and Gonzalez-Lopez, 2013). In addition, Cu is
important to inhibit membrane lipid peroxidation, to preserve membrane
integrity and to increase membrane permeability to ions (Bonilla and Bolafios,
2009). Copper plays an important role in Mo absorption (Hansch and Mendel,
2009). Zinc is an essential element for symbiosis, acting in the genetic
regulation, as described by Weisany et al. (2013) and, it is a micronutrient that
can functionally replace Mg in leghemoglobin in B. japonicum.

The beneficial element Si occurred in both the nodule infection region
and in the epidermis of the root. The function of Si in microorganisms and plants
is uncertain, but is thought to play a structural and metabolic role in the DNA
synthesis (Denance et al., 2014). Most studies involving the application of Si in
plants are focused on its protective role by accumulation in epidermal cells,
interfering in pathogen penetration (Fauteux et al., 2005).

In roots, Fe and Ni accumulated in the epidermis. The high Fe
requirement in nodulated legumes is related to the composition of the
leghemoglobin, required specifically during nodule formation (Weisany et al.,
2013). Iron occurred in concentrated points at the root nodule transect.
According to Brear et al. (2013) and Tejada-Jimenez et al. (2015), such behavior
was also observed in other legume species, in which Fe is not translocated into
the nodules. Although Ni could not be detected above the limit of quantification
in the nodule, it should be stressed that this element is a cofactor of the urease
and nitrogenase enzymes (Farrugia et al., 2013; Polacco et al., 2013).

In roots Cu, Zn, and Co occurred in low concentrations, predominantly
in the vascular tissue indicating a possible redistribution. Probably, the
redistribution behavior of these elements in plants can justify their low
concentrations as well as their location.

The high Al concentration found in the epidermis was related to its

occurrence in the soil (Hodson, 2002). Tropical soils are highly weathered, with
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kaolinite and Fe and Al oxides as the major components of the clay fraction,
which are frequently associated with high concentrations of Al potentially
available to plants (Cristancho et al., 2014; Lopes and Guilherme, 2016). The
occurrence of Al at concentrated points in epidermal cells and in the nodule root

intersect could be a protective strategy against Al toxicity in the symbionts.

5. Conclusions

This study used a methodology that allowed us to perform an advanced in situ
quantification and localization of mineral elements in the lima, NFB-AM fungal
tripartite symbiosis. Thirteen elements (N, Ca, P, K, Fe, Zn, Mo, Cu, Ni, Se, Si,
Co, and Al) were detected. Among these elements, N, Ca, and Se occurred in all
symbiotic tissues. The elements Fe, Ni, and Al were distributed predominantly
in the epidermis, while in the nodule, P and Mo were detected in the region of
infection. The localization of mineral elements was related to the role they play
in the symbiosis. This methodology was useful for determining the elements
required by the symbiosis, assisting in the management of these organisms in
agricultural systems. Further studies, correlating the concentration of elements
by other methods, e.g. synchrotron, as well as in other vegetable species and

microorganisms, could refine further investigations.
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5. ARTIGO 2 - SELENIUM COMPARTMENTALIZATION IN
ARBUSCULAR MYCORRHIZAL FUNGI IN ASYMBIOTIC STAGE
AND ASSOCIATED WITH BRACHIARIA GRASS
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Soraya Marx Bamberg; Ediu Carlos da Silva Junior; Karl Kemmelmeier; Cynthia de Oliveira;
Thais Diniz Manso; Teoténio Soares de Carvalho; Luiz Roberto Guimardes Guilherme and Marco
Aurélio Carbone Carneiro.

Abstract

Selenium importance is attributed to its essentiality to humans, animals and
beneficial effect to higher plants. This trace element can be considered benefic
or toxic to organisms, depending on the concentration available to them. Se soil
concentration is unevenly distributed, deserving attention to mitigate its
translocation to other organisms. Arbuscular mycorrhizae (AM) is the result of a
symbiotic interaction between arbuscular mycorrhizal fungi (AMF) and plants,
that can either improve the uptake of nutrients or avoid metal phytotoxicity to
plants. In this context, the aim of this study was to identify the possible
mechanisms of AMF on Se absorption and compartmentalization in its spores as
a protection strategy to the plants. The present study used Synchrotron X-ray
fluorescence (S-XRF) microanalyses to quantify and visualize Se distribution in
AMF structures. Brachiaria grass (Urochloa decumbens) was cultivated in pots
under greenhouse conditions during thirty days, were inoculated AM fungal
isolates (Acaulospora morrowiae, Dentiscutata heterogama and Rhizophagus
clarus), uninoculated control plants and five Se doses as sodium selenate (0, 2,
4, 6 and 8 mg Se kg™ of soil) were assessed. A parallel experiment was
conducted in agar medium using Petri dishes with the same five Se doses

applied in the pot experiment, which allowed seven fungi spores of Dentiscutata
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heterogama grow for 15 days at 37 °C. All samples were stored in distilled
water at 4 °C until the S-XRF analysis. Mycorrhizal colonization and Se
accumulation in shoot was evaluated. Our results showed high colonization
rates, above 45% to all fungus treatments. Se accumulation in shoot was higher
in plants inoculated with A. morrowiae and D. heterogama, especially at dose
8 mg kg™, indicating a possible protective effect provided by R. clarus to
Urochloa decumbens in avoiding Se accumulation. S-XRF analysis identified an
AMF vesicle of R. clarus, inside a root fragment, showing a Se
compartmentalization ten times higher than Se concentration in root tissues. S-
XRF analysis also allowed the identification of Se in spores of D. heterogama
cultivated in Petri dish, with a concentration in spore mass of 35.14 mg kg™ of
Se, reaffirming the potential of these microorganisms to prevent greater damage
to the plants caused by selenium toxicity.

HIGHLIGHTS

e Synchrotron XRF analysis helped elucidate the AMF protection against
high levels of Se.

e Arbuscular mycorrhizal fungi can compartmentalize Se in its spores.

e Selenium accumulation in plant shoots can be affected differently by
different AMF species.

e Rhizophagus clarus and D. heterogama demonstrated Se specificity in
Urochloa decumbens.

1. INTRODUCTION
The essential trace mineral selenium (Se) is of fundamental importance
to human health, being incorporated into selenoproteins, it plays both structural

and enzymatic roles, also having a wide range of pleiotropic effects, ranging
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from antioxidant and anti-inflammatory effects to the production of active
thyroid hormone. Low selenium status has been associated with increased risk of
mortality, poor immune function, and cognitive decline. Higher selenium status
or selenium supplementation has antiviral effects, is essential for successful
male and female reproduction, and reduces the risk of autoimmune thyroid
disease (Rayman, 2000, 2002, 2012).

Selenium is one of the elements that plays an important role in animal
and human health, being also essential to other organisms including bacteria and
algae (Blazina et al., 2017; Vriens et al., 2016). In the environment, however,
there are concerns about two problems of Se distribuction, i.e., deficiency and
toxicity are harmful to humans and animals, hence, all over the world it is called
as two edged sword. Certain regions of the world are Se-deficient, e.g. oxisol
from Brazil (Se content average of 0.4 mg kg™), while others are becoming Se-
toxic due to natural and anthropogenic activities, e.g. seleniferous soils (Se
content above 5.0 mg kg™) from China, Chile and Russia (Lopes; Avila;
Guilherme, 2017; Zhu et al., 2009).

Several studies report the beneficial effects of Se in plants, since it
increases antioxidant activity, leading to higher plant yield, and also alleviates
metal toxicity by preventing oxidative stress (Saidi et al., 2014; Lidon et al.,
2018), on the other hand selenium induced oxidative stress, distorted protein
structure and function, are the main causes of Se toxicity in plants at high doses.
Plants can play a vital role in Se toxicity in different regions worldwide, hence,
detailed mechanism of Se metabolism inside the plants is necessary for
designing effective Se phytoremediation strategies (Gupta, 2017).

According to the most recent statistics, 90% of beef cattle are raised and
finished on pasture in Brazil. In tropical regions, most production on pastures are

covered by grasses of African origin, mainly Urochloa spp (Cardoso et al.,
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2016). For this reason, the cultivation of brachiaria grass affects directly the
quality of the cattle and beef production.

The response to Brachiaria grass to selenium forms applied in tropical
soil was studied by Ramos et al., (2012), and they noticed that in tropical soil
conditions, the Se application as selenate is more appropriate for U. brizantha
uptake than selenite. Selenate, when applied to soil caused a significant increase
in shoot biomass yield at lower rates, up to 0.5 mg kg ™ Se doses, and decreased
both root and shoot biomass yield at the highest levels, mainly above 1.0 mg kg -
' Se doses.

The arbuscular mycorrhizae are symbiotic interaction between
arbuscular mycorrhizal fungi (AMF) and plants. These microorganisms provide
several benefits for the colonized plant species, such as: improve the nutrients
uptake, avoid phytotoxicity by absorbing large concentrations of trace- elements,
and even affect growth, mineral composition, proteins and sugar composition in
plant (Sanmartin et al., 2014; Duran et al., 2016).

Arbuscular mycorrhizal fungi (AMF) are able to colonize the root cortex
of many plant species and develop an extraradical mycelium that radiates into
the soil nearby plant roots. They expand the interface between plants and the
surrounding soil contributing to plant uptake of low mobility mineral nutrients,
such as P, N, Cu or Zn (Smith and Read, 2008).

However, under conditions of high levels of essential trace elements,
AMF are able to alleviate metal toxicity in the plant. Alleviation of metal
toxicity can be attributed not only to AM-mediated nutritional effects, but also to
the impact of AMF on the element distribution at the soil-fungus-plant interface
(Leyval et al., 1997; Hildebrandt et al., 2007; Meier et al., 2011). Some fungi
species have Se tolerance and ability to produce Se° affecting plant Se
speciation which can be applicable in phytoremediation, especially if they are

promiscuous and affect Se tolerance in crop species (Lindblom et al., 2013).
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The hypothesis, that will be propose here is related to trace-elements
tolerance by AMF and is based in a previous study showing
compartmentalization of Cu in spores as a survival strategy, which support the
idea that some AMF are able to compartmentalize trace elements such as Se in
spores cells depending on its affinity with the element in the soil (Cornejo et al.,
2013; Lindblom et al., 2013). These fungi can also enhance Se content or avoid
Se toxicity in the plants, depending on the quantity and species of Se available in
soil (Bamberg et al., 2015; Duréan et al., 2013). In this context, the aim of this
study was to identify the possible mechanisms of the AMF on Se absorption and
reduction in its spores as a protection strategy to the plants. Our assumption is
that AMF association can allow the compartmentalization of Se in its storage

structures.

2. MATERIAL AND METHODS
2.1 Study approach

The study involved the following steps: (a) Pot experiment with U.
decumbens inoculated with different AMF species and received increasing levels
of Se applied in soil followed by a experiment with increasing Se doses using
Petri dishes; (b) Quantification of shoot dry mass followed by and analysis of Se
concentration and (c) X-ray fluorescence (XRF) analysis in order to identify
AMEF structures presenting eventual Se accumulation. The methods used to

reach our goals are described in the following sections.

2.2 Greenhouse and Petri dish experiment

The experiment was carried out in a greenhouse with controlled
temperature and humidity. Soil samples were sampled from a 0-20 cm layer of
an Oxissol (LVAd). After air drying and sieved in a 2 mm mesh, physical and
chemical analysis were performed (Tablel). The soil was sterilized by

autoclaving for two consecutive days at 120 °C for one hour in order to
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eliminate all pre-existing living microrganisms, and then rested for 15 days in
order to reach chemical stabilization. Limestone was applied in order to increase
the base saturation to 70%, for 30 days.

Table 1
Chemical characterization and particle size of a B-horizon of a Latossolo Vermelho
Amarelo Distréfico (Oxisol).

Elements Units Extractors Concentration
Chemical properties

SOM* gdm? Na,Cr,0- 4N e H,SO, 10N 1.4
pH - Water 4.9
Al cmol, kg™ KCl 1 mol L™ 0.0
H + Al cmol, kg™ SMP 3.2
P mg dm” Mehlich-1 0.8

K mg kg Mehlich-1 48.0

Ca cmol, kg™ KCl 1 mol L* 0.1

Mg cmol, kg™ KCl1mol L* 0.1
Na mg kg Ca(H,PO,), in CH;COOH 0

Particle size

Clay gdm?® Pipette 25
Silt gdm? Pipette 2
Sand gdm?® Pipette 73

*SOM - organic soil matter.

The soil was placed in a 3 kg pots, with twenty seeds of Urochloa
decumbens (Stapf) R.D. Webster and after thinning, were allowed only ten
plants to grow. Fertilization was performed according to Malavolta (1980), using
50% reduction of P in order to induce plant stress and favor fungal colonization.

Three AMF species, Acaulospora morrowiae (Spain & N.C. Schenck),
Dentiscutata heterogama (T.H. Nicolson & Gerd.) and Rhizophagus clarus
(Nicolson & N.C. Schenck) were inoculated individually, with one hundred
spores each. Five doses of Se as selenate (0, 2, 4, 6 and 8 mg kg™ of soil) were
compared, based on the preliminary studies of Bamberg et al. (2015) with four
replication. After one month, fifty cm® of soil from each pot were collected in
order to extract spores and small root fragments for S-XRF analysis, these

samples were stored in a distilled water for 24 hours until the S-XRF analysis.
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A parallel experiment was conducted in 1% agar medium using Petri
dishes with the same five doses of Se applied in the pot experiment, which
allowed four fungus spores of Dentiscutata heterogama grow for 15 days at
37°C. Spores were harvested and washed five times in distilled water before S-

XRF analysis.

2.2 Dry mass
Shoots were washed in distilled water, placed in a paper bag and oven

dried at 60°C until constant weight to be taken on a precision scale.

2.3 Se concentration and accumulation in shoot

The dried and grinded tissues (approximately 500 mg) were weighed
and acid digested in 10 mL HNO; in Teflon PTFE flasks (Corporation,
Matthews, USA) and submitted to 0.76 MPa for 10 min in a microwave oven
(CEM, model Mars 5 CEM Corporation, Matthews, USA). After cooling at
room temperature, the extract was filtered (Whatman No. 40 filter) and diluted
by adding 5 mL of bi-distilled water. Certified reference material (tomato leaves,
NIST 1573a, National Institute of Standards and Technology (NIST),
Gaithersburg, USA) were included for quality control. Three blank and certified
reference samples were analysed along with every batch of digestion.

Se concentration was determined in a PerkinElmer Analyst 800 atomic
absorption spectrophotometer (PerkinElmer Inc., San Jose, USA) with
electrothermal atomization by (pyrolytic) graphite furnace.

The Se accumulation was determined according to the following

equation:

Se shoot accumulation (ug Se DW)=Shoot dry matter (g) x Se concentration in shoot (ug kg™
1000

2.4 Mycorrhizal colonization
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After ninety days of experiment, the roots were harvested washed and
one gram of fresh roots of each plant was taken to evaluate arbuscular
mycorrhizal colonization. The washed root samples were cleared immersed in a
10% KOH (w/v) solution for 24 h, washed in water, immersed in 2% HCL (v/v)
for 5 min, and stained with Trypan Blue (0,05%) for 24 h. The mycorrhizal
colonization was quantified by the gridline intersect method (Giovannetti and
Mosse, 1980).

2.5 Synchrotron X-ray fluorescence analysis

S-XRF measurements were carried out at the Brazilian Synchrotron
Light National Laboratory (LNLS) in Campinas/SP, at the XRF beamline,
through a polychromatic beam with an energy up to 20 keV for excitation and a
Si (Li) detector with a resolution of 165eV at 5.9 keV. The measurement was
performed in each spore and root fragment individually, which were inserted
directly to Kapton polyimide tape and covered with ultralene thin film.

The multielementar standard Specsol (Quimilab) was used in order to
obtain Se references to the follow dilutions 5.0; 25.0; 50.0; 100.0 and 125.0 ml
L, and was recovered a hundred percent of Se.

All results for Se 2D mapping and measurements were compiled using
the software PyMca 5.2.2 (Solé et al., 2007).

2.7 Statistical analysis

Results were expressed as an average of four replicates. Treatment
effects were determined by ANOVA followed by tukey HSD test at 5 % level
for multiple comparisons. For quantitative data (dry mass as well as total Se
accumulation in shoots) a regression model was employed for each treatment

using the software R 3.4.4 (R Development Core Team, 2018).

3 RESULTS AND DISCUSSION

3.1 Mycorrhizal colonization
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The results obtained do not show colonization for the non-inoculated
plants, indicating no contamination. All the AMF tested presented a decreasing
linear statistical regression model (Figure 1). The highest percentages of
colonization were obtained when Se was not applied in the soil, accounting for
47.34% for A. morrowie, 65.90% for D. heterogama and 67.42% for R. clarus.
For all tested AMF, the higher Se dosage applied to soil provided the lower rate
colonization obtained, resulting in a diference of colonization when compared to
the initial colonization at dose 0.0 mg kg*, of approximately: 28% for A.
morrowie, 20% D. heterogama and 13% for R. clarus. The fungus A. morrowie
showed to be the most sensitive specie to Se presence in soil.

Myecorrhizal colonization is affected by several factor such as pH,
nutrient availability, climate and plant host specificity (Laliberté, 2017;
Soudzilovskaia et al., 2015). In general, when high Se doses are applied to the
soil with FMA, the colonization rate tend to decrease as suggested by Tognon et
al., (2016) that inoculated Rhizophagus intraradices (N.C. Schenck & G.S. Sm.)
C. Walker & A. SchiiBler and applied Se at 100 pg plant™ in snapdragon flower,
they observed a reduction of 15.6% of colonization rate, as well as Yu et al.,
(2011b) in a soybean, Glycine max (L.) Merrill, with Funneliformis mosseae
(T.H. Nicolson and Gerd.) C. Walker & A. Schiissler fungus and 20 mg kg * Se
on soil, noticing a decreasing in the colonization rate after Se application of less

than 20%, which also corroborate with the present results.

3.2 Se accumulation in shoot

Se accumulation in shoots showed for all treatments, according to the
linear regression, increased values from O varying to 18795.95 ug Se kg-1 DW
(Figure 2). The fungi A. morrowiae and D. heterogama were able to provide
higher Se accumulations to the plants, especially at dose 8 mg kg-1, which
obtained more than 2 pug Se g-1 DW of difference.
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Figure 2. Se accumulation in shoots according with Se doses applied on soil for

each treatment. a) uninoculated b) A.morrowiae c) D. heterogama d) R. clarus.
(*P<0.05).

Shoots of plants colonized by R. clarus had lower accumulation than the
other treatments showing to be Se tolerant and indicating a possible protective
effect provided by these AMF in front of high Se doses to U. decumbens.
Several functional traits of AMF appear to have a taxonomic basis, and some of
them present potential to influence on host plant performance and ecosystem

processes (Van Der Heijden ans Scheublin, 2007), for example, fast-sporulating
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Glomeraceae species would show positive selection in impacted environments,
with some genera or species showing the ability to survive and propagate well
using intraradical vesicles (Fortin et al, 2005) or abundant spores produced in
the roots of vascular plants, as Rhizophagus spp. (SchuBler and Walker, 2010).
The AMF association presumably avoided Se translocation to the shoot, as can
be observed by the high Se storage in the AMF vesicle in a root of the same
treatment (Figure 3).

In general, plants can store major and trace-elements in its vacuoles.
AMEF can also improve trace elements accumulation depending on its fungus
specie (Hong-Bo et al., 2010; Phanthavongsa et al., 2017; Sessitsch et al., 2013;
Yu et al.,, 2011a). AMF can avoid, to immobilize, fix on its polyphosphate
granules or also retain trace-elements in its cell walls or structures as a
protective mechanism to the plants (Cabral et al., 2015; Cornejo et al., 2013; Jin
et al., 2018; Wang, 2010).

Se accumulation in lettuce (Lactuca sativa L.) leaves also decreased in a
previous study when applied along with a mix of Funneliformis mosseae and
Rhizophagus intraradices (Sanmartin et al., 2014). The effect of Funneliformis
mosseae fungus with application of increasing Se doses was studied in alfafa
(Medicago sativa L.), maize (Zea mays L.) and soybean by Yu et al. (2011b) and
Se shoot accumulation in inoculated plants was lower than those not inoculated
at all doses tested. Similar results were verified when the same AMF and
different Se species was tested in maize, as a result the inorganic Se
accumulation was higher in mycorrhizal plants (Yu et al., 2011a). On the other
hand, garlic plants were investigated with the addition of Se doses and the
individual inoculation of fungi Rhizophagus fasciculatus (Thaxt.) C. Walker &
A. SchiiBler) and F. mosseae and as a result, inoculated plants showed higher

accumulation of Se than non-inoculated plants (Patharajan; Raaman, 2012).
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3.2 Synchrotron X-ray fluorescence analysis (LNLYS)

Analyzes in the synchrotron laboratory allowed the identification of Se
in AMF spores of D. heterogama that were germinated in Petri dish, with 8 mg
kg™ of Se. Additionally, Se was not detected in spores control treatment. The Se
concentration found in spore mass was 35.14 mg kg*, which reaffirms the
potential of these microorganisms to prevent greater damage to the plants
causing by selenium toxicity (Figure 4).

In addition, in the R. clarus pot treatment of 8 mg kg, an AMF vesicle
was identified inside a root fragment, showing Se compartmentalization, with a
concentration in its structure of 16 mg kg™, while the Se concentration in root
material was 1.789 mg kg™ (Figure 3). The compartmentalization in the vesicle
had a magnitude of a hundred times greater than the concentration observed in
the root plant material, it also reaffirm the beneficial effect of the AMF to the
Brachiaria grass in the presence of high Se levels.

The storage of trace-elements in the AMF structures avoid its
translocation to the plant’s vital tissues such as shoots, reaffirming, therefore, a
protective mechanism against toxicity of trace elements (Cabral et al., 2015;
Ferrol et al., 2009). AMF spores has been reported to compartmentalize and to
bind with several heavy metal such as Cu, Zn and Cd (Cabral et al., 2015;
Cornejo et al., 2013; Ferrol; Tamayo; Vargas, 2016), but it is the first time that

Se compartmentalization is reported in this structure.
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4. CONCLUSIONS

AMF has a protective effect against Se toxicity on brachiaria grass. The
AMF mechanism of protection against high levels of Se in Urochloa decumbens
is compartmentalize this element in its structures, such as vesicles or spores.
According to the data obtained it is concluded that different AMF species may
exhibit different functional traits as tolerance to Se; A. morrowiae, D.
heterogama and R.clarus can survive in seleniferous soils; There is specificity
between AMF and Urochloa decumbens on 8 mg kg™ Se presence; and AMF
evaluated here may be selenotolerant, mainly R. clarus, requiring further studies

in order to confirm such hypothesis.
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