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RESUMEN

La cada vez mayor produccion de residuos radiactivos debido al extenso uso de energia nuclear
se esta convirtiendo, en la actualidad, en un problema ambiental a escala global para el medio
ambiente debido a sus graves riesgos asociados. Es bien sabido que estos residuos altamente
peligrosos contienen materiales contaminados con radiontclidos, que deben ser almacenados
durante largos periodos de tiempo hasta que su radiotoxicidad disminuya hasta niveles
naturales. Por esta razon, la implementacion de los almacenamientos geologicos profundos
(AGPs) ha sido considerada por muchos paises para su deposito seguro en un futuro proximo.
Este sistema esta basado en la encapsulacion de residuos radiactivos en contenedores de acero,
hierro o cemento, que seran depositados bajo tierra a una profundidad de 500-1000 m. Ademas,
estos contenedores estaran rodeados por barreras naturales (roca hospedante) y de ingenieria
(materiales de arcilla, cemento, etc.) para su proteccion mecanica, hidraulica y térmica. De
hecho, las formaciones arcillosas jugaran un papel crucial en muchos disefios de AGP tanto
como roca hospedante y como barrera de ingenieria en paises como Francia, Bélgica y Suiza.
Concretamente en Espaia, arcillas de bentonita del Parque Natural de Cabo de Gata (Almeria)
se han seleccionado como material de referencia para barreras de ingenieria, debido a sus

excelentes propiedades fisicas y geoquimicas.

Una amplia distribucion de microorganismos se ha descrito previamente en numerosos
materiales seleccionados para su uso como barrera en los AGPs, incluyendo formaciones
bentoniticas. Muchos estudios han evidenciado el papel que los procesos microbianos pueden
tener sobre la corrosion metalica de contenedores, la transformacion de minerales, la produccion
de gases y la movilidad de los radionuclidos presentes en los residuos radiactivos, entre otras
cosas. Como consecuencia de ello, los microorganismos podrian afectar la seguridad de los
sistemas de AGP. Diversos mecanismos microbianos como biotransformacion, biosorcion,
biomineralizaciéon y bioacumulacion se han descrito con anterioridad por su involucracion en la
interaccion con radionuclidos, probablemente afectando su movilizacion a través de estos
almacenamientos. Entre los radiontclidos presentes en los residuos radiactivos, el selenio (Se) y
el curio (Cm) son de gran interés. El Se es un componente comuin del combustible nuclear
gastado, existente en los residuos radiactivos principalmente en forma del isétopo "*Se (3.7 x
10° afios de vida media). Este elemento puede existir en la naturaleza en diferentes estados de
oxidacion: +VI, +1V, 0, y 11 El selenito (Se'") y el selenato (Se"") son las formas mas solubles
y toxicas, mientras que el Se elemental (Se’) y el seleniuro (Se™) son basicamente insolubles.
Por otro lado, el Cm es un elemento altamente radiotoxico también presente en el combustible

nuclear gastado, principalmente en forma de los isétopos *’Cm and ***Cm. Las excelentes



propiedades luminiscentes de este elemento, como representante de actinidos trivalentes (An™),
son idoneas para el estudio de su especiacion quimica a concentraciones relevantes para el

11

medio ambiente. De la misma manera, el europio (Eu), analogo inactivo de An", también

presenta excelentes propiedades luminiscentes. Debido a su inactividad, el Eu es un elemento

ideal para estudios de especiacion sobre An'™".

El principal objetivo de esta Tesis Doctoral consistié en estudiar el papel de la cepa bacteriana
aislada de bentonitas, Stenotrophomonas bentonitica, sobre la especiacion y movilizacion de Se,
Cm y Eu simulando las condiciones de los sistemas de AGP (aerobiosis, anaerobiosis y
alcalinidad) con el objetivo de evaluar su impacto sobre la seguridad de los mismos. Para este
fin, se empled una metodologia multidisciplinar combinando técnicas espectroscopicas,
microscopicas y microbiologicas. Se estima que unas condiciones aerobias dominaran los AGPs
después de su cierre, ya que el oxigeno se introducird durante su construccion y periodos
operacionales. Posteriormente, se establecera un ambiente anoxico. Ademas, condiciones
alcalinas (~pH 10-12) dominaran en aquellos almacenamientos que utilicen materiales

cementosos como referencia.

En primer lugar, la cepa de estudio, previamente aislada de formaciones bentoniticas espafiolas
durante estudios de diversidad dependientes de cultivo, se analizd a nivel molecular y
fenotipico. Los andlisis indicaron claramente que este aislado representa una nueva especie
dentro del género Stenotrophomonas, para el cual se propuso el nombre Stenotrophomonas
bentonitica, con BII-R7" como cepa tipo (= LMG 29893" = CECT 9180" = DSM 103927"). De
acuerdo con la literatura revisada, otras especies dentro del género Stenotrophomonas muestran
una elevada tolerancia a numerosos elementos toxicos como cadmio, zinc, selenio, cobre,
telurio, uranio, etc. En este sentido, el genoma de S. bentonitica contiene genes que codifican
para enzimas especificas (glutation reductasa, tiorredoxina reductasa, fosfatasa alcalina, etc.)
previamente descritas por su implicacion en la tolerancia e inmovilizaciéon de elementos
peligrosos para el ambiente como el Se y algunos actinidos (ej. uranio). Estos estudios
gendmicos también revelaron la presencia de genes codificantes para la formacion de
biopeliculas (fIh4, flhB, fliR, fliQ, fliP, fliN, fliM, slp), que podrian incentivar la inmovilizacion
de estos elementos en el marco de los sistemas de AGP a través de diferentes mecanismos de

interaccion como la biosorcion o la acumulacion intracelular.

En segundo lugar, se evalu6 el impacto de S. bentonitica sobre la especiacion quimica de Se
bajo condiciones aerobias. Las células de S. bentonitica fueron capaces de reducir Se'” a Se’ tal
y como indicaron los precipitados rojos producidos en los cultivos suplementados con este

oxoanion. El contenido total de Se' fue completamente reducido cuando las células se



cultivaron bajo diferentes concentraciones iniciales. A pesar de que el crecimiento, la viabilidad,
y la actividad bacteriana se vieron afectadas negativamente por el Se', las células fueron
capaces de crecer y mantenerse viables y activas. El Se" fue reducido a Se’ en forma de
nanoparticulas de Se (SeNPs) con diferentes formas (esférica, hexagonal, poligonal, nanofibras
o nanohilos) y propiedades cristalinas (amorfas y trigonales cristalinas), tal y como revelaron
los analisis con microscopia (HAADF/STEM-high angle annular dark field scanning
transmission electron microscopy) y difraccion de rayos X (XRD-X-ray diffraction).
Inicialmente, se sintetizaron nanoesferas de Se amorfo (a-Se) tras 24 h de incubacion, las cuales
empezaron a formar agregados tras 48 y 72 h. Finalmente, tras 144 h de incubacion, se
detectaron SeNPs cristalinas con una estructura trigonal en forma de hexagonos, poligonos y
nanofibras. Por lo tanto, se propuso un proceso de transformacion dependiente del tiempo desde
nanoesferas de a-Se a diferentes nanoestructuras de Se trigonal (t-Se), en el cual la materia
orgénica (probablemente correspondiente a proteinas tipo flagelo) asociada a las nanoparticulas
parece estar involucrada. Posteriores estudios espectroscopicos (ATR-FTIR-attenuated total
reflectance-Fourier transform infrared spectroscopy y XPS-X-ray photoelectron spectroscopy)
y microscopicos sobre SeNPs purificadas demostraron la presencia de materia organica rica en
grupos amino recubriendo las mismas. Estos resultados confirmaron el posible rol de las
proteinas en la sintesis y transformacion de SeNPs. Sin embargo, estudios adicionales son
necesarios para un mejor entendimiento sobre el papel especifico de estas envolturas proteicas.
La estructura local de las nanoestructuras de Se producidas bioldgicamente se investigo,
ademas, mediante espectroscopia de absorcion de rayos X (XAS-X-ray absorption
spectroscopy). El analisis mediante XANES (X-ray absorption near edge region spectroscopy)
confirmo el estado de oxidacion O de estas nanoestructuras de Se. Por otro lado, el analisis
mediante EXAFS (extended x-ray absorption fine structure) nos permitidé confirmar su
estructura tanto amorfa como cristalina. Los mayores valores obtenidos del factor Debye-Waller
(6®) de la primera esfera de coordinacion (Se-Sei) en la muestra incubada durante 24 h, en
comparacion con las muestras de 72 y 144 h, indicaron un aumento en el orden estructural
conforme aumenta el tiempo de incubacion. Estos resultados apoyaron el proceso de
transformacion y cristalizacion previamente sugerido a partir de los resultados obtenidos
mediante microscopia y espectroscopia. Finalmente, la deteccion de compuestos volatiles
metilados de Se como DMDSe (dimethyl diselenide) y DMDSeS (dimethyl selenenyl sulphide)
producidos por las células de S. bentonitica, evidencié la implicacion del proceso de
volatilizacion como mecanismo de interaccion. Este hecho, también confirmo la habilidad de las

células para reducir Se'” a especies metiladas de menor toxicidad en un estado de oxidacion —II.

La reduccion biolégica de Se' se estudié también bajo condiciones anaerdbicas y alcalinas

simulando las esperadas en los AGPs. A diferencia de los experimentos en aerobiosis descritos



anteriormente, bajo estas condiciones mas desfavorables se detectd la ausencia de crecimiento
microbiano y una menor viabilidad y actividad metabdlica. Sin embargo, las células de S.
bentonitica mostraron su capacidad para reducir Se" anaerébicamente desde pH neutro hasta
alcalino (pH 7-10) tal y como indicaron los precipitados rojos observados. De forma similar a
los resultados obtenidos en condiciones aerobias, los productos de Se procedentes de este
proceso de reduccion se acumularon en forma de diferentes SeNPs rodeadas por materia
organica y proteinas tipo flagelo. La presencia de nanoestructuras de t-Se, ademas de otras fases
termodinamicas intermedias como a-Se y Se monoclinico (m-Se), confirmaron un proceso de
transformacion similar al descrito anteriormente bajo condiciones aerobias. Sin embargo, la
menor cantidad de nanoestructuras de t-Se encontradas bajo condiciones anaerobias y alcalinas,
sugirieron un mecanismo de transformaciéon de mayor lentitud, probablemente provocado por
este ambiente de mayor estrés. Los bajos niveles de crecimiento, actividad y viabilidad parecen

afectar al proceso de reduccion y al de transformacion hacia cristales de Se.

En definitiva, el estudio de las interacciones moleculares con Se bajo condiciones aerobias,
anaerobias y alcalinas demostraron el impacto sustancial de los procesos microbianos llevados a
cabo por S. bentonitica sobre la especiacion y movilidad del Se. El Se producido en forma de
cristales de Se’ y de compuestos metilados como resultado de un proceso de reduccién, podrian
tener un papel beneficioso en la seguridad de los sistemas de AGP debido a su conocida menor

movilidad y toxicidad, respectivamente.

Finalmente, se analizaron tanto aerébica como anaerObicamente las interacciones moleculares
de Cm" y Eu'™ con S. bentonitica. Un gran niimero de técnicas incluyendo espectroscopia,
microscopia, y titulaciones potenciométricas se emplearon para llevar a cabo un estudio mas
completo y exhaustivo. Las titulaciones potenciométricas proporcionaron datos cuantitativos
sobre los tipos y concentraciones de los grupos funcionales de la superficie celular implicados
en la unién de Eu". Segun esta técnica, los grupos fosfato podrian actuar como el principal sitio
de unidén para la interaccion. Los resultados de espectroscopia infrarroja (ATR-FTIR)
concordaron con la implicacion de los grupos fosfato y sugirieron, ademas, que los grupos

I

carboxilo podrian formar complejos puente de unioén con el Eu. Los andlisis realizados con

espectroscopia de fotoelectrones emitidos por rayos X (XPS) también sugirieron que los grupos

carboxilos presentes en determinados acidos organicos, como el acetato, podrian participar en la

1

interaccién con el Eu". Adicionalmente, la espectroscopia de fluorescencia (TRLFS-time-

resolved laser-induced fluorescence spectroscopy) confirmé la participacion de los grupos
carboxilo y fosforilo en la acomplejacion de Cm"/Eu" al comparar los pardmetros de
luminiscencia obtenidos con la bibliografia publicada. Por tultimo, los analisis de microscopia

1II

mostraron que S. bentonitica interacciona con Eu" principalmente a través de un proceso de



biosorcion sobre la superficie celular. Sin embargo, la presencia de precipitados de Eu'" intra- y

extracelulares indic6 que otros mecanismos como la bioacumulacion o la bioprecipitacion
podrian estar involucrados en dicha interaccion. De hecho, los estudios cinéticos apoyaron
claramente el posible rol de mas de un mecanismo de interaccion. En definitiva, los estudios
moleculares sobre las interacciones con Eu"/Cm™ bajo condiciones aerébicas y anaerdbicas
demostraron la influencia de los procesos microbianos llevados a cabo por S. bentonitica en la

1T

movilidad de Eu™ y Cm"!. Los resultados obtenidos proponen que S. bentonitica juega un papel

1

importante en la inmovilizacion de An™ a través de su biosorcion y su potencial habilidad para

formar biopeliculas dentro de los sistemas de AGP. Ademas, la mas que probable

1

bioprecipitacion de An™ por las células podria también dar lugar a su inmovilizaciéon. Sin

M intracelulares encontrados, descartd la

embargo, la poca cantidad de precipitados de Eu
acumulacion intracelular como un mecanismo con un impacto significativo en los repositorios.
En cualquier caso, mas estudios y evidencias son necesarios para elucidar el rol especifico de S.
bentonitica sobre la seguridad de los futuros almacenamientos geoldgicos de residuos

radiactivos.

El estudio de las interacciones microbianas con radionuclidos serd de gran utilidad para la
prediccion del impacto microbiano sobre el funcionamiento y seguridad de los almacenamientos
de residuos radiactivos, asi como en el desarrollo de estrategias apropiadas de biorremediacion y
en la fabricacion ecoldgica de nanoparticulas con un gran potencial en numerosas aplicaciones

industriales y médicas.
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SUMMARY

Nowadays, the increasing generation of radioactive waste due to the extensive use of the nuclear
industry is becoming a global environmental concern for the environment due to their serious
associated risks. It is well known that these extremely hazardous residues contain materials
contaminated with radionuclides, which must be stored for a long period of time until their
radiotoxicity decrease to natural levels. For this purpose, the implementation of the deep
geological repositories (DGRs) has been considered by many countries for their safely disposal
in the near future. This system is based on the encapsulation of radioactive wastes in steel, iron
or concrete containers that will be placed underground at a depth of 500-1000 m. In addition,
the containers will be surrounded by natural (host rocks) and engineered barriers (bentonite,
cementitious materials, etc.) for their mechanical, hydraulic, and thermal protection. Indeed, the
clay formations will play a crucial role in many DGR design as host rock and engineered-barrier
in countries such as France, Belgium, and Switzerland. Specifically, in Spain, bentonite clays
from Cabo de Gata (Almeria) have been selected as a reference material for engineered barriers

because of their well characterized physical and geochemical properties.

A widely distribution of microorganisms has been previously reported in many materials
selected for their use as barrier for DGR, including bentonite formations. Many studies have
evidenced the role that microbial processes may play on the metal corrosion of containers,
transformation of clay minerals, gas production, and mobility of radionuclides present in
radioactive wastes, among others. As a consequence, microorganisms could affect the safety of
the DGR system. Several microbial mechanisms such as biotransformation, biosorption,
biomineralization, and bioaccumulation have been previously described to be involved in the
radionuclide interaction, probably affecting their migration behavior through the disposal.
Among the radionuclides present in radioactive waste, selenium (Se) and curium (Cm) are of
great interest. Se is a common component of the spent nuclear fuel present in radioactive waste
mainly as ’Se isotope (half life 3.7 x 10° years). This element can exist in nature in different
oxidation states: +VI, +IV, 0, and —II. Selenite (Se'") and selenate (Se"") are the more soluble
and toxic forms, while elemental Se (Se°) and selenide (Se™) are basically insoluble. On the
other hand, Cm is a highly radiotoxic element also present in nuclear spent fuel mainly as *’Cm
and ***Cm isotopes. The excellent luminescence properties of this element, as a representative of
trivalent actinides (An"), are suitable for the study of their chemical speciation at
environmentally relevant concentration. In the same way, europium (Eu), an inactive analogue
of An", also provide excellent luminescence properties. This inactivity makes Eu an optimal

element for speciation studies about An'",



The main objective of this Doctoral Thesis is to study the role of the bentonite-isolated
bacterium Stenotrophomonas bentonitica on the speciation and migration behaviour of Se, Cm,
and Eu simulating geodisposal conditions (aerobic, anaerobic, alkaline) with the aim of
evaluating its impact on the safety of the DGR system. For this purpose, a multidisciplinary
approach combining spectroscopic, microscopic, and microbiological techniques was employed.
Aerobic conditions are expected to dominate the DGRs after closure since oxygen will enter
during the construction and operational periods. After that, anoxic conditions will be
established. In addition, alkaline conditions (~ pH 10-12) will dominate in those disposal that

use cementitious materials as reference.

Firstly, the bacterial strain of study, previously isolated from Spanish bentonite formations
during a culture-dependent microbial diversity study, was analysed at molecular and phenotypic
level. These analyses clearly indicated that the isolate represents a novel species within the
genus Stenotrophomonas, for which the name Stenotrophomonas bentonitica sp. nov. was
proposed with BII-R7" as the type strain (= LMG 29893" = CECT 9180" = DSM 103927").
According to the literature reviewed, other species within the genus Stenotrophomonas show
high tolerance to numerous toxic elements such as cadmium, zinc, selenium, copper, tellurium,
uranium etc. In this sense, the genome of S. bentonitica contains genes coding for specific
enzymes (glutathione reductase, thioredoxin reductase, alkaline phosphatase, etc.), previously
described for their involvement in tolerating and immobilizing environmentally hazardous
elements such as Se and some actinides (e.g. uranium). These genomic studies also revealed the
presence of genes coding for proteins involved in the formation of biofilms (flhA4, fIhB, fliR,
fliQ, fliP, fliN, fliM, slp), which could enhance the immobilization of these elements within the
DGR system through different interaction mechanisms such as biosorption or intracellular

accumulation.

Secondly, the impact of S. bentonitica on the chemical speciation of Se under aerobic conditions
was evaluated. S. bentonitica cells are able to reduce Se'¥ to Se” as indicated by the red
precipitates produced in the cultures supplemented with this oxyanion. The total Se'” content
was completely reduced when the cells were grown under different initial concentrations,
indicating the high efficiency of the cells reducing Se'". Despite the bacterial growth, viability,
and activity was negatively affected by Se'', the cells were able to grow and maintain both
viability and activity. Se'¥ was reduced to Se’ in form of nanoparticles with different shapes
(spherical, hexagonal, polygonal and nanowires) and crystallographic properties (amorphous
and trigonal) as by revealed microscopy (HAADF/STEM-high-angle annular dark field
scanning transmission electron microscopy) and X-ray diffraction (XRD). Amorphous Se (a-Se)

nanospheres were initially synthesized after 24 h of incubation and then, they started to form



aggregates after 48 to 72 h. After 144 h, crystalline selenium nanoparticles (SeNPs) with
trigonal structure in form of hexagons, polygons and nanowires were also detected. A time-
dependent transformation process from a-Se nanospheres to different trigonal Se (t-Se)
nanostructures was proposed, in which organic matter (probably corresponding to flagella-like
proteins) attached to the nanoparticles seems to be involved. Further spectroscopic (ATR-FTIR-
attenuated total reflectance-Fourier transform infrared spectroscopy and XPS-X-ray
photoelectron spectroscopy) and microscopic studies of the purified SeNPs demonstrated the
presence of amine rich organic matter coating them. These results confirmed the possible role of
proteins in the synthesis and transformation of SeNPs. However, additional studies are needed
to better understand the specific role of protein coating. The local structure of the bioproduced
Se nanostructures was further investigated by X-ray absorption spectroscopy (XAS). X-ray
absorption near edge region spectroscopy (XANES) confirmed the zero-valent oxidation state of
these Se nanostructures. In addition, extended x-ray absorption fine structure (EXAFS)
confirmed their amorphous and crystalline structure. The higher Debye-Waller factor (c?)
values of Se-Se; shell in the sample incubated for 24 h comparing with 72 and 144 h samples,
indicated an increase in the structural order with the incubation time. These results would
support the transformation and crystallization process previously suggested by microscopic and
spectroscopic techniques. Finally, the detection of volatile methylated Se species such as
dimethyl diselenide (DMDSe) and dimethyl selenenyl sulphide (DMDSeS) produced by S.
bentonitica cells pointed out the involvement of volatilization as interaction mechanism. This
fact also confirmed the ability of the cells to reduce Se'" to the less toxic methylated species in

the -II oxidation state.

The biological reduction of Se" was also studied under anaerobic and alkaline conditions
simulating those expected in DGRs. In contrast to aerobic experiments mentioned above, no cell
growth and a lower viability and activity were detected under these more stressful conditions.
However, the cells of S. bentonitica showed their capacity to reduce Se'” anaerobically from
neutral to alkaline pH (pH 7-10) as indicated by the observed red precipitates. Similarly to the
results obtained aerobically, the Se products derived from the reduction process were
accumulated in form of different SeNPs surrounded by organic matter and flagella-like proteins.
The presence of t-Se nanostructures in addition to other intermediate thermodynamic phases
such as a-Se and monoclinic Se (m-Se) confirmed a similar transformation process as
previously described under aerobic conditions. However, the lower amount of t-Se
nanostructures observed under anaerobic and alkaline conditions suggested a slower
transformation mechanism probably influenced by this stressful environment. The low levels of
cell proliferation, activity, and viability seem to affect the reduction and transformation to Se

crystals.



Definitely, the study of the molecular interactions with Se under aerobic, anaerobic, and alkaline
conditions demonstrated the substantial impact of microbial processes derived from S.
bentonitica on Se speciation and mobility. The Se produced in form of Se’ crystals and
methylated compounds as a result of the reduction process may play an important beneficial role
on the safety of the geodisposal system due to their well-documented lower mobility and

toxicity, respectively.

Finally, the molecular interactions of Cm" and Eu" with S. bentonitica were analysed both
acrobically and anaerobically. A large number of techniques including spectroscopy,
microscopy, and potentiometric titrations were employed to provide a more comprehensive and
complete study. Potentiometric titrations provided quantitative data about the type and

concentration of functional groups from the cell surfaces involved in the Eu™

coordination.
According to this technique, phosphate groups could serve as the main binding site involved on
the interaction. ATR-FTIR results agreed with the implication of phosphate groups and also
suggested that carboxyl groups could form bidentate bridging complexes with Eu'. XPS
analysis also suggested carboxyl groups from organic acids such as acetate to participate in the
Eu"™ complexation. Additionally, TRLFS (time-resolved laser-induced fluorescence
spectroscopy) confirmed the phosphoryl and carboxyl groups to be involved in the Cm"/Eu™
complexation by comparing the luminescence parameters obtained with the published literature.

Finally, microscopic analyses showed that S. bentonitica mainly interact with Eu™

by a
biosorption process on the cell surface. However, the presence of intracellular and extracellular
Eu" precipitates pointed out that other mechanisms such as bioaccumulation or bioprecipitation
could be implicated in the interaction. Indeed, kinetic studies clearly supported the possible role
of more than one mechanism. Definitely, the study of the molecular interactions with Eu"/Cm"
under aerobic and anaerobic conditions demonstrated the influence of microbial processes
derived from S. bentonitica on Eu™/Cm™ mobility. The obtained results proposed S. bentonitica

1II

to play an important role in the immobilization of An" through their biosorption and the

potential ability of the cells to form biofilms within the DGR system. Additionally, the probable

bioprecipitation of An'!

by the cells could also lead to their immobilization. However, the low
amount of intracellular Eu™ precipitates, discarded bioaccumulation as a mechanism with a
significant impact in the repositories. In any case, more studies and evidences are necessary to
elucidate the specific role of S. bentonitica on the safety of the future repositories of radioactive

waste.

Fundamental understanding of the microbial interactions with radionuclides will be useful in

predicting the microbial impacts on the performance of the radioactive waste repositories as
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well as in developing appropriate bioremediation strategies, and environmentally-friendly

fabrication of nanoparticles with potential industrial and medical applications.
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INTRODUCCION

1. Radiactividad y sus efectos perjudiciales

La radiactividad es un proceso por el cual determinados elementos quimicos emiten radiaciones
como consecuencia de la desintegracion espontanea de su nucleo atomico. Este fenémeno es
caracteristico de isotopos inestables que tienden a descomponerse de forma directa o progresiva
en isotopos de mayor estabilidad, a la vez que emiten radiaciones (Porcelli, 2018). Estos
isotopos radiactivos, también conocidos por el nombre de radionticlidos, pueden emitir tres

tipos de radiaciones ionizantes:

= Radiacion alfa (a): consiste en la emision de particulas compuestas por dos protones y
dos neutrones (nucleos de helio) como consecuencia de la desintegracion del nucleo
atomico. Estas particulas son poco penetrantes y pueden ser detenidas por la ropa, hojas
de papel, o la propia piel. Sin embargo, pueden causar dafios celulares severos si son

ingeridas a través de alimentos o del aire.

= Radiacion beta (B): consiste en la emision de un electrébn o un positron (particula de
igual tamafio y masa que un electrén pero con carga positiva) tras la desintegracion del
nucleo atdmico. Presentan un mayor poder penetrante que las particulas alfa debido a su
menor masa, pudiendo incluso penetrar la piel unos pocos centimetros. Sin embargo, su

principal peligro reside en la emision interna a partir de su ingesta.

» Radiaciéon gamma (y): se trata de ondas electromagnéticas procedentes de un nucleo
inestable. Es la radiacion de mayor capacidad penetrante al no tener ni masa ni carga
eléctrica. Es, por tanto, la mas dafiina para los seres vivos al poder atravesar
completamente el cuerpo humano. Son necesarias capas muy gruesas o densas de

materiales de alto nimero atdomico para detenerlas.

Los llamados is6topos radiactivos naturales de vida larga fueron incorporados a rocas y suelos
durante la formacion de la Tierra, procedentes de la nucleosintesis estelar (Porcelli, 2018). Estos
isotopos no pueden ser formados bajo las condiciones terrestres, por lo que su cantidad y
radiactividad estan en continuo decrecimiento desde el origen de la Tierra. Sin embargo, la
elevada vida media de estos isotopos hace que su radiactividad se mantenga hasta el dia de hoy.
De hecho, al estar todavia en proceso de desintegracion, son muy utilizados en geocronologia

para la determinacion de la edad de los diferentes acontecimientos geologicos ocurridos a lo
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largo de la historia. Otro tipo de isotopos naturales son los formados en la atmosfera por
reacciones nucleares de rayos cosmicos con los dtomos presentes en la misma (Konya y Nagy,
2018). Sin embargo, en la actualidad, son mas numerosos en la naturaleza los is6topos
radiactivos creados artificialmente. Estos radioisotopos artificiales proceden principalmente de
las actividades de la industria nuclear, asi como de residuos de laboratorios de investigacion,
nucleares, médicos, e industriales. Algunos existentes en residuos nucleares como el "Se, el
%7r, o el '”Pd presentan una reactividad no muy elevada, pero debido a su elevada vida media

deben ser almacenados de forma segura (Konya y Nagy, 2018).

La contaminacion radiactiva de los ambientes naturales puede tener efectos perjudiciales para
los seres vivos dependiendo de numerosos factores, tales como el tejido afectado, el tipo de
radiacion, la dosis recibida, etc. Basicamente, el principal efecto de la radiactividad en los seres
vivos consiste en la radiolisis del agua, principal componente de los sistemas biologicos, que
conduce a la generacion de radicales libres. La formacion de radicales libres es debida al
caracter ionizante de las radiaciones emitidas, que por su elevada energia son capaces de extraer
electrones ligados a los atomos con los que interaccionan. Como bien es sabido, los radicales
libres pueden provocar cambios estructurales en biomoléculas, impidiendo asi que lleven a cabo
su funcion biologica. El ejemplo mas claro lo encontramos en las moléculas de ADN, en las que
dafios irreversibles en su estructura quimica pueden dar lugar a diferentes tipos de cancer. El uso
de materiales de construccion (granitos, esquistos, etc.) enriquecidos con isotopos radiactivos
puede aumentar la dosis de radiacion en las inmediaciones de construcciones y edificios,
teniendo efectos nocivos para el ser humano. Por ejemplo, el isétopo radiactivo **Rn,
procedente de la serie de desintegracion del ***U, es un gas movil e inerte que puede escapar de
rocas y suelos y acumularse dentro de los edificios (Porcelli, 2018). Uno de los principales
problemas derivados de esta exposicion radiactiva es la acumulacion de radionuclidos en el
organismo al inhalar aires o ingerir alimentos contaminados con los mismos y su inclusion en la

cadena trofica.

Del mismo modo, la presencia de radioiso6topos en la naturaleza puede causar problemas
ambientales de gran preocupacion para la sociedad. Uno de los principales riesgos ambientales y
humanos asociados al uso de radiois6topos provienen de los accidentes en reactores nucleares,
asi como de la gestion de residuos radiactivos (Zhang et al., 2019). La posible liberacion al
entorno de radiontclidos procedentes de actividades nucleares pueden ocasionar problemas
ambientales y sociales de gran calibre (Pravidlie y Bandoc, 2018). Desde el afio 1950,
aproximadamente unos 20 accidentes nucleares han tenido lugar en todo el mundo hasta el dia
de hoy (Burns, 2012; Lelieveld et al., 2012). De todos ellos, el conocido como mayor desastre

nuclear de la historia, fue el ocurrido en Chernébil (Ucrania) el 26 de Abril del afio 1986 (Figura
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1). Este accidente produjo la mayor liberacion de material radiactivo al medio ambiente hasta la

fecha (Burns, 2012; UNSCEAR, 2013). Entre los radionuclidos liberados, caben destacar por su
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peligrosidad los radionticlidos *’Cs y

Figura 1. Accidente nuclear ocurrido en el reactor 4 de la planta nuclear de Cherndbil (Ucrania) el 26 de Abril del
afio 1986 (http://time.com/4306694/chernobly-30-american-physicist/).

En definitiva, tanto los radioisdtopos naturales como artificiales se encuentran distribuidos por
toda la naturaleza (atmosfera, hidrosfera, litosfera), siendo un riesgo para la salud de todos los
organismos vivos y para la sostenibilidad del medio ambiente. Sin embargo, son aquellos
producidos artificialmente como consecuencia de actividades nucleares, los que en la actualidad
suponen un mayor riesgo. Por ello, el estudio y evaluacion para la mejora de la seguridad
nuclear y de la gestion y almacenamiento de residuos radiactivos, deben ser primordiales para

garantizar el bienestar de los seres vivos y del ambiente que les rodea.

2. Energia nuclear y produccién de residuos radiactivos

La demanda de energia a escala global estd aumentando considerablemente en la actualidad
debido al elevado crecimiento demografico y al incremento de las actividades industriales. La
naturaleza no renovable de los combustibles fosiles, principal fuente de energia mundial hoy en
dia, junto con las conocidas limitaciones de las energias renovables, hacen primordial la

busqueda de nuevas alternativas como la energia nuclear.

El uso de la energia nuclear empezod en la década de 1950, cuando el primer reactor, el

Experimental Breeder Reactor I (EBR-I) (Figura 2), fue construido en Estados Unidos. Entre los
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afios 1970 y 1985 se produjo un importante desarrollo global de la tecnologia nuclear, pasando
de 70 reactores nucleares a principios de 1970, a unos 360 en 1985. Posteriormente, tuvo lugar
un pequeflo retroceso en el desarrollo nuclear debido a algunos acontecimientos que tuvieron
una gran repercusion mediatica, como son, el accidente nuclear de Chernobil y el aumento de
interés en el petroleo por las grandes economias mundiales debido a su reduccion de precios a
partir de 1980 (Albino et al., 2014). Estos sucesos tuvieron un gran impacto en la sociedad
acerca del uso de esta tecnologia. De hecho, algunos paises declararon el no uso de la energia
nuclear. A pesar de ello, otros paises como Japon, India o China continuaron con sus proyectos,
los cuales se mantienen hasta el dia de hoy. En la actualidad, la energia nuclear se encuentra en
expansion en todo el mundo debido, en gran medida, a las fuertes inversiones en la construccion
de reactores, al aumento del precio de los combustibles fosiles y a la creciente preocupacion por

el cambio climatico (Pravalie y Bandoc, 2018).

Figura 2. Instalaciones del Reactor Experimental Breeder (EBR-I), la primera planta de energia nuclear experimental
del mundo (https://www.smithsonianmag.com/travel/tour-worlds-first-nuclear-power-plant-idaho-180956006/)
(http://expdvl.com/internet/ TRAVEL/WWWOZ~1.NET/~CHRISP/EBR.HTM).

Desde el punto de vista econdmico, la energia nuclear es una importante fuente de ingresos en
numerosos paises, al ser una de las principales fuentes de energia. Se estima que cubre el 11 %
de la produccion total de electricidad en todo el mundo (IAEA, 2015). Sin embargo, el uso de
combustibles fosiles como fuente de energia es todavia dominante e incluso se estima que
cubrira hasta un 50% de la energia global hasta el afio 2050 (Don MacElroy, 2016). El dominio
de los combustibles fosiles en este sector en los tltimos 50 afios ha provocado la emision de
cantidades descomunales de carbono a la atmoésfera, causando la aceleracion del cambio
climatico (Ballantyne et al., 2012). Se calcula que unas 350 billones de toneladas de carbono se
han emitido entre 1959 y 2010 (Ballantyne et al., 2012). El uso de la energia nuclear podria ser
una oportunidad para combatir el calentamiento global, uno de los problemas medioambientales
mas serios al que nos enfrentamos hoy dia en el mundo (Rockstrom et al., 2009). Los bajos

niveles de emision de carbono liberados por la industria nuclear (NEA, 2015), hacen de ella una
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buena opcion para la descarbonizacion del modelo energético global. En concreto, se estima que
este tipo de energia ha evitado la liberacion de 60 billones de toneladas de didxido de carbono
desde 1970 (IAEA, 2016). Por supuesto, para este fin, se hace necesario el uso simultaneo de
otras estrategias que reduzcan la emision de didxido de carbono, como la instauraciéon de

energias renovables.

A pesar de lo citado anteriormente, el uso de la energia nuclear se encuentra en continua
controversia debido a los importantes riesgos asociados que conlleva, como por ejemplo, la
contaminacion ambiental y la generacion de residuos radiactivos contaminados con
radionuclidos. El dificil almacenamiento seguro y permanente de los residuos radiactivos
generados, supone una amenaza para la sociedad y el medio ambiente. La IAEA (International
Atomic Energy Agency), junto con otras organizaciones, se encarga de la gestion y regulacion de
los residuos radiactivos. Segun la guia de seguridad de la IAEA (IAEA, 2009a), el sistema de
clasificacion actual de residuos radiactivos, basado en aspectos de seguridad a largo plazo,

contempla 6 tipos de residuos:

= Desechos exentos (EW-Exempt Waste): contienen concentraciones de radionuclidos tan

pequetias que no estan sometidos a las reglas de disposicion de proteccion radiologica.

=  Desechos de periodo muy corto (VSLW-Very Short-Lived Waste): son aquellos que
contienen radionuclidos con periodos de semidesintegracion muy cortos y cuyas
concentraciones de actividad estan por encima de las establecidas para los exentos.
Estos residuos son almacenados hasta que su actividad se reduce por debajo de estos
niveles. Se trata principalmente de radiontclidos procedentes de aplicaciones
industriales y médicas. Aunque el limite de los periodos de semidesintegracion no se
puede establecer, ya que depende de la duracion del almacenamiento y de la actividad
inicial, este tipo de residuos se suele aplicar a aquellos con radionticlidos con periodos

de 100 dias aproximadamente.

=  Desechos de actividad muy baja (VLLW-Very Low Level Waste): son desechos con
niveles de concentracion de actividad cercanos a los niveles especificados para la
exencion o ligeramente por encima. Se trata de desechos que suelen contener
radionticlidos naturales procedentes de la mineria. El nivel de seguridad dptimo para
estos residuos se puede conseguir mediante su disposicion final en instalaciones
superficiales, al presentar un riesgo mas limitado en comparacion con clases de residuos

superiores.
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* Desechos de baja actividad (LLW-Low Level Waste): aquellos que contienen una
cantidad de material radiactivo que sea necesario su aislamiento y contencion durante
periodos limitados de hasta algunos cientos de afios. Se trata de residuos cuyo contenido

de actividad se encuentra justo por encima del nivel establecido para los VLLW.

= Desechos de actividad intermedia (ILW-Intermediate Level Waste): contienen
cantidades de radionuclidos con periodos de semidesintegracion largos que requieren un
mayor grado de aislamiento de los ecosistemas del que ofrece la disposicion en
instalaciones superficiales. Para ello, su disposicion final se lleva a cabo a una
profundidad de entre decenas y varios cientos de metros. Los menores efectos de
erosion y la menor probabilidad de intrusion humana otorgan una mayor seguridad a

este tipo de disposiciones.

=  Desechos de alta actividad (HLW-High Level Waste): son aquellos residuos que
contienen concentraciones tan grandes de radionuclidos que requieren un mayor grado
de contencion y aislamiento que los ILW para garantizar la seguridad a largo plazo.
Para ello, su disposicion final geoldgica se realiza a elevadas profundidades mediante el
uso de barreras artificiales. Los HLW generan grandes cantidades de calor como
consecuencia de la desintegracion radiactiva, que puede durar siglos. Por ello, hay que
tener en cuenta la disipacion de calor a la hora de disefiar las instalaciones que los
contengan. Se trata principalmente de residuos procedentes de la industria nuclear,
cuyos niveles de concentracion de actividad oscila entre los 10*-10° TBq/m®. Los HLW
son los residuos mas peligrosos, ya que son capaces de persistir en el ambiente hasta
unos cien mil afios (Horvath y Rachlew, 2016). Su produccion es alarmante, con mas de
12000 toneladas al afio (Gerstner, 2009). Actualmente, se estima que aproximadamente
unos 250.000 toneladas de HLW necesitan almacenamiento en todo el mundo (World

Nuclear Association, www.world-nuclear.org/info/ inf104.html.).

Es importante aclarar que los limites de concentracién de actividad radiactiva entre las
diferentes clases de residuos no se pueden especificar de forma general, ya que dependen del
tipo de instalacion, evaluacion de seguridad del emplazamiento, tipo de radionuclidos
contenidos, parametros geologicos y técnicos, etc. Es el organismo regulador o las autoridades
nacionales los que pueden determinar donde se clasifican los desechos basandose en
justificaciones de seguridad genéricas. Por tanto, este sistema de clasificacion consiste en una

guia de seguridad orientativa internacional sobre como cumplir los requisitos de seguridad.
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La elevada generacion de estos residuos supone un problema ambiental de primer orden al que
hay que encontrar solucion. En este sentido, el reprocesamiento del combustible nuclear gastado
puede resolver de forma parcial este problema. Segtin la IAEA en unos de sus informes de 2009
(IAEA, 2009b), unas 5600 toneladas son reprocesadas al afio. Sin embargo, es evidente que la
cantidad de residuos generados es mucho mayor y, en consecuencia, el problema no puede ser
solventado exclusivamente con este método. Es por ello que en los ultimos afios el consenso
politico y cientifico internacional ha declarado que la gestion y disposicion mas viable de

residuos radiactivos consiste en su almacenamiento geoldgico profundo (AGP) (NEA, 2010).

3. Sistemas de Almacenamiento Geologico Profundo de residuos radiactivos

El concepto de AGP fue acufiado en el afio 1995 por el comité de gestion de residuos de la NEA
(Nuclear Energy Agency) (Vuori, 1995). Los AGPs se basan en el almacenamiento de residuos
radiactivos en contenedores situados entre unos 500-1000 metros bajo la superficie mediante un
sistema multi-barrera, con el objetivo de aislarlos del medio por cientos de miles de afios
(Figura 3). Estos sistemas comprenden barreras naturales, como la propia roca hospedante del
emplazamiento geoldgico, y barreras artificiales o de ingenieria, como los contenedores y los
materiales de sellamiento (Ma et al.,, 2018). Arcillas, rocas cristalinas (granitos, rocas
metamorficas de alto grado, etc.) y depositos salinos son las principales formaciones geologicas
seleccionadas por sus caracteristicas fisico-quimicas como posible barrera natural (Ahonen et
al., 2016). Las formaciones arcillosas son una de las principales opciones como roca hospedante
en paises como Francia, Bélgica y Suiza debido a sus excelentes propiedades, mientras que las
formaciones geoldgicas de granito han sido seleccionadas en paises como Finlandia, Suecia,
Canada y Republica Checa. Por ultimo, Estados Unidos estd contemplando el uso de
formaciones de sales, que fueron las primeras consideradas para su uso en los almacenamientos
de residuos radiactivos (Ahonen et al., 2016). Por otro lado, el material y disefio de las barreras
artificiales dependen, entre otras cosas, del tipo de residuos y de la naturaleza de la roca
hospedante. Los contenedores pueden ser de metal (hierro o cobre) o de hormigoén, mientras que

como material de sellamiento se puede usar cemento o arcillas como las bentonitas.

Seglin recientes estudios los materiales cementosos proporcionarian un ambiente alcalino que
prevendria la posible disolucion, y por tanto la movilizacién, de los radionuclidos en aguas
subterraneas (Abrahamsen et al., 2015). Ademas, estos materiales también actuarian como
blindaje contra la radiacion (Abrahamsen et al., 2015). Se estima que en este tipo de sistemas
cementosos el pH varie a lo largo del tiempo, con un elevado pH inicial superior a 12,5 y su
posterior reduccion y equilibrio a pH 8-10 con la entrada de aguas subterraneas (Berner, 1992).

Por supuesto, otros factores como la radiacion, los microorganismos o el tipo de residuos
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podrian afectar la fluctuacion del pH. Por otra parte, en la mayoria de almacenamientos se prevé
que después de un periodo inicial corto en condiciones aerobias, debido a la presencia de
oxigeno atrapado durante la construccion, predomine un ambiente reductor y anaerobio. Estas
condiciones seran debidas principalmente a la escasez de oxigeno bajo tierra, la disolucion de
minerales reducidos presentes y la presencia de determinados aceptores y donadores de
electrones, entre otras cosas (Duro et al., 2014). Los ambientes reductores son esenciales para
evitar la movilidad de numerosos radionticlidos al afectar su especiacion quimica mediante

procesos de reduccion.
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Figura 3. Concepto de almacenamiento geoldgico profundo segun la Nuclear Waste Management Organization

(NWMO) (http://www.edram.info/index.php?id=218).

En la actualidad, los AGPs son la opcion mas ampliamente aceptada por la comunidad cientifica
para el almacenamiento final de los residuos radiactivos de alta actividad, asi como para los de
intermedia actividad de larga vida media. Por otra parte, se tiene previsto que los residuos de
actividad baja e intermedia de vida media corta sean depositados en repositorios de superficie o
a unos cuantas decenas de metros de profundidad. Muchos paises ya han comenzado a planear e
incluso construir su propio almacenamiento de residuos radiactivos. China ha anunciado la
preseleccion de un plan nacional de almacenamiento de residuos de alta actividad en zonas
geologicas de granito en la provincia de Gansu. Por su parte, Francia, uno de los mayores
productores de energia nuclear, estd disefiando a través de la agencia ANDRA (Agence
Nationale pour la gestion des Déchets Radioactifs) un AGP denominado Cigéo, sobre un
emplazamiento de rocas arcillosas situado al este del pais. El objetivo es almacenar HLW e ILW
de larga vida media usando un sistema basado en materiales de cemento, tanto para su

encapsulacion como para su aislamiento y sellamiento. En paises como Suiza, Republica Checa,

20



Finlandia, Suecia, Alemania o el Reino Unido también se estan planeando AGPs basados en

materiales de cemento (IAEA, 2018).

4. Radionuclidos de interés presentes en los residuos radiactivos.

Tal y como ya hemos mencionado, los residuos radiactivos contienen radionuclidos que pueden
afectar la seguridad ambiental y humana. Aunque no todos los radionuclidos presentan un
impacto significativo en este sentido, si son de relevancia aquellos que por diversos factores
como el tipo de radiacion emitida, la concentracion, o el periodo de semidesintegracion,
presentan un mayor riesgo en términos de seguridad. El estudio de algunos isoétopos radiactivos

™ como el curio **’Cm, ***Cm) y el americio

de selenio (Se), de actinidos trivalentes (An
(**Am), y de otros actinidos como el neptunio (*’Np) o el uranio (**U) es de elevada
Yy Y

importancia debido a su radiotoxicidad (Hamed et al., 2017; Kooyman et al., 2018).

El selenio (Se) es un elemento que se encuentra ampliamente distribuido por la naturaleza
(ambientes acuaticos, atmosféricos, terrestres, etc.) en diferentes estados de oxidacion: selenato
(Se"), selenito (Se'), selenio elemental (Se”) y seleniuro (Se™). Es bien sabido que la
solubilidad, y por tanto la movilidad, de un elemento viene determinada en gran medida por su
especiacion o estado de oxidacion, ademas de otros factores como el pH y el potencial redox
(Eh) (Breynaert et al., 2010; Di Gregorio et al., 2005). E1 Se"" y el Se'V, las formas mas solubles
y toxicas, predominan en ambientes oxidantes (Breynaert et al., 2010; Lehto y Hou, 2011). Por
el contrario, el Se’ y los seleniuros metilados son basicamente insolubles (Ranjard et al., 2003) y
predominan en ambientes reductores. Los radionticlidos de Se no aparecen en cantidades
significativas en la naturaleza. La mayoria de ellos presentan una vida media corta que oscila
entre los 20 segundos (para el 7™Se) y 120 dias (para el °Se). El tinico de potencial interés por
su peligrosidad para el medio ambiente y para la seguridad a largo plazo de los
almacenamientos de residuos radiactivos es el 7’Se, debido a su elevada vida media (3,7 x 10°
afios) y movilidad en los ambientes geoldgicos (Atwood, 2010). El radioisétopo "Se es un
emisor beta producido principalmente por la fisién del U y otros radiontclidos como el **°Pu,
aunque, en menor medida, también se origina como consecuencia de la activacion neutronica
del "®Se presente en los materiales de construccion de los reactores de fision (Atwood, 2010). Se
trata de un componente caracteristico de los HLW y es, sin duda, el principal radionuclido de Se
presente en los mismos (Ikonen et al., 2016). Al ser un radionticlido artificial, la tnica posible
fuente de "°Se en la naturaleza seria su liberacion a partir de los residuos generados en las
centrales nucleares, asi como de accidentes nucleares. En tal caso, se prevé que sea liberado en
forma de Se"' y Se' y que su comportamiento sea idéntico al del Se no radiactivo existente en

la naturaleza (Atwood, 2010). No obstante, algunos calculos termodinamicos indican que
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también podria estar en los estados 0 y —II debido a su interaccion con el hierro presente en los

contenedores metalicos que contienen los residuos (Altmann, 2008).

Uno de los An"' de mayor interés presente en los residuos radiactivos es el curio (Cm). El Cm es
un radionticlido muy téxico debido a la actividad alfa de algunos de sus isotopos, como el **’Cm
y el %Cm, existentes en el combustible nuclear gastado (Gorietti et al., 2017; Kooyman et al.,
2018). Este elemento es también el principal artifice del calor por desintegracion nuclear
producido en los residuos nucleares, un factor limitante en cuanto a la gestion y almacenamiento
de los mismos. La produccion de calor requiere un mayor espacio en los almacenamientos para
que haya una mejor adecuacion y disipacion de la temperatura (Chabert et al., 2012). Por tanto,
la eliminacion del calor producido supondria una ventaja a la hora de depositar los residuos. El
enfoque actual consiste en almacenar los residuos que contengan estos radionticlidos durante
120 afios y esperar la disipacion natural del calor producido antes de su almacenamiento bajo
tierra (Kooyman et al., 2018). Muchos de los trabajos enfocados en el estudio del Cm, utilizan

el elemento europio (Eu) como representante inactivo de An"

. Esta inactividad, junto con sus
excepcionales propiedades luminiscentes (Ansoborlo et al., 2007), hacen que el Eu sea ideal
para estos estudios, ya que los experimentos realizados con este elemento pueden ser

extrapolados tanto al Cm como al resto de An"

. Otros actinidos como el Am y el Np también
son responsables de la elevada radiotoxicidad a largo plazo del combustible nuclear, asi como

de la gran cantidad de calor producido por desintegracion nuclear (Kooyman et al., 2018).

Como ya se ha comentado con anterioridad, la movilidad de los radionuclidos se puede ver
afectada por numerosos factores, entre los que se encuentran, el pH, el potencial redox y la
especiacion quimica. Sin embargo, ain no se ha mencionado el impacto que pueden tener los

microorganismos tanto en la movilidad de los radiontclidos como en la seguridad de los AGPs.

5. Diversidad e influencia de los microorganismos en los sistemas de AGP.

Hoy dia es bien conocida la presencia de microorganismos en las formaciones geoldgicas
consideradas para el almacenamiento de residuos radiactivos, tales como granitos, arcillas,
depositos de sales, etc. en las que se ha detectado una amplia diversidad microbiana (Bachran et
al., 2018; Lopez-Fernandez et al., 2018a, 2015; Pedersen, 2013). En este sentido, no solo hay
que tener en cuenta la microbiologia autoctona de los materiales y formaciones geoldgicas de
los AGPs, ya que una amplia gama de microorganismos pueden ser introducidos durante la

construccion de los mismos.
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En aquellos paises que han optado por el uso de arcillas en sus respectivos AGPs, se estan
llevando y se han llevado a cabo estudios de diversidad, actividad y viabilidad microbiana con
el objetivo de investigar la influencia de los procesos microbianos en la seguridad de estos
sistemas. Es el caso de la arcilla Opalinus de Suiza, la Callavo-Oxfordian de Francia, las
bentonitas de Cabo Gata de Espaiia, o las arcillas Boom de Bélgica (Bengtsson y Pedersen,
2016; Lopez-Fernandez et al., 2014; Schlegel et al., 2016; Smart et al., 2017). Las formaciones
arcillosas de bentonita obtenidas de Cabo de Gata (Almeria, Espafia) han sido caracterizadas y
descritas como adecuadas para su uso como barrera artificial en los AGPs debido a sus
propiedades mineraldgicas, fisico-quimicas, hidraulicas, mecéanicas y geoquimicas (Villar et al.,
2006). Concretamente, las bentonitas procedentes del depodsito de Cortijo de Archidona
(Almeria, Espana) se han seleccionado como material espafiol de referencia debido
principalmente a sus Optimas propiedades de compactacion (Villar et al., 2006). Los estudios de
Lépez-Fernandez et al. (2018a; 2015; 2014) demostraron la elevada biodiversidad microbiana
presente en estas bentonitas (Figura 4). La mayoria de especies identificadas correspondieron a
microorganismos aerobicos facultativos y estrictos. Algunos de ellos han sido descritos
previamente por su habilidad para interaccionar con radionticlidos y metales pesados presentes
en residuos radiactivos mediante diversos mecanismos. Es el caso de géneros bacterianos como
Acidovorax, Variovorax, Pseudomonas, Stenotrophomonas y Ralstonia (Choudhary y Sar, 2009;
Gerber et al., 2016; Hedrich et al., 2011; Hupert-Kocurek et al., 2013; Ruiz-Fresneda et al.,
2018). Recientemente se ha demostrado la capacidad de la bacteria Acidovorax facilis para
interaccionar con UY!, principalmente a través de un proceso de biosorcién a la superficie
celular (Gerber et al., 2016). Otras especies bacterianas como Stenotrophomonas bentonitica
presentan una gran versatilidad al poder interaccionar con Se'', Cm'", o UY' a través de

diferentes procesos como reduccion, biosorcion y acumulacion intracelular (Lopez-Fernandez et

al., 2014; Ruiz-Fresneda et al., 2018; Capitulo Il y V).
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Figura 4. Anélisis de la biodiversidad microbiana presente en muestras de bentonitas obtenidas de Cabo de Gata

(Almeria, Espafia) mediante secuenciacion Illumina (modificado de Lopez-Fernandez et al. 2015).
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En definitiva, los almacenamientos geologicos no van a ser ambientes estériles. Aunque las
condiciones no sean Optimas, van a estar presentes los nutrientes necesarios (donadores y
aceptores de electrones, fuentes de carbono, nitrégeno, fosforo, etc.) para la existencia de
actividad metabdlica microbiana. Como los microorganismos pueden sobrevivir y estar activos,
tienen que ser considerados cuando los residuos sean almacenados. Por todo ello, el estudio de
los procesos microbianos y su posible efecto en la seguridad de los almacenamientos de
residuos radiactivos es de gran interés. Entre ellos cabe destacar principalmente: la corrosion de
los contenedores metalicos utilizados para depositar los residuos radiactivos, la produccion
microbiana de gases y la interaccion microbiana con radionticlidos y materiales organicos

presentes en los residuos.

5.1. Biocorrosion de los contenedores metalicos.

El fendmeno de biocorrosion consiste en el deterioro de materiales como el hiero, acero,
hormigon o rocas a través de reacciones electroquimicas llevadas a cabo por microorganismos
(Videla y Herrera, 2009). La formacion de sustancias quimicas corrosivas (sulfuros, acetatos,
nitritos, acidos, etc.) como consecuencia del metabolismo microbiano, contribuyen a este
proceso de corrosion de los contenedores, que actlian como primera barrera de los residuos
radiactivos (Leupin et al., 2017). Las bacterias sulfato-reductoras, las oxido-reductoras del
hierro, y aquellas productoras de acidos orgénicos, son los principales microorganismos
implicados en la biocorrosion (Féron y Crusset, 2014; Leupin et al., 2017). De entre las
anteriormente mencionadas cabe destacar a las bacterias sulfato-reductoras, debido a su
capacidad de producir acido sulfhidrico (H.S) como principal agente corrosivo (Bagnoud et al.,
2016a). Ademas, experimentos llevados a cabo en los ultimos afios en el Laboratorio
Subterraneo Mont Terri, indican que las bacterias del género Pseudomonas presentes en aguas
de poro de las arcillas Opalinus, estan involucradas en la produccion de acidos organicos
(Bagnoud et al., 2016a), los cuéles podrian intervenir en procesos de corrosion. En definitiva, el
estudio de este fenomeno simulando las condiciones presentes en los almacenamientos es de
gran interés, ya que podria dar lugar a la liberacion de los radiontclidos en los alrededores del
almacenamiento. Sin embargo, la corrosion no s6lo puede afectar a la liberacion de
radionuclidos, sino que también puede dar lugar a la formacioén de gases como H» tal y como

veremos a continuacion.
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5.2. Produccion microbiana de gases.

La produccion de gases como consecuencia de la actividad microbiana (principalmente H,, CO»
y CH4) puede dar lugar al aumento de la presion dentro de los repositorios, comprometiendo la
integridad de las arcillas como barreras (Bagnoud et al., 2016b). El CH4 puede ser producido a
través de la metanogénesis llevada a cabo por algunos microorganismos y mediante reacciones
producidas entre el H, y los carbonos inorganicos (CO, y CO) presentes (Kietdviinen y
Purkamo, 2015). Por otra parte, la generacion de H, puede ser debida a la corrosion andxica de
contenedores metalicos (Senior et al., 2017) y a la radidlisis del agua (Le Caér, 2011), ademas
de como consecuencia de la actividad microbiana (Bagnoud et al., 2016a). EI H, producido
puede ser utilizado por los microorganismos como fuente de energia para el crecimiento
microbiano mediante la producciéon de CHs y la reduccion de sulfatos (Libert et al., 2011).
Recientemente se estan llevando a cabo estudios metagendomicos y metaprotedmicos sobre la
comunidad microbiana presente en las arcillas Opalinus, simulando las condiciones presentes en
los repositorios, para determinar el papel de rutas metabolicas microbianas sobre la seguridad de
los AGPs. Estos analisis indicaron la elevada contribucion del género bacteriano Pseudomonas
en la oxidacion de H» a través de la reduccion de sulfato (Bagnoud et al., 2016a; Smart et al.,
2017). En este caso, al contrario que lo mencionado anteriormente, el uso de H, por los
microorganismos supondria un impacto positivo sobre los AGPs al disminuir el exceso de
presion ejercido por este gas (Bagnoud et al.,, 2016b). Las bacterias sulfato-reductoras de la
familia Peptococcaceae también parecen intervenir en la formacion de H>S como consecuencia
de la respiracion de sulfatos y de CO; a partir de la oxidacion de acetatos y otros compuestos
organicos (Bagnoud et al., 2016a). E1 CO, generado puede disolverse en el agua de poro,
precipitar mediante su interaccion con materiales cementosos o difundirse en forma gaseosa,

dependiendo de la zona donde se produzca dentro de los almacenamientos (Bagnoud et al.,
2016a).

En definitiva, los microorganismos podrian tener un papel tanto beneficioso como perjudicial en
la seguridad de estos repositorios en cuanto a la formacion y utilizacion de gases. Sin embargo
debido a la gran cantidad de procesos y ciclos biogeoquimicos que tendran lugar, es dificil
determinar el rol especifico de los mismos. De todas formas, el estudio del metabolismo
microbiano debe ser considerado a la hora de evaluar la seguridad de los almacenamientos de
residuos radiactivos. Por ello, numerosos estudios se estan llevando a cabo en la actualidad con

la finalidad de aclarar este tema.
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5.3. Interaccion microbiana con materia organica.

La seguridad de los AGPs puede verse comprometida por la posible interaccion entre la materia
orgéanica que requiere almacenamiento geologico, la radiacion, y los microorganismos presentes
en estos repositorios (Meleshyn, 2011). Los polimeros halogenados (PVC), el betun, los
materiales de celulosa (papel, ropa, madera) y las resinas de intercambio i6nico son materiales
orgéanicos de origen antropogénico que al estar contaminados con radionuclidos forman parte de
residuos de intermedia actividad (Abrahamsen et al., 2015; Von Schenck y Kéllstrém, 2014).
Estos materiales estan sometidos a duras condiciones durante su almacenamiento, ya que estan
expuestos a radiaciones, a la accion de microorganismos y a dificiles condiciones quimicas (pH
alcalinos) en un ambiente anaerobio. Como consecuencia de ello, pueden ser degradados
radiolitica, quimica y biolégicamente, dando lugar a productos de degradacion (acetato, lactato,
etc.) que pueden afectar a la especiacion de los radionuclidos y por tanto, a la movilizacion de
los mismos (Abrahamsen et al., 2015). Diesen et al. (2017) comprobaron que productos de
degradacion procedentes de materiales celuldsicos, como el acido isosacarinico (ISA-

isosaccharinic acid), intervienen en la solubilizacién y movilizacién de Eu™

. Sin embargo,
algunos microorganismos también son capaces de degradar el ISA y otros agentes
acomplejantes bajo condiciones alcalinas semejantes a las esperadas en los futuros AGPs,
pudiendo evitar asi la movilizacion de los radionuclidos presentes (Bassil et al., 2015). Ademas,
estos productos de degradacion orgéanicos pueden ser utilizados por el metabolismo microbiano
como fuente de energia, de carbono y de electrones, favoreciendo su viabilidad y supervivencia

en los alrededores de los almacenamientos (Bassil et al., 2015).

5.4. Movilizacién de radiontclidos por microorganismos.

Es bien sabido que los radionuclidos no pueden ser degradados, pero si pueden ser
transformados a formas de menor toxicidad. Uno de los principales responsables que pueden
intervenir en esta transformacion son los microorganismos. Esto se debe gracias a la tolerancia
que presentan determinados microbios a la toxicidad de algunos elementos y a otro tipo de
condiciones estresantes como la radiacion, desecacion o la presencia de agentes oxidantes (Brim
et al., 2000). En este sentido, se ha descrito una amplia variedad de bacterias con elevada
resistencia a elementos como uranio, niquel, cobre, cadmio, selenio, cesio y estroncio,
pertenecientes a géneros como Bacillus, Pseudomonas, Stenotrophomonas o Serratia,

(Paterson-Beedle et al., 2006; Ruiz-Fresneda et al., 2018; Shukla et al., 2017).

La actividad microbiana puede afectar la solubilidad y migracion de los radionticlidos de forma

indirecta mediante la alteracion de las condiciones geoquimicas de los almacenamientos (pH,
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Eh, etc.). Estas alteraciones pueden dar lugar a cambios en el estado de oxidacion de
determinados radionticlidos, afectando a su solubilidad y movilidad a través de los repositorios.
Por otro lado, los microorganismos también pueden interaccionar de forma directa con
elementos presentes en residuos radiactivos como el Se, el Cm o el U mediante diferentes
procesos como bioacumulacion intracelular, biotransformacion, biosorcion y biomineralizacion,
afectando la movilizacion de los mismos (Merroun et al., 2011; Moll et al., 2014; Ruiz-Fresneda

et al., 2018; Shukla et al., 2017) (Figura 5).

O : Elemento soluble

(oxidado)
BIOSORCION O O

BIOTRANSFORMACION

(Ej. Reduccién)

‘ Elemento insoluble
. . (reducido)

CELULA
MICROBIANA

@ @+ @ — @@
ACUMULAC|6N Fosfatos Metal/Elemento Precipitado
inorganicos (soluble) (insoluble)

INTRACELULAR

BIOPRECIPITACION/BIOMINERALIZACION

Figura 5. Esquema representativo de los principales procesos microbianos involucrados en la movilizacion de

metales y radionuclidos.

= Biotransformacion.

Es un proceso que tiene lugar cuando un elemento determinado cambia su estructura quimica
como consecuencia de la actividad microbiana. Las reacciones oxidacion-reduccion (redox)
llevadas a cabo por microorganismos pueden provocar cambios en el estado de oxidacion de
numerosos metales y radiontclidos (Francis y Nancharaiah, 2015). La biorreduccion de sus
formas oxidadas, solubles y moéviles, a formas reducidas, puede dar lugar a su inmovilizacion
(Rui et al., 2013). Muchos de ellos llevan a cabo este proceso mediante el uso de enzimas. La
reduccion enzimatica de radionuclidos y metales pesados por bacterias se ha descrito
ampliamente con anterioridad. Diversas bacterias pueden mediar en la reduccion de la forma
oxidada y soluble de uranio (U"") a su forma insoluble (U"), sobre todo aquellas anaerobias que
utilizan UY' como aceptor final de electrones (Kolhe et al., 2018). De entre los principales

géneros descritos capaces de llevar a cabo esta reduccion caben destacar a Geobacter,
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Desulfovibrio, y Shewanella (Cologgi et al., 2014; Grouzdev et al., 2018; Stylo et al., 2015). Por
su parte, las formas oxidadas de otros elementos como el Se (Se"" y Se') también pueden ser
reducidas a Se’ de menor solubilidad por géneros bacterianos como Bacillus o

Stenotrophomonas, entre otros (Kora, 2018; Lampis et al., 2017; Tan et al., 2016).

=  Biosorcion.

La biosorcion puede ser definida como el secuestro de iones metalicos positivamente cargados
por componentes de la superficie celular cargados negativamente a través de interacciones
fisico-quimicas (Gadd, 2004; Prakash et al., 2013). Esta unioén puede ser debida a interacciones
electrostaticas entre ligandos cargados, intercambio idnico y a procesos de complejacion y de
quelacion (Diep et al., 2018; Yang et al., 2015). Por todo ello, se trata de un proceso pasivo que
incluso puede llevarse a cabo a través de fragmentos celulares y biomasa microbiana muerta
(Ayangbenro y Babalola, 2017; Fomina y Gadd, 2014). La biosorciéon puede ser directa,
mediante la interaccion de cationes metalicos con los grupos funcionales anidnicos de la paredes
celulares, o indirecta, con polimeros extracelulares (EPS), proteinas de la capa S y capsulas de

algunas bacterias (Dobrowolski et al., 2017; Merroun et al., 2005).

=  Bioacumulacion intracelular.

Segun Tabak et al. (2005) la bioacumulacion consiste en la retencion y concentracion de una
determinada sustancia dentro de un organismo. Al contrario que la biosorcion, la
bioacumulacion es un proceso metabolicamente activo, en el que los microorganismos
introducen un determinado radionuclido o metal pesado en el espacio intracelular, utilizando
para ello un sistema de transporte (Diep et al., 2018). Se trata por tanto de un proceso mas lento
y que requiere de un mayor consumo energético. Una vez dentro, los radionuclidos pueden ser
secuestrados por proteinas, asi como ser envueltos en membranas lipidicas, vacuolas y otros
sistemas de almacenamiento (Mishra y Malik, 2013).

Algunos autores indican que la bioacumulacioén puede estar estrechamente relacionada con la
biosorcion, ya que requiere de rapidas interacciones con aniones presentes en componentes de la
superficie celular para su posterior introduccion en el espacio intracelular (Tisakova et al.,
2013). Como consecuencia de ello, las propiedades moleculares del radionticlido en cuestion,
asi como las caracteristicas de la superficie celular (contenidos en lipidos, area superficial para

la acumulacion, etc.) podrian afectar al proceso (Jorgensen, 2010).
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* Bioprecipitacion/Biomineralizacion.

Consiste en la precipitacion de determinados metales con ligandos liberados por
microorganismos (fosfatos, sulfuros, carbonatos o hidroxidos), dando lugar a la formacion de
complejos insolubles (Newsome et al., 2014; Shukla et al., 2017). Este proceso puede ser debido
a la accion de determinadas enzimas. Algunos microorganismos son capaces de hidrolizar
fosfatos organicos mediante la actividad fosfatasa, produciendo fosfatos inorganicos (Pi) que
precipitan con UY' como fosfatos de uranio insolubles. En concreto, bacterias del género
Sphingomonas, Bacillus y Serratia han sido descritas por su capacidad para precipitar uranio
formando fosfato de uranilo como consecuencia del proceso anteriormente mencionado
(Chandwadkar et al., 2018; Newsome et al., 2015; Zhang et al., 2018). Cuando el precipitado
insoluble formado es un mineral, a este proceso se le suele denominar biomineralizacion en
lugar de bioprecipitacion (Kolhe et al.,, 2018). Es importante destacar que los metales
precipitados producidos por los procesos de biomineralizacion/bioprecipitacion no presentan
cambios en su estado de oxidacidn, al contrario que en otros procesos anteriormente descritos

como la biotransformacion.

6. Mecanismos de interaccién microbiana con selenio, curio y europio.

Por todo lo citado en anteriores apartados, existe un elevado interés en comprender como
diferentes procesos microbianos afectan la movilidad de elementos de interés presentes en los
residuos radiactivos, como el Se, y algunos representantes de actinidos trivalentes, como el Cm

y el Eu.

6.1. Interacciones microbianas con selenio.

Los microorganismos pueden interactuar con el Se principalmente a través de procesos de
biotransformacion bioquimica. Son numerosos los capaces de transformar diferentes especies de
Se a través de procesos de reduccion-oxidacion (redox), metilacion y desmetilacion (Eswayah et

al., 2016).

La reduccion microbiana de las formas oxidadas y solubles de Se (Se"' y Se'") a Se’ insoluble se
ha sido descrito con anterioridad por bacterias del género Bacillus, Comamonas,
Stenotrophomonas, Azospirillum, y Pseudomonas, entre otras (Figura 6) (Kora, 2018; Lampis
et al., 2017; Staicu et al., 2015; Vogel et al., 2018; Wang et al., 2010). Actualmente, el nimero
de cepas reductoras de Se"' conocidas es menor que el de reductoras de Se'”. El mecanismo de

reduccién del Se"! varia entre los microorganismos estudiados hasta la fecha. Algunas especies
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bacterianas como Thauera selenatis y Seleniivibrio woodruffii son capaces de respirar Se"' al
usarlo como aceptor de electrones (Butler et al., 2012; Rauschenbach et al., 2013). Por otra
parte, algunas enzimas como la selenato reductasa han demostrado su habilidad para reducir
SeV! en cepas como Comamonas testosteroni S44 (Tan et al., 2018). La reducciéon de Se'
también puede ser llevada a cabo a través de otros mecanismos enzimaticos. La nitrito
reductasa, sulfito reductasa, fumarato reductasa y selenito reductasa parecen intervenir en este
proceso (Basaglia et al., 2007; Song et al., 2017; Wang et al., 2018; Zheng et al., 2014).
Ademas, reacciones mediadas por compuestos con grupos tiol (-SH) también han sido
estudiadas. Con especial interés se ha investigado la participacion del glutation (GSH) en la
reduccion de Se'¥. Kessi y Hanselmann (2004) comprobaron que el GSH y la enzima glutation
reductasa (GR) intervienen en la reduccion de Se' a Se” en Rhodospirillum rubrum mediante
una serie de reacciones. Los estudios de Antonioli et al. (2007) llevados a cabo con la cepa S.
maltophilia SelTe02 apoyan este mecanismo al sugerir que, efectivamente, el GSH y la GR

intervienen en el proceso de reduccion de Se'¥ llevado a cabo por esta bacteria.

Figura 6. Cambio de color indicativo de la reduccion de Se'V a Se’en cultivos bacterianos de Bacillus subtilis tras su

incubacion a 35° C durante 12, 24, 36 y 48 horas (a-d) (Wang et al., 2010).

En la mayoria de los casos, los productos de Se’ reducidos se presentan formando
nanoparticulas de selenio (SeNPs), conocidas por su uso en numerosas aplicaciones, tanto
médicas como industriales (Wadhwani et al., 2016). Estas nanoparticulas pueden presentar
diferentes propiedades fisico-quimicas (morfologia, tamafio, forma) que afectan a su solubilidad
y movilidad por el ambiente (Buchs et al., 2013; Jain et al., 2017; Keller et al., 2010).
Rhodopseudomonas palustris Ny Zooglea ramigera son capaces de producir esferas de Se de
naturaleza amorfa a escala nanométrica (Li et al., 2014a; Srivastava y Mukhopadhyay, 2013).
Los estudios de Benko et al. (2012) demostraron la menor toxicidad de las nanoesferas de Se en
comparacion con las formas oxidadas (Se"" y Se'"). Sin embargo, existe una cierta controversia
en este aspecto ya que diferentes estudios indican lo contrario (Li et al., 2008). La formacion de
“nanofibras o nanohilos” (del inglés nanowire) de Se por parte de microorganismos presentes en
lodos granulares anaerdbicos también ha sido comprobada por Jain et al. (2017). Estos autores
indicaron la menor estabilidad coloidal y movilidad de estas nanoestructuras en comparacion
con nanoesferas producidas biologicamente. Por otro lado, la cristalinidad de algunas
nanoestructuras de Se también parece afectar a la inmovilizacion de las mismas al aumentar su

coeficiente de sedimentacion (Lenz et al., 2009).
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Algunos estudios han revelado la presencia de capas de materia organica, compuestas
principalmente por proteinas y polisacaridos, envolviendo las nanoestructuras de Se producidas
bioldgicamente (Dobias et al., 2011; Kamnev et al., 2017). Las propiedades fisico-quimicas, y
por tanto la movilidad, de las nanoestructuras de Se pueden verse ampliamente afectadas por la
presencia de estas capas organicas asociadas (Jain et al., 2017). Ademas, algunos autores
también han sugerido el papel de las proteinas durante la sintesis y la transformacion de SeNPs,
asi como controlando el tamafio de las mismas (Dobias et al., 2011; Wang et al., 2010). Segun
Wang et al. (2010), las proteinas producidas por la bacteria Bacillus subtilis intervienen en la
transformacion de nanoesferas a nanofibras de Se trigonal cristalino (Figura 7). Aunque el
mecanismo exacto de transformacion se desconoce, lo que parece indiscutible es el papel directo

de las células y sus proteinas durante el proceso.

Figura 7. Imagenes de microscopia del proceso de transformacion de nanoesferas a nanofibras de Se producidas por

la especie bacteriana Bacillus subtillis (Wang et al., 2010).

Los compuestos metilados de seleniuro son, al igual que el Se”, formas basicamente insolubles y
poco biodisponibles para los seres vivos (Ranjard et al., 2003). Por esta razon, la metilacion de
Se es considerada como uno de los mas importantes procesos de transformacion relacionados
con la biorremediacion. Se trata de un mecanismo de detoxificacion para microorganismos, ya
que los compuestos volatiles metilados de Se son notablemente de menor toxicidad que las

formas oxidadas (Frankenberger y Arshad, 2001; Ranjard et al., 2003). La produccion de
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seleniuros metilados como consecuencia de la metilacion de Se ha sido comprobada en
diferentes especies bacterianas como Methylococcus capsulatus, Methylosinus trichosporium
OB3b, S. maltophilia y P. stutzeri NT-1 (Dungan et al., 2003; Eswayah et al., 2017; Kagami et
al., 2013). Estas especies son capaces de producir compuestos volatiles como el dimetil
seleniuro (dimethyl selenide-DMSe, CH3SeCHs), el dimetil diselenio (dimethyl diselenide-
DMDSe, CH3SeSeCH3) y el dimetil selenio sulfuro (dimethyl selenenyl sulphide-DMSeS,
CH3SeSCHs). Hasta la fecha, se han propuesto diversos mecanismos para la biometilacion de
Se. Chasteen y Bentley (2003) sugirieron que el Se’ es reducido a la forma seleniuro (H-Se-X),
que posteriormente es metilada a CH3SeCH3 y CH3SeH. Otros mecanismos proponen de forma
similar la formacion de CH3;SeCH; a partir de Se'V mediante una serie de reacciones de

reduccion y metilacion (Challenger, 1945).

Finalmente, diversos estudios han indicado la oxidacion de Se’ y Se'" por microorganismos
presentes en suelos (Dowdle y Oremland, 1998; Sarathchandra y Watkinson, 1981). Sin
embargo, a diferencia de los procesos de reduccion, el bajo indice de oxidacion de las formas
reducidas de Se hacen que este proceso no sea considerado de relevancia para el medio
ambiente (Eswayah et al., 2016; Losi y Frankenberger, 1998). Del mismo modo, los procesos de
desmetilacion de compuestos de Se no suelen tenerse en consideracion debido a las bajas tasas a

las que se producen estas reacciones (Eswayah et al., 2016).

6.2. Interacciones microbianas con curio/europio.

El estudio de las interacciones entre representantes de actinidos trivalentes (Cm y Eu) y
microorganismos que estaran presentes en los AGPs es indispensable para predecir y evaluar la
seguridad de los mismos. Diferentes mecanismos de interaccidon como biosorcion,
biomineralizacién/bioprecipitacion o acumulacion intracelular pueden afectar la movilidad en el

ambiente de estos elementos.

La biosorcion es uno de los principales mecanismos de interaccion que intervienen en el caso
del Cm y del Eu. La superficie celular de numerosas bacterias presentan una alta densidad de
grupos funcionales que pueden servir como punto de uniéon de determinados elementos y
cationes metalicos (Moll et al., 2014; Reitz et al., 2011). Concretamente, los grupos carboxilos
presentes en la capa de peptidoglucano de la pared celular de bacterias gram-positivas parecen
actuar como los principales sitios de union de actinidos (Barkleit et al., 2009). Por otra parte, los
grupos carboxilo, fosforilo, hidroxilo y amino presentes en la membrana externa de
lipopolisacaridos (LPS), caracteristica de bacterias gram-negativas, también tienen la capacidad

de actuar como ligando de actinidos como el U, el Cm y el Np (Moll et al., 2009). Diferentes
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especies bacterianas como P. fluorescence y Sporomusa sp. MT-2.99 se han caracterizado por
su habilidad para la biosorcion de Cm"™ y Eu™ (Moll et al.,, 2014, 2013). En el caso de
Sporomusa sp. MT-2.99, mediante espectroscopia de fluorescencia (TRLFS-Time-Resolved
Laser-induced Fluorescence Spectroscopy), se pudo determinar la especiacion y estructura de

I

los complejos de superficie formados con Cm™ y Eu™. Los resultados reflejaron que los grupos

carboxilo y fosforilo son los responsables de la uniéon de Cm'™ y Eu™

a la superficie celular de
esta bacteria (Moll et al., 2014). No solo células bacterianas se han analizado mediante esta
técnica. Recientemente, estudios llevados a cabo sobre la levadura Rhodotorula mucilaginosa
BII-R8, aislada de bentonitas espafiolas, revelaron su habilidad para retener en la superficie

celular tanto Cm™"! como Eu'

(Lopez-Fernandez et al., 2018b) (Figura 8). Del mismo modo que
los trabajos citados anteriormente, los grupos carboxilos y fosforilos presentes en las envueltas
celulares de R. mucilaginosa BII-R8 parecen intervenir en la interaccion de estos dos elementos
segun los resultados obtenidos mediante TRLFS. Segin sus investigaciones, se trata de la
primera levadura descrita hasta la fecha por su capacidad de interaccionar con Cm y Eu. La

arqueas también pueden interaccionar con Cm" y Eu™

tal y como indicaron los estudios
realizados sobre Halobacterium noricense DSM15987" (Bader et al., 2019), donde los grupos
fosfato y carboxilicos superficiales y liberados por las células parecen actuar como sitios de
union. Otras técnicas como la espectroscopia infrarroja (ATR/FTIR-attenuated total
reflectance-Fourier transform infrared spectroscopy) o la espectroscopia fotoelectronica de
rayos X (XPS-X-ray photoelectron spectroscopy) pueden ser de gran utilidad para la
caracterizacion de los complejos Cm'/Eu™ formados durante su biosorcion. Maleke et al.,
(2019) demostraron la posible implicacion de grupos carboxilo, carbonilo y fosfato en la

I

biosorcion de Eu™ por la bacteria Thermus scotoductus SA-01 segin datos obtenidos mediante

1T

ATR-FTIR. Ademas, sugirieron la formacion de carbonatos de Eu™ a nivel superficial tal y

como indicaron los analisis con XPS.

Otros mecanismos como la bioacumulacion y la biomineralizacion/bioprecipitacion también
presentan un papel destacado en la interaccion microbiana con Cm"/Eu™. La especie bacteriana
Thermus scotoductus SA-01 es capaz de acumular intracelular y extracelularmente precipitados
de Eu" sobreviviendo bajo concentraciones superiores a las normalmente encontradas en la
naturaleza (hasta 1 mM Eu) (Maleke et al., 2019) (Figura 9). El analisis de estas muestras
mediante varias técnicas espectroscOpicas sugirieron que la presencia de acumulos
extracelulares puede ser debida a un proceso de biomineralizacion, a partir de la formacion de
carbonatos producidos mediante la reaccion del CO,, procedente de la respiracion, con radicales
OH'. Estos resultados evidencian que varios mecanismos de interaccion pueden tener lugar
simultaneamente en una célula cuando se encuentra expuesta a un agente estresante como es, en

este caso, el Eu''’
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Figura 8. Imagenes de microscopia mostrando la biosorcion de Eu en la superficie celular de Rhodotorula

mucilaginosa BII-R8 (Lopez-Fernandez et al., 2018Db).

Figura 9. Tlustracion esquematica sobre los mecanismos de interaccion de Thermus scotoductus SA-01 con europio

(Maleke et al., 2019).
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Los procesos de biosorcion y bioacumulacion microbianos podrian tener un papel importante en

la inmovilizacion de Cm™, Eu™

y otros elementos toxicos mediante la fijacion de biomasa
microbiana en soportes inertes a través de la formacion de biopeliculas (Gadd, 2009). Por otra
parte, la biomineralizacion también daria lugar a la inmovilizacion de estos elementos debido a

la formacion de precipitados insolubles (Shukla et al., 2017). Por todo ello, el estudio de las

1T 1T

interacciones microbianas con actinidos (Cm™) y elementos analogos (Eu™) esta adquiriendo un
especial interés en los tltimos afos, tanto para la evaluacion de la seguridad de los repositorios

de residuos radiactivos, como para fines de biorremediacion de ambientes contaminados.
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OBJETIVOS

Hasta la fecha, multitud de trabajos han tratado de investigar el impacto que tienen los procesos
microbianos sobre la movilidad de elementos presentes en los desechos radiactivos. Sin
embargo, todavia se desconocen numerosos aspectos sobre el efecto que los microorganismos
pueden ejercer sobre los radionuclidos bajo las diferentes condiciones que existiran en los
futuros almacenamientos geoldgicos profundos (AGPs) de residuos radiactivos, tales como
aerobiosis, anaerobiosis, alcalinidad, presencia de compuestos donadores y aceptores de

electrones, etc.

La presente tesis doctoral trata de estudiar la influencia de la bacteria Stenotrophomonas
bentonitica BII-R7, aislada de bentonitas de Cabo de Gata (Almeria, Espafia) que se han
seleccionado como material de referencia para su uso en los AGPs, sobre la movilidad de
selenio (Se), curio (Cm) y europio (Eu) con el fin de evaluar su efecto sobre la seguridad de los

almacenamientos de residuos radiactivos.
En base a lo anterior, los objetivos especificos para el desarrollo de esta tesis doctoral son:

1- Caracterizacion molecular, fisiologica y bioquimica de la cepa bacteriana S. bentonitica
BII-R7, seleccionada para su uso en los experimentos de interacciones con Se, Cm y

Eu.

2- Estudio de los mecanismos de reduccion y volatilizacion de Se por S. bentonitica BII-
R7 mediante técnicas espectroscopicas, microscopicas y microbiologicas bajo

condiciones aerobias, anaerobias y alcalinas relevantes para los sistemas de AGP.

3- Elucidacion de los mecanismos de interaccion de S. bentonitica BII-R7 con Cm
(actinido trivalente) y Eu (analogo inactivo de actinidos trivalentes) mediante el uso de
una metodologia multidisciplinar bajo condiciones aerobias y anaerobias de relevancia

para los sistemas de AGP.
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MATERIALS AND METHODS

1. Molecular and phenotypic characterization of the strain Stenotrophomonas sp. BII-

R7 isolated from bentonite formations

A large number of microbial strains were isolated in a study targeting the culture-dependent
microbial diversity occurring in bentonite formations from southern Spain. This investigation
aimed at understanding the impact of microbial processes on the performance of this type of
material for deep geological disposal of nuclear wastes (Lopez-Fernandez et al., 2014). By using
standard dilution plating technique on different culture media, including oligotrophic R2A
medium (Reasoner and Geldreich, 1985), Luria—Bertani (LB) medium (Miller, 1972) and
Nutrient Broth (NB), 32 microbial isolates (31 bacterial strains and 1 fungal strain) were
isolated and characterized. The strain BII-R7", affiliated to the genus Stenotrophomonas (family
Xanthomonadaceae, order Xanthomonadales, class Gammaproteobacteria) based on 16S rRNA

gene sequence divergence (Lopez-Fernandez et al., 2014), was further investigated.
1.1. Molecular analysis

For detailed phylogenetic placement of the strain BII-R7", its 16S rRNA gene sequence was
aligned with the SILVA Incremental Aligner (SINA; v1.2.11; Pruesse, Peplies, and Glockner
2012) and implemented into the “All species living tree project” (LTPs; Yarza et al. 2008) using
the ARB software package release 5.2 (Ludwig et al., 2004) for analysis. Additionally,
sequences not included in the LTP database were obtained from GenBank
(http://www.ncbi.nlm.nih.gov/) and added to the database. Finally, the sequence alignment was
checked manually. Pairwise sequence similarities were calculated using the ARB Neighbor-
joining tool, without the application of an evolutionary model. Phylogenetic trees were
calculated with the maximum-likelihood method using RAXML version 7.04 (Stamatakis, 2006)
with General Time Reversible-GAMMA (GTR-GAMMA) and rapid bootstrap analysis, the
maximum-parsimony method using DNAPARS v 3.6 (Felsenstein, 2005), and the neighbor-
joining method using ARB Neighbor-joining and the Jukes-Cantor correction (Jukes and

Cantor, 1969).

Sequencing of the draft genome of BII-R7" (GenBank accession number MKCZ00000000)
allowed genomic analyses which clearly separated this strain from established species within
the genus Stenotrophomonas. Reference genome sequences corresponding to type strains from

all other species belonging to this genus were obtained from public databases (Patil et al., 2016).
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Calculation of average nucleotide identity (ANI) with only the orthologous genes (Ortho-ANI;
Lee et al. 2016) was performed for the comparative analysis of available Stenotrophomonas spp.
genome sequences with BII-R7" genome sequence. Similar indices were calculated by using
different algorithms like original ANI value by Ortho-ANI software (Lee et al., 2016), ANI
value by EzBioCloud ANI Calculator (Yoon et al., 2017), and ANI value obtained through
Kostas lab ANI Calculator (Goris et al., 2007), which supported Ortho-ANI values obtained
initially. Digital DNA-DNA hybridizations (dDDH) were determined online at
http://ggdc.dsmz.de/distcalc2.php using the Genome-to-Genome Distance Calculation (GGDC)
version 2.0 as described in Meier-Kolthoff et al. (2013). Additionally, DNA G+C contents were

calculated in-silico in all cases.

1.2. Phenotypic analysis

The morphology of cells grown on LB broth at 28 °C for 24 h with shaking at 160 rpm was
observed by scanning electron microscopy (Quanta 400; FEI). Gram staining, cell motility and
the presence of flagella were determined according to Komagata (1985). At physiological level,
catalase activity was determined by assessing bubble production in 3 % (v/v) H,O», and oxidase
activity by using a 1 % (w/v) solution of tetramethyl-p-phenylenediamine (Kovacs, 1956). The
growth capacity at various temperatures (4—42 °C), NaCl concentrations (0.5-5 % at 28 °C) and
pH values (pH 4.0-13.0 at 28 °C) was determined in TSB culture medium. About oxygen
requirements, anaerobic growth was analyzed by cultivating strain BII-R7" in serum bottles
containing R2A broth, supplemented with thioglycolate (1 g/L) and the upper gas phase

replaced with nitrogen.

Carbon sources utilization, acid production from carbon sources and some physiological
characteristics were determined by using the API 20NE (48 h, 28 °C), API 50CH (inoculated
with AUX medium, 48 h, 28 °C) and API ZYM (4 h, 28 °C) galleries, respectively, according to

the instructions of the manufacturer (bioMérieux) and the methods of Kédmpfer et al.(1991).

Biomasses subjected to extraction of polyamines, quinones and polar lipids were grown in PYE
broth [0.3 % peptone from casein (w/v), 0.3 % yeast extract (w/v), pH 7.2] at 28 °C. Polyamines
were extracted from biomasses harvested at the late exponential growth phase according to the
protocol of J. Busse and Auling (1988). HPLC (high-performance liquid chromatography)
equipment was described by Stolz et al. (2007) and conditions for HPLC analysis were
described by Busse et al. (1997). Quinones and polar lipids were extracted from biomass

harvested at the stationary growth phase applying the integrated protocol of Tindall (1990a;
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1990b) and Altenburger et al. (1996). The HPLC equipment used for quinone analysis was
described recently (Stolz et al., 2007).

Biomass for fatty acid analysis was harvested after growth on TSA at 28 °C for 48 h. The
analysis was performed as described by Kadmpfer and Kroppenstedt (1996). Fatty acids were
separated with a 5898A gas chromatograph (Hewlett Packard), respective peaks were
automatically integrated and fatty acid names and percentages were determined with the

Sherlock MIDI software v. 2.1 (TSBA v. 4.1).

2. Interactions of the bacterium Stenotrophomonas bentonitica with selenium

2.1. Bacterial strain and growth conditions

The bacterial strain used in the present Doctoral Thesis, recently described as a novel species
named S. bentonitica BII-R7" (Sanchez-Castro et al. 2017a; Capitulo I), was isolated from
Spanish bentonites collected from Cabo de Gata (Almeria, Spain) (Lopez-Fernandez et al.,
2014). Genome analysis revealed the presence of enzymes described for their ability to reduce
selenite (Se'") to elemental Se (Se”) like glutathione-related enzymes and NADH-dependent
enzymes (Sanchez-Castro et al. 2017b). The cells were grown aerobically in LB broth medium
(tryptone 10 g/l, yeast extract 5 g/l and NaCl 10 g/, pH 7.0 + 0.2) at 28 °C and 180 rpm on a
rotary shaker.

2.2. Preparation of Se'¥ stock solution
Sodium selenite (Na>SeOs) (Sigma-Aldrich) was prepared as a 1M stock solution by dissolving
appropriate quantities in distilled water. Finally, the solution was sterilized by filtration using
0.22-pum syringe filters (Sartorius®).

2.3. Bacterial synthesis, extraction, and purification of selenium nanoparticles
Selenium nanoparticles (SeNPs) were synthesized aerobically after contact of S. bentonitica
with 2 mM Se'V. After period of 48 and 144 h of incubation, the SeNPs were extracted and

purified following the method described by Sonkusre (2014). Finally, purified SeNPs were

spread onto LB agar plates to check the efficiency of the extraction process.
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2.4. Se' tolerance studies of S. bentonitica

2.4.1.  Reduction of SelV under aerobic, anaerobic and alkaline conditions

The potential of S. bentonitica to tolerate Se'¥ was assayed by growing the cells aerobically in
LB liquid medium supplemented with increasing concentrations of sodium selenite. Untreated
(control) and Se'V-treated cells were incubated at 28 °C by shaking at 180 rpm. In addition, dead
cells obtained by heating the biomass at 90 °C and LB broth containing Se'" (abiotic) were used

as controls.

For anaerobic assays, degassed and washed cell solution was inoculated in R2A medium,
previously degassed using N,, and supplemented with different electron donors (sodium acetate,
citric acid, pyruvic acid, etc.) and acceptors (sodium nitrate, iron(IIl) hydroxide, ferric citrate,
etc.). Prior to the inoculation, Se'" at different concentrations was added to the medium. Finally,
the suspensions were incubated at 28 °C. Se'V-untreated cells and R2A medium containing Se'

were used as controls.

The Se'V reduction ability of S. bentonitica was also assayed anaerobically under alkaline
conditions (from pH 8 to 11) relevant for the deep geological repository (DGR) system. The
samples were prepared as described above using sodium acetate and sodium nitrate as electron
donor and acceptor, respectively. The pH of the solutions was adjusted by addition of acid
(HC1Os) or base (NaOH) using a pH-meter CRISON© micro pH 2002 and sterilized by

filtration through 0.22 pum nitrocellulose filters prior to degassing.

2.4.2. Determination of the minimum inhibitory concentration (MIC) of Sé'" for the

bacterial growth

The minimum inhibitory concentrations (MICs) of Se'” were determined in triplicates. Cells of
the isolate were grown to late exponential phase to a final optical density (O.D) of 0.9 (at 600
nm) in LB broth and washed twice with 0.9% NaCl. Finally, 10 ul of the cell suspension was
inoculated to LB agar supplemented with increasing concentrations of Se'" from 1 to 400 mM.
Afterwards, the plates were incubated at 28 °C for 48 h. The MIC was defined as the lowest
concentration of the element at which complete inhibition of colony formation is observed

(Rossbach et al., 2000).
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2.4.3.  Effect of selenite on the bacterial growth

Cell growth of S. bentonitica both in the presence and absence of Se'V was evaluated by
quantifying the total protein content in bacterial cell extracts using a modification of the method
of Dhanjal and Cameotra (2010). The total protein content was correlated with the increase in
the cell growth. A 1 ml aliquot of bacterial culture was taken at different time intervals to
measure growth based on the protein content of the cells by using Bradford reagent (Bio-Rad®).
Bovine serum albumin (BSA) was used as a standard. All measurements were performed in

triplicate.

2.4.4.  Quantification of biological Se'” reduction rate

The Se' reduction rate of S. bentonitica was assayed aerobically in LB liquid medium
supplemented with different initial Se'¥ concentration (0.1, 0.25 and 2 mM). After different
times of incubation (0, 6, 24, 48, 120 and 144 h) 1 ml of the samples were taken and centrifuged
(10000 x g; 15 min; room temperature) to remove the cells and other debris. The Se'¥
concentration in the resultant supernatant was determined by using a Perkin Elmer Flexar HPLC
pump attached to a Hamilton PRP-X100 column (4.6 x 250 mm) and coupled to a Perkin Elmer
ICP-MS NexION350X. Ammonium citrate (5 mM; pH 5.2) containing methanol (2% v/v) was
employed as mobile phase to achieve the separation at a flow rate of 1 ml min™. Se'¥ amended-
media without bacterial cells were used as controls. All samples were prepared in triplicate. In
addition, a standard calibration curve with different solutions of known Se'¥ concentrations was

elaborated.

2.4.5.  Flow cytometry

The cell viability and the metabolic activity of S. bentonitica in the presence of Se'" under oxic
and anoxic conditions were determined by using flow cytometry technique. Flow cytometry is a
useful tool for the analysis of multiple individual parameters from cell populations (Givan,
2011). This analytical technique consists of a capillary tube in which the cells (or other
particles) are flowing individually in front of one or more light sources (laser beams) (Picot et
al., 2012) (Figure 1). The signals coming from the cells as a result of their illumination
(scattered lights and fluorescent emissions) could then be detected and analyzed by a specific
software. Flow cytometry is used in a broad range of research applications for biology
including: cell counting, immuno-phenotyping, cell proliferation, multi-parametric DNA
analysis, fluorescent protein, etc. (Picot et al., 2012). Emission fluorescence from the cells is

quantitatively proportional to excitation intensity of the fluorochrome employed.
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Figure 1. Schematic diagram of the flow cytometry principle (Picot et al., 2012).

In this study, the cells of S. bentonitica were stained with fluorescein diacetate (FDA) and
propidium iodide (PI) for the cell viability test. The fluorescent dye FDA can diffuse across
intact cell membranes (living cells) being enzimatically hidrolyzed to green fluorescent products
(Stubberfield and Shaw, 1990). In contrast, PI is an intercalating DNA-binding dye exclusive of
dead cells with injured cell membranes, which stains them in red (Givan, 2011). For the
metabolic activity test, the fluorescent dye 3,3’-dihexyloxacarbocyanine iodide (DiOCs) was
employed. DiOCs is a positively charged lipophilic dye which binds to the membrane of
actively growing cells (David et al., 2011). The samples were analysed by Forward Scatter
using a FACSCantoll™ cytometer (Becton Dickinson) available from Centro de

Instrumentacién Cientifica at Universidad de Granada (Granada, Spain).

2.4.6. Detection and identification of volatile Se compounds
A combined thermal desorption GC-MS (Gas Chromatography — Mass Spectrometry) system
(Figure 2) was employed for the detection and identification of selenium (Se) volatile species

produced by S. bentonitica. GC-MS consists in a combination of two different analytical

techniques. The GC separates different compounds in a sample into pulses of pure chemicals
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based on their volatility by flowing an inert gas (mobile phase), which carries the sample,
through a stationary phase fixed in the column (Skoog et al., 2007; Hussain and Magbool,
2014). The mobile phase is usually an inert gas such as helium or an un-reactive gas such as
nitrogen, and the stationary phase is a microscopic layer of liquid or polymer on an inert solid
support, inside glass or metal tubing, called a column. The compounds in a sample are separated
from each other because some take longer to pass through the column than others. Finally, the
different compounds are collected and identified by MS according to their mass-to-charge ratio
(m/z) (Hussain and Maqgbool, 2014). The thermal desorption technique is used as a
preconcentration technique for GC-MS. This system utilizes heat to increase the volatility of

the compounds, enabling their separation.

Analysis of the samples was performed on a combined termal desorption GC-MS system
(7890A-GC with 5975C-MS, Agilent Technologies), available from Biomolecular Sciences
Research Centre at Sheffield Hallam University (Sheffield, United Kingdom).
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Figure 2. Schematic diagram of a GC-MS system (www.chromacademy.com) (Zymankowska-Kumon, 2016).

3. Interactions of the bacterium Stenotrophomonas bentonitica with curium and

europium

3.1. Bacterial strain and culturing conditions

The bacterial strain S. bentonitica BII-R7 was cultured following the same methodology as

described above (see section 2.1.).
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3.2. Preparation of Eu™ and Cm"™ stock solutions

An stock solution of Eu'™

was prepared by dissolving europium chloride (EuCls-6H,O) (Sigma-
Aldrich) in 0.1 M HCI to a final concentration of 10 mM. For the experiments, an Eu"" working
solution was prepared diluting the stock in 0.1 M NaClOj to a final concentration of 0.03 mM.
On the other hand, a stock solution of the long-lived curium isotope **Cm (half-life: 3.4x105

years) was used as described in Lopez-Fernandez et al. (2018b).

3.3. Potentiometric Titration

Potentiometric titrations is a chemical method of analysis in which the endpoint of the titration
is monitored with an indicator electrode that records the change of the potential as a function of
the volume of an added titrant of known concentration (Hulanicki et al., 2013). This technique
is frequently used in the study of numerous reactions, such as protonation and complexation. A
large number of potentiometric studies have been conducted in the last years to characterize the
protonation behaviour of bacterial cell walls (Merroun et al., 2011; Moll et al., 2014; Yu et al.,
2014). Potentiometric titration data clearly indicate the pH range in which bacterial surfaces can
adsorb and desorb protons from solution, and consequently, the pH range in which the proton-
active functional groups from the bacterial surface can interact with aqueous ions through
adsorption reactions. A wide variety of functional groups present in bacterial cell walls
(hydroxyl, phosphoryl, amino, and carboxylate) provide binding sites for metals and other toxic
elements (Fein et al., 2005; Merroun et al., 2011; Ojeda et al., 2008). This technique is very
useful to determine the type and abundance of functional groups of cell walls. Therefore,
knowledge of the concentration and characteristics of functional groups on the cells surfaces is
crucial to understand the interaction mechanisms of bacterial cells with surrounding metals and
other elements. However, the experimental data from potentiometric titrations measurements
cannot be used alone to identify and quantify the surface ligands. A combination of
potentiometric titrations and different spectroscopic techniques allow a more comprehensive

characterization of the bacterial cell surface.

In the present work, the cell surface properties of S. bentonitica cells were examined aerobically
to better understand the interaction mechanism involved in the molecular binding of Eu™ to the
functional groups from cell surfaces. All titrations were performed using a Metrohm Titrando
906 automatic titrator (Metrohm, UK) at 25 °C available from the Systems and Process
Engineering Centre at Swansea University (Swansea, United Kingdom). The titrator was set to

add successive acid or base only after a drift equal or less than 5 mV min™' was achieved.
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3.4. Biosorption experiments

Kinetics studies of Eu'™

binding were performed in order to estimate the adsorption efficiency of
Eu" by S. bentonitica cells under both aerobic and anaerobic conditions. For this purpose, the
resultant supernatant collected after Eu''-bacteria interaction was mixed with HNO; and

measured by inductively coupled plasm-mass spectometry (ICP-MS) to estimate the Eu'™

I

concentration. The amount of Eu" adsorbed to the cells was calculated by subtracting the

11

amount obtained in the supernatant from the initial Eu™ concentration.

4. Spectroscopic characterization of selenium, curium, and europium products

4.1. Attenuated total reflection-Fourier transform infrared (ATR-FTIR) Spectroscopy

Infrared (IR) spectroscopy uses the absorption of IR radiation by the molecular bonds to
identify the bond types that can absorb energy by oscillating, vibrating, and rotating (Mattox,
2010). An IR spectrum of a sample is generated by scanning the intensity of IR radiation before
and after passage of the IR beam through the sample (Figure 3). The IR spectrum is displayed
by plotting the quantity T = Is / I as a function of wavenumbers, where T is the transmittance,
Is the intensity of the IR beam after and /r before passing through the sample (Naumann, 2000).
In most cases the absorbance 4 is used (4 = - log T), since the absorbance at a given wavelength
is directly proportional to the concentration of a sample according to Beer’s law. The IR spectra
of most materials consist of a large number of absorption bands, which originate from the
interaction between discrete light quanta and mechanical motions (vibrational and rotational
modes) of the molecules which are excited by the absorption of IR radiation (Naumann, 2000).
Since the components of biological samples are usually present as solids, liquids or solutions,
only vibrational modes are observed. Consequently, IR spectra of biological specimens are only
vibrational spectra (Colthup et al., 1990). In contrast to classic dispersive IR spectroscopy, FTIR
spectroscopy applies an interferometric modulation of radiation, providing a higher frequency
resolution and a faster analysis time (Mattox, 2010). In FTIR spectrometers, the interference
patterns of the modulated signals from interferograms are amplified, digitized, computer stored
and transformed into a spectrum by the Fast Fourier transform (FFT) algorithm (Beekes et al.,
2007; Naumann, 2000). This technique is oftently used for the study of microbiological
samples. IR absorption bands observed in the region between approximately 800 and 4000 cm'
can often be assigned to particular functional groups (Naumann, 2000). These absorption bands
are also sensitive to structural changes, molecular interactions, membrane constitution, lipid—

protein interaction, etc.
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Figure 3. Schematic illustration of FTIR spectrometer equipped with ATR-cell (modified from
http://www.biocenter.helsinki. fi/bi/biophys/methods_ftir.html).

In the present work, this technique was employed to study the nature of functional groups from
the S. bentonitica cells involved in the interaction with Se and Eu. In addition we investigated
the presence of organic molecules attached to the SeNPs produced by this bacterium. For the Se
samples, ATR-FTIR measurements were performed on a Perkin Elmer Spectrum One FT-IR
spectrometer available from the Department of Geography at The University of Sheffield
(Sheffield, United Kingdom). This instrument was equipped with a Silver Gate Evolution ATR
accessory consisting of a germanium crystal. For the Eu samples, ATR-FTIR measurements
were performed on a Perkin Elmer Spectrum Two spectrometer, available from the Systems and
Process Engineering Centre at Swansea University (Swansea, United Kingdom). This
instrument was equipped with a ATR accessory, consisting of a diamond crystal at a fixed angle

of 45°.

4.2. X-ray photoelectron spectroscopy (XPS).

XPS is a surface-sensitive technique that analyzes the energy of the photoelectrons (50—2000
eV) that are emitted when a surface is bombarded with X-rays in a vacuum environment
(Mattox, 2010). Vacuum is required to maximise the free path of electrons and increase the
probability of their detection. The energy of these electrons is characteristic of the bombarded

atom and allowing the elemental composition, chemical state and electronic state of the
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elements within a material (Mattox, 2010). XPS has developed into a useful analytical technique
with many applications in different branches of physics, chemistry, and biology. It provides
information about the electronic states and structure in solids, liquids, and gases (Sharma and

Beard, 1990).

In the present work, this technique was employed to determine the functional groups from the S.
bentonitica cells involved in the interaction with Se and Eu. The oxidation state of the Se and
Eu products was also analyzed. The measurements were carried out using a KRATOS SUPRA

instrument with a monochromated aluminium source.

4.3. X-ray diffraction (XRD)

XRD is a powerful non-destructive and analytical technique used for the characterization of
crystalline materials. It provides information on structures, phases, texture, and other structural
parameters such as average grain size, crystallinity, strain, and crystal defects (Kohli, 2012).
XRD is based on constructive interference of monochromatic beam of X-rays scattered at
specific angles from each set of lattice planes in a crystalline sample (Figure 4). The interaction
of the incident X-rays with the sample produces constructive interference when conditions
satisfy Bragg’'s Law (nd=2d sin ) (Bish and Post, 1989). This law relates the wavelength of
electromagnetic radiation to the diffraction angle and the lattice spacing in a crystalline sample.
By scanning the sample through a range of 20 angles, all possible diffraction directions of the
lattice should be attained due to the random orientation of the powdered material. Finally, the
diffracted X-rays are detected and processed. The peak intensities are determined by the atomic
positions within the lattice planes. Therefore, the XRD pattern is the fingerprint of periodic
atomic arrangements in a given material (Kohli, 2012). Standard database for X-ray powder
diffraction patterns enables quick phase identification for a large variety of crystalline samples
based on the comparison of d-spacings obtained with standard reference patterns (Fultz and

Howe, 2008).

In this work we determined the size and crystalline phase of biogenic SeNPs produced by S.
bentonitica cells. X-ray patterns were obtained with a Bruker D8 Advanced diffractometer
associated to a LINXEYE detector available at the University of Granada. The obtained
diffractograms were analysed using the software DIFFRAC PLUS.
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Figure 4. Schematic diagram of a X-ray diffraction system (https://undsci.berkeley.edu/article/0_0 0/dna_04).

4.4. X-ray absorption spectroscopy (XAS)

XAS was applied for complementary chemical characterization of the biologically produced Se
nanostructures. Se K—edge X-ray absorption spectra were collected at the MARS beamline at
the SOLEIL synchrotron facility (ring operated at 2.75 GeV with 400 mA) (Figure 5), which is
the French bending magnet beamline dedicated to the study of radioactive materials (Sitaud et
al., 2012), using a Si(220) double-crystal monochromator with horizontal dynamical focusing,
and Pt-coated mirrors for vertical focusing and rejection of higher harmonics (Solari et al.,
2009).

Figure 5. SOLEIL synchroton facilities located in Plateau de Saclay in Saint Aubin Paris (France)

https://www.destination-paris-saclay.com/fr/actualites/a-la-une.php.
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XAS is a well-established analytical technique used extensively for the characterization of the
local chemical structure of different materials including semiconductors in solid or liquid,
crystalline or amorphous, bulk or nanoscale form (Schnohr and Ridgway, 2015). Through this
technique, a sample of interest is bombarded with x-rays of determined energy. Some of these
x-rays are absorbed by the atoms in the sample, inducing the excitation of a core electron
(Calvin, 2013). Once the absorption is determined and quantified for one energy of incident x-
rays, the energy is changed slightly and the process repeated. By stepping through a range of
energies in this way, a spectrum is created. The sharp rise typical of XAS spectrum is generally
called the edge. At energies below the edge, incident x-rays do not have energy enough to excite
electrons, while above the edge they do (Calvin, 2013). The XAS spectrum is commonly
divided into the extended x-ray absorption fine structure (EXAFS) and the x-ray absorption
near-edge structure (XANES) region (Figure 6). The EXAFS region comprises the oscilllations
above the edge and provides reliable structural information concerning the local, short-range
coordination environment and the chemical and electronic structure of specific sites within
materials, including the number, chemical nature, and distance of neighboring atoms from the
atomic site of interest (Ormerod, 2001). XANES region includes peaks and other features near

or on the edge and basically provides information about the oxidation state of the atoms.
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Figure 6. An example of Se-K XAS spectra of microbially formed SeNPs. XANES (A), and EXAFS Fourier
Transform magnitude and k3-weighted EXAFS spectra as insert (B) (Vogel et al., 2018).

4.5. Time-resolved laser-induced fluorescence spectroscopy (TRLFS) analysis

TRLEFS is a useful technique for the identification of certain actinide or lanthanide species

resulting from various biogeochemical processes (Collins et al., 2011). Fluorescent metal ions
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emmit fluorescence emission spectra and decay lifetimes when irradiated with laser pulses. This
phenomenon occurs as a consequence of their transition from electronically excited states to the
ground-state. Analysis of the emision spectra and lifetimes allows the identification of different
chemical species produced of a fluorescent metal ion (Collins et al., 2011; Saito et al., 2015).
Changes in metal speciation could lead to changes in fluorescence intensity, spectral shape, and
decay lifetimes since metal ion fluorescence is sensitive to the inner-sphere coordination
environment. For this reason, analysis of the obtained fluorescence decay can often reveal the
presence of two or more species with similar fluorescence spectra but considerably different

decay lifetimes (Giinther et al., 2007; Saito et al., 2010).

TRLFS has been mainly applied to studies of actinide speciation in aqueous and solid phases as
well as coordination of metal ions sorbed to mineral and bacterial surfaces (Collins et al., 2011).
The TRLFS capability to analyse metal ion speciation under environmentally relevant
micromolar to picomolar concentrations is of great significance for the application of this
technology in systems of biogeochemical interest. In the present work, TRLFS measurements
were done in order to determine the microbial functional groups from S. bentonitica involved in
the Eu'/Cm"-bacteria interaction. For this purpose, the time-resolved luminescence spectra
were recorded using a unique pulsed flash lamp pumped Nd:YAG-OPO laser system (Powerlite
Precision II 9020 laser equipped with a Green PANTHER EX OPO from Continuum, Santa
Clara, CA, USA). The luminescence spectra were detected using an optical multi-channel
analyzer-system, consisting of an Oriel MS 257 monochromator and spectrograph with a 300 or
1200 line mm™ grating and an AndoriStar ICCD camera (Lot-Oriel Group, Darmstadt,
Germany). A more detailed description of the experimental setup and data evaluation of the

luminescence spectra is described in Capitulo V.

5. Microscopic characterization of selenium and europium products

5.1. STEM-HAADF analysis

The morphology, elemental composition analysis and cellular location of Se and Eu products
were analysed by using Scanning-Transmission Electron Microscopy (STEM) equipped with
energy dispersive X-ray (EDX). EDX analysis was performed at 300 kV using a spot size of 4
A and a live counting time of 50 s. In addition, the structural characterization of Se
nanostructures was performed by using selected-area electron diffraction (SAED) and high-
resolution TEM combined with FFT. All the samples were examined under High-Angle
Annular Dark Field Scanning Transmission Electron Microscope (HAADF-STEM) FEI TITAN
G2 80-300 (Figure 7) available from Centro de Instrumentacion Cientifica at Universidad de
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Granada (Granada, Spain). STEM specimen holders were cleaned by plasma prior to STEM

analysis to minimize contamination.

5.2. VP-FESEM analysis

Variable Pressure Field Emission Scanning Electron Microscopy (VP-FESEM) equipped with
an X-ray detector Raman spectroscopy system enabled an in situ 3-D structural and elemental
characterization of the reduced Se produced by the cells of S. bentonitica. The samples were
prepared as described in Ruiz-Fresneda et al. (2018) and analysed under Variable Pressure Field
Emission Scanning Electron Microscope Zeiss SUPRA 40VP, available from Centro de

Instrumentacion Cientifica at Universidad de Granada (Granada, Spain).

5.3. FEG-ESEM analysis

Field Emission Gun Environmental Scanning Electron Microscopy (FEG-ESEM) equipped with
secondary and circular backscatter electron detectors (ETD and CBS) enabled to determine the
presence of organic matter surrounding the biogenic Se nanostructures. For this purpose, the
samples were prepared as described in Ruiz-Fresneda et al. (2018) and analysed under FEG-

SEM Microscope FEI QEMSCAN 650F.

Figure 7. High-Angle Annular Dark Field Scanning Transmission Electron Microscope FEI TITAN G2 80-300
available at Centro de Instrumentacidn Cientifica (Universidad de Granada) (https://cic.ugr.es/servicios-y-
unidades/ficha.php?codServicio=6&unidad=28).
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1. Abstract

A Gram-stain negative, rod-shaped, aerobic bacterial strain, BII-R7", was isolated during a
study targeting the culture-dependent microbial diversity occurring in bentonite formations from
southern Spain. Comparative 16S rRNA gene sequence analysis showed that BII-R7"
represented a member of the genus Stenotrophomonas (class Gammaproteobacteria), and was
related most closely to Stenotrophomonas rhizophila e-p10" (99.2 % sequence similarity),
followed by Stenotrophomonas pavanii ICB 89" (98.5 %), Stenotrophomonas maltophilia 1AM
124237, Stenotrophomonas chelatiphaga LPM-5", and Stenotrophomonas tumulicola T5916-2-
1b" (all 98.3 %). Pairwise sequence similarities to all other type strains of species of the genus
Stenotrophomonas were below 98 %. Genome-based calculations (orthologous average
nucleotide identity, original average nucleotide identity, genome-to-genome distance and DNA
G+C percentage) indicated clearly that the isolate represents a novel species within this genus.
Different phenotypic analyses, such as the detection of a quinone system composed of the major
compound ubiquinone Q-8 and a fatty acid profile with iso-Ciso and anteiso-Ciso as major
components, supported this finding at the same time as contributing to a comprehensive
characterization of BII-R7'. Based on this polyphasic approach comprising phenotypic and
genotypic/molecular characterization, BII-R7" can be differentiated clearly from its
phylogenetic neighbours, establishing a novel species for which the name Stenotrophomonas
bentonitica sp. nov. is proposed with BII-R7" as the type strain (= LMG 29893" = CECT 9180"
= DSM 103927").

Keywords: Stenotrophomonas; BII-R7"; bentonite; ANI value
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A large number of microbial strains were isolated in a study targeting the culture-dependent
microbial diversity occurring in bentonite formations from southern Spain. This investigation
aimed at understanding the impact of microbial processes on the performance of this type of
material for deep geological disposal of nuclear wastes (Lopez-Fernandez et al., 2014). By using
standard dilution plating technique on different culture media, including oligotrophic R2A
medium (Reasoner and Geldreich, 1985), Luria—Bertani (LB) medium (Miller, 1972) and
Nutrient Broth (NB), 32 microbial isolates (31 bacterial strains and 1 fungal strain) were
isolated and characterized. The strain BII-R7", affiliated to the genus Stenotrophomonas (family
Xanthomonadaceae, order Xanthomonadales, class Gammaproteobacteria) on the basis of 16S

rRNA gene sequence divergence (Lopez-Fernandez et al., 2014), was further investigated.

Species of the genus Stenotrophomonas possess an important ecological role in the element
cycle in nature (Ikemoto et al., 1980) and various potential biotechnological applications, for
example as bioremediation agents (Binks et al., 1995; Ge and Ge, 2016; Ghosh and Saha, 2013;
Merroun and Selenska-Pobell, 2008; Ryan et al., 2009) and are considered as potential plant
growth-promoting and biocontrol organisms (Berg and Ballin, 1994; Nakayama et al., 1999),
becoming a widely studied group. In this sense, the bacterial strain BII-R7" showed high
uranium and selenium tolerance, being able to grow up to 6 mM U (Lépez-Fernandez et al.,
2014) and 100 mM Se (Ruiz-Fresneda MA, Gémez-Bolivar J, Sanchez-Castro I, Merroun ML,
unpublished data). The taxonomy of the genus Stenotrophomonas has been subject to
considerable revision over recent years. Originally, this genus was proposed when the species
Xanthomonas maltophilia was reclassified as Stenotrophomonas maltophilia (Palleroni and
Bradbury, 1993), and subsequently accommodated in the class Gammaproteobacteria (Moore et
al., 1997). At the time of writing, the genus Stenotrophomonas comprises 13 species with
validly published names isolated from a large range of natural and artificial environments and
geographical regions including S. maltophilia (Palleroni and Bradbury, 1993),
Stenotrophomonas nitritireducens (Finkmann et al., 2000), Stenotrophomonas acidaminiphila
(Assih et al., 2002), Stenotrophomonas rhizophila (Wolf et al., 2002), Stenotrophomonas
koreensis (Yang et al., 20006), Stenotrophomonas humi (Heylen et al., 2007), Stenotrophomonas
terrae (Heylen et al., 2007), Stenotrophomonas chelatiphaga (Kaparullina et al., 2009),
Stenotrophomonas ginsengisoli (Kim et al., 2010), Stenotrophomonas panacihumi (Yi et al.,
2010), Stenotrophomonas daejeonensis (Lee et al., 2011), Stenotrophomonas pavanii (Ramos et

al., 2011) and Stenotrophomonas tumulicola (Handa et al., 2016).

So far, species within the genus Stenotrophomonas have been described as being Gram-stain
negative, non-endospore forming, rod-shaped, resistant to certain antibiotics and metals, and

catalase-positive. Moreover, the predominant cellular fatty acid component is Cis; iso and the
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DNA G+C content is between 64.0 and 69.1 % (Assih et al., 2002; Finkmann et al., 2000;
Handa et al., 2016; Heylen et al., 2007; Kaparullina et al., 2009; Kim et al., 2010; Lee et al.,
2011; Palleroni and Bradbury, 1993; Ramos et al., 2011; Wolf et al., 2002; Yang et al., 2006; Yi
et al., 2010). BII-R7" displays all these common characteristics. This fact, together with 16S
rRNA gene sequencing (Lopez-Ferndndez et al., 2014), confirms that BII-R7" represents a
member of the genus Stenotrophomonas. However, considering that 16S rRNA gene is not
discriminative enough to classify certain strains at species level within this genus (Svensson-
Stadler et al., 2012), a polyphasic approach comprising phenotypic and genotypic/molecular
assays was employed to study the relationship of BII-R7" with species of the genus

Stenotrophomonas.

As a preliminary molecular characterization, almost the complete 16S rRNA gene was re-
sequenced according to previously described methods (Lopez-Fernandez et al., 2014). The
resulting sequence (1385 bp; GenBank accession number LT622838) was almost identical to
original sequence (1454 bp; GenBank accession number HG800055) (Lopez-Fernandez et al.,
2014) when aligning with the SILVA Incremental Aligner (SINA; v1.2.11) (Pruesse et al.,
2012). For detailed phylogenetic placement of BII-R7, its 16S rRNA gene sequence was
aligned with the SILVA Incremental Aligner and implemented into the “All species living tree
project” (LTP) (Yarza et al., 2008) using the ARB software package release 5.2 (Ludwig et al.,
2004) for analysis. Additionally, sequences not included in the LTP database were obtained
from GenBank (http://www.ncbi.nlm.nih.gov/) and added to the database. Finally, the sequence
alignment was checked manually. Pairwise sequence similarities were determined in ARB using
the ARB Neighbour-joining tool without the application of an evolutionary model. Phylogenetic
trees were reconstructed with the maximum-likelihood method using RAXML version 7.04
(Stamatakis, 2006) with General Time Reversible-GAMMA (GTR-GAMMA) and rapid
bootstrap analysis, the maximum-parsimony method using DNAPARS v 3.6 (Felsenstein, 2005)
and the neighbour-joining methods using ARB Neighbour-joining and the Jukes-Cantor
correction (Jukes and Cantor, 1969). Independent of the applied treeing method, BII-R7" was
placed within the genus Stenotrophomonas and formed a distinct cluster with the type strain of
S. rhizophila but not with any other type strains of species of the genus Stenotrophomonas
(Figure 1). The clustering of the two strains was always supported by high bootstrap values. The
two strains shared 98.8 % 16S rRNA gene sequence similarity among each other, based on the
BLAST analysis in EzTaxon (Yoon et al., 2017), and 99.2 % sequence similarities based on the
analysis in ARB. Pairwise 16S rRNA gene sequence similarities (calculated in ARB) between
BII-R7" and other type strains of the genus Stenotrophomonas were between 96.6 to 98.5 % 16S
rRNA gene sequence similarity (Table S1). Sequence similarities of BII-R7" to type strains of S.
pavanii (98.5 %), S. maltophilia, S. chelatiphaga, and S. tumulicola (all 98.3 %) were above 98
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%. All other sequence similarities were below 98 %. Phylogenetic analysis also included 16S
rRNA gene sequences of strains misclassified as Pseudomonas species (Figure 1); pairwise 16S
rRNA gene sequence similarities of BII-R7" to those strains were always below 98.0 % (Table

S1).

Stenotrophomonas maltophilia 1AM 12423 (AB294553)

Stenotrophomonas pavanii ICB 89" (F)748683)
[Pseudomonas beteli]l ATCC 198617 (AB021406)
[Pseudomonas geniculata] ATCC 19374 (AB021404)
[Pseudomonas hibiscicola] ATCC 198677 (AB021405)
Stenotrophomonas chelatiphaga LPM-5" (EU573216)
Stenotrophomonas tumulicola T5916-2-1b" (LC066088)
‘Stenotrophomonas panacihumi’ MK06 (GQ856217)
Stenotrophomonas rhizophila e-p10" (AJ293463)
Stenotrophomonas bentonitica BII-R7T (HG800055)
Stenotrophomonas ginsengisoli DCYQ1T (DQ109037)
Stenotrophomonas koreensis TR6-01T (AB166885)
[Pseudomonas pictorum] LMG 9817 (AJ131116)
Stenotrophomonas terrae R-32768T (AM403589)
Stenotrophomonas nitritireducens L2" (AJ012229)
Stenotrophomonas humi R-32729" (AM403587)
Stenotrophomonas acidaminiphila AMX 19.3T (AF273080)
Stenotrophomonas daejeonensis MJ03T (GQ241320)

Xanthomonas translucens LMG 876" (X99299)

Xanthomonas melonis LMG 86707 (Y10756)
Xanthomonas hyacinthi LMG 739" (Y10754)

Xanthomonas albilineans LMG 4947 (X95918)

Xanthomonas sacchari LMG 4717 (Y10766)
Pseudoxanthomonas spadix IMMIB AFH-5T (AM418384)
Pseudoxanthomonas dokdonensis DS-16" (DQ178977)
Pseudoxanthomonas wuyuanensis XC21-2" (JN247803)
Pseudoxanthomonas gei ZFJR-3" (KF387628)
Pseudoxanthomonas yeongjuensis GR12-1T (DQ438977)

100, 97— Pseudoxanthomonas sacheonensis BD-c54T (EF575564)
Pseudoxanthomonas kalamensis JA40T (AY686710)
Luteimonas lutimaris G3T (GU199001)

Luteimonas mephitis B1953/27.1T (AJ012228)

0.10

100

Figure 1. Maximum-likelihood phylogenetic tree based on nearly full-length 16S rRNA gene sequence of BII-R7T
and type strains of species of the genus Stenotrophomonas as well as species wrongly classified as members of the
genus Pseudomonas and other related taxa. The 16S rRNA gene sequences of the type strains of Luteimonas mephitis
and Luteimonas lutimaris were used as outgroups. Analysis based on 16S rRNA gene sequences between gene
termini 67 and 1448 (according to the Escherichia coli numbering (Brosius et al., 1981)). Sequence accession
numbers are given in parentheses, including the BII-R7T sequence obtained originally in this work. Circles at branch
point represent those branch points which were also present in the phylogenetic trees obtained with other treeing
methods. Bootstrap values greater than 70 % are shown at branch points (percentages of 100 re-samplings). Bar, 0.1

substitutions per sequence position.

For more detailed phylogenetic analysis, nucleotide sequences of the gyrB region 1 and gyrB
region 2 were analyzed according to the methods of Svensson-Stadler et al. (2012) including the
gyrB gene sequences of all type strains of species of the genus Stenotrophomonas. The partial
gene sequences of BII-R7" were obtained from the genome sequence generated for the strain
(see below). Reference sequences were taken either from Svensson-Stadler et al. (2012), Handa
et al. (2016) or from published type strain genomes. The analysis was performed in MEGA 7
version 7.0 (Kumar et al., 2016). The nucleotide sequences alignment was obtained by the

alignment of respective amino acid sequences using ClustalW implemented in MEGA7 and the
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phylogenetic trees were reconstructed using the maximum-likelihood method and the GTR
method (Nei and Kumar, 2000). The final tree based on 100 replications (bootstrap analysis).
Pairwise sequence similarities were calculated based on the determination of p-distances using
MEGA?7. In the obtained phylogenetic trees, BII-R7" clustered either with the type strain of S.
chelatiphaga and subsequently with S. rhizophila (gyrB, region 1, Figure 2A) or directly with
the type strain of S. rhizophila (gyrB, region 2, Figure 2B). Pairwise sequence similarities for
both partial gene sequences for BII-R7" to other species of the genus Stenotrophomonas were
all below 90% (Tables S2 and S3) which supported the placement of BII-R7" to a novel species
according to Svensson-Stadler et al. (2012).

(a) 85 Stenotrophomonas pavanii CCUG 599727 (HQ434521)

1007l [Pseudomonas beteli] LMG 978" (HO4345228
Stenotrophomonas maltophilia CCUG 5866 (GU945520)
Stenotrophomonas ginsengisoli CCUG 59870" (HQ434518)

Stenotrophomonas koreensis CCUG 53887 (GU945528)
Stenotrophomonas panacihumi CCUG 59872' (HQ434520)
Stenotrophomonas rhizophila CCUG 54934 (GU945526)

Stenotrophomonas bentonitica BII-R7T (MKCZ00000000)

Stenotrophomonas chelatiphaga CCUG 57178" (GU945531)
Stenotrophomonas daejeonensis CCUG 59871 (HQ434519)
Stenotrophomonas acidaminiphila CCUG 46887' (GU945524)
Stenotrophomonas nitritireducens CCUG 46888" (GU945522)
Stenotrophomonas humi CCUG 54881 (GU945529
Stenotrophomonas terrae CCUG 54880" (GU945530)
Stenotrophomonas tumulicola T5916-2-1 b’ (LC092951)
Xanthomonas translucens DSM 189747 (CAPJ01000231)

Pseudoxanthomonas dokdonensis CCUG 53910" (GU945533)
Luteimonas mephitis DSM 12574T (AULNO0000000)

Pseudomonas aeruginosa PAO1 (NC 002516)

0.1

(b) Stenotrophomonas maltophilia CCUG 5866 (GU945520)
100[L Stenotrophomonas pavanii CCUG 59972" (HQ434521)
[Pseudomonas betell] LMG 978" (HQ434522)
Stenotrophomonas chelatiphaga CCUG 571787 (GU945531)
Stenotrophomonas tumulicola T5916-2-1b" (LC092951)
Stenotrophomonas koreensis CCUG 53887" (rGU945528)
100— Stenotrophomonas ginsengisoli CCUG 59870" (HQ434518)
Stenotrophomonas humi CCUG 548817 (GU945529)
Stenotrophomonas terrae CCUG 54880" (GU945530)
97l9|— Stenotrophomonas daejeonensis CCUG 59871 (HQ434519)
Stenotrophomonas nitritireducens CCUG 46888 ?GU945522;
Stenotrophomonas acidaminiphila CCUG 46887" (GU945524
Stenotrophomonas bentonitica BII-R7T (MKCZ00000000)
Stenotrophomonas rhizophila CCUG 54934' (GU945526)
‘Stenotrophomonas panacihumi’ CCUG 59872 (HQ434520)
Xanthomonas translucens DSM 18974 (CAPJ01000231)
Pseudoxanthomonas dokdonensis CCUG 53910' (GU945533)
Luteimonas mephitis DSM 125747 (AULN0O0000000)
Pseudomonas aeruginosa PAO1 (NC 002516)

Figure 2. Maximum-likelihood phylogenetic tree based on partial gyr»B gene sequence (a: region 1, b: region 2,
according to Svensson-Stadler et al. (2012) of BII-R7T and type strains of species of the genus Stenotrophomonas as
well as species wrongly classified as members of the genus Pseudomonas and other related taxa. The gyrB gene
sequences of Luteimonas mephitis and Pseudomonas aeruginosa were used as outgroup. Sequence accession
numbers are given in parentheses. The trees were reconstructed in MEGA7 with the maximum-likelihood method
using the GTR model and 100 replications. Bootstrap values greater than 70 % are shown at branch points

(percentages of 100 re-samplings). Bar, 0.1 substitutions per sequence position.

Sequencing of the draft genome of BII-R7" (GenBank accession number MKCZ00000000)
allowed genomic analyses which clearly separated this strain from established species within
the genus Stenotrophomonas and four other strains misclassified as Pseudomonas species.

Reference genome sequences corresponding to type strains from all other species belonging to
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these genera were obtained from public databases (Patil et al., 2016). Analysis of average
nucleotide identity (ANI) with only the orthologous genes (Ortho-ANI) (Lee et al., 2016)
produced values below the proposed 95-96 % threshold for the species boundary (Richter and
Rossello-Mora, 2009) between BII-R7" and reference genomes (Table 1). Based on this
algorithm, the most closely related species with a validly published name was S. rhizophila
DSM 14405" with an Ortho-ANI value of 85.5 %. Moreover, as previously observed when
using 16S rRNA gene sequence analysis, S. pavanii and S. maltophilia (together with
Pseudomonas geniculata, P. beteli and P. hibiscicola, considered as synonyms of S. maltophilia
(Anzai et al., 2000) followed S. rhizophila as most closely related species to BII-R7" with
Ortho-ANI values higher than 81.6 %. In this case, S. fumulicola was not considered since its
genome was not available at the time. Similar indices calculated by different methods (original
ANI  value by Ortho-ANI  software, ANI wvalue by EzBioCloud website
(http://www.ezbiocloud.net/tools/ani) based on algorithm published by Goris et al. (2007) and
ANI value obtained through Kostas lab website (http://enve-omics.ce.gatech.edu/ani/) supported
these results consistently (Table 1). The digital DNA-DNA hybridizations (dDDH) were
determined online at http://ggdc.dsmz.de/distcalc2.php using the Genome-to-Genome Distance
Calculation (GGDC) version 2.0 as described in Meier-Kolthoff et al. (2013) (Table 1). These
calculations produced in silico DNA-DNA hybridization values well below the 70 %, threshold
to delimit a bacterial species (Stackebrandt et al., 2002; Wayne et al., 1987). BII-R7" and S.
rhizophila were found to have a dDDH value of 29.9 % [identities/high-scoring segment pair
(HSP) length formula], with a probability of equal to or above 70 % DDH of 0.1 %. All other
comparisons resulted in lower dDDH values (Table 1). DNA G+C contents were calculated in-
silico in all cases (Table 1). In the case of BII-R7" it was 66.4 %, whereas those for the type

strains of the closest relatives S. rhizophila and S. pavanii were 67.3 % and 66.9 %.

Based on DNA-based comparisons presented above, the four species of the genus
Stenotrophomonas phylogenetically most closely related to BII-R7" (S. pavanii, S. maltophilia,
S. rhizophila and S. chelatiphaga) were compared with BII-R7'. The other distantly related
remaining species of the genus Stenotrophomonas were not included in this comparative survey.
Certain cultural, physiological, chemotaxonomic and biochemical key features of these strains
of members of the genus Stenotrophomonas were analyzed, even if these analyses had been

performed in previous studies, in order to guarantee a comprehensive comparative study.
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Table 1. Genome-based comparisons of BII-R7" and other type strains of members of the genus Stenotrophomonas and Pseudomonas (misclassified) type strain genomes retrieved from Patil et
al. (2016).

Reference strain Ortho-ANI % Original ANI % ANI calculation GGDC mol% G+C
(OAT) ANI (EzBioCloud) (Kostas Lab) distance (BII-R7"
% (OrAT) (DSMZ)* =66.49 %)
Stenotrophomonas maltophilia ATCC 136377 81.6 80.8 80.9 83.3 (82.9-83.0)F 250 66.1
Stenotrophomonas rhizophila DSM 14405 85.5 85.0 85.1 86.0 (85.7-85.7) 299 67.3
Stenotrophomonas chelatiphaga DSM 21508" 81.2 80.5 80.5 82.7 (82.4-82.4) 243 66.5
Stenotrophomonas acidaminiphila JCM 13310" 81.0 80.3 80.3 82.5 (82.1-82.2) 243 68.0
Stenotrophomonas daejeonensis JCM 162447 81.0 80.1 80.1 82.2 (81.9-81.9) 24.1 67.8
Stenotrophomonas ginsengisoli DSM 24757" 76.7 75.9 76.0 79.6 (79.4-79.5) 20.8 64.4
Stenotrophomonas humi DSM 189297 79.0 78.2 78.3 81.2 (80.8-80.8) 227 63.4
Stenotrophomonas koreensis DSM 17805 76.7 75.8 75.9 79.8 (79.6-79.5) 20.8 65.5
Stenotrophomonas nitritireducens DSM 125757 81.1 80.4 80.5 83.1 (82.5-82.5) 245 66.0
‘Stenotrophomonas panacihumi’ JCM 16536 79.1 78.3 78.3 81.2 (80.9-80.9) 225 68.0
Stenotrophomonas pavanii DSM 25135" 81.7 80.9 81.0 83.3 (83.0-82.9) 252 66.9
Stenotrophomonas terrae DSM 189417 79.0 78.2 78.3 81.3 (80.9-80.9) 226 63.9
Pseudomonas pictorum JCM 99427 80.0 79.1 79.8 81.8 (81.6-81.5) 23.0 66.0
Pseudomonas geniculata JCM 133247 81.8 80.9 81.6 83.3 (82.9-82.8) 250 66.2
Pseudomonas beteli LMG 978" 81.8 81.0 81.6 83.3 (83.0-83.0) 25.0 66.8
Pseudomonas hibiscicola ATCC 19867" 81.6 80.9 81.5 83.2 (82.8-82.8) 248 66.4

*DDH estimate (identities/HSP length formula).
tTwo-way ANI (One-way ANI 1-One-way ANI 2).
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The morphology of cells grown on LB broth at 28 °C for 24 h with shaking at 160 rpm was
observed by scanning electron microscopy (Quanta 400, FEI; Figure S1). Gram staining, cell
motility and the presence of flagella were determined according to the method of Komagata
(1985). At physiological level, catalase activity was determined by assessing bubble production
in 3 % (v/v) H2O,, and oxidase activity by using a 1 % (w/v) solution of tetramethyl-p-
phenylenediamine (Kovacs, 1956). The growth capacity at various temperatures (4, 15, 20, 28,
37 and 40 °C), NaCl concentrations (0, 0.5, 1, 1.5, 2.5 and 5 % at 28 °C) and pH values (pH 4.0-
13.0 using increments of 1.0 pH units at 28 °C) was determined in TSB culture medium, except
in the case of 0 % NaCl test which was performed in R2A culture medium. Anaerobic growth
was not detected when cultivating BII-R7" in serum bottles containing R2A broth,
supplemented with thioglycolate (1 g/L) and the upper gas phase replaced with nitrogen.
However, the ability to reduce nitrate indicates that anaerobic growth might occur under certain
circumstances. Carbon sources utilization, acid production from carbon sources and some
physiological characteristics were determined by using the API 20NE (48 h, 28 °C), API 50CH
(inoculated with AUX medium, 48 h, 28 °C) and API ZYM (4 h, 28 °C) galleries, respectively,
according to the instructions of the manufacturer (bioMérieux) and the methods of Kdmpfer et
al. (1991). Some of these cultural and physiological characteristics of BII-R7", including carbon
sources utilization and acid formation from these carbon sources, were compared with those of

the reference strains (Table 2), and some differences were detected.

Table 2. Differential phenotypic characteristics between Stenotrophomonas bentonitica sp. nov. and phylogenetically
closest species of the genus Stenotrophomonas with validly published names.

Strains: 1, BII-R7T; 2, S. rhizophila DSM 144057; 3, S. pavanii DSM 251357; 4, S. maltophilia DSM 501707; 5, S.
chelatiphaga DSM 215087, All data from this study. All strains were positive for catalase and protease (gelatin
hydrolysis) activity and for acid formation from D-glucose, D-mannose and D-maltose. All strains were negative for
acid formation from lactose, D-mannitol, dulcitol, adonitol, inositol, sorbitol, L-arabinose, raffinose, L-rhamnose, D-
xylose, cellobiose, methyl-D-glucoside, melibiose and D-arabitol. All strains hydrolysed: aesculin, oNP-3-D-
galactopyranoside, pNP-a-D-glucopyranoside, pNP-3-D-glucopyranoside, Bis-pNP-phosphate, pNP-phenyl-
phosphonate, pNP-phosphoryl-choline, L-alanine-pNA, L-glutamate-gamma-3-carboxy-pNA and L-proline-pNA but
did not hydrolyse pNP-B-D-glucuronide. All strains utilised as sole source of carbon: N-Acetyl-D-galactosamine, N-
Acetyl-D-glucosamine, D-glucose, D-maltose, D-mannose, acetate, propionate, fumarate, DL-lactate, malate,
pyruvate, D-ribose, salicin and D-trehalose. None of the tested strains utilised: L-arabinose, D-galactose, D-
gluconate, L-rhamnose, D-adonitol, D-inositol, D-mannitol, sorbitol, putrescine, adipate, 4-aminobutyrate, azelate,
DL-3-hydroxybutyrate, itaconate, mesaconate, oxoglutarate, suberate, B-alanine, L-aspartate, L-leucine, L-
phenylalanine, L-serine, L-tryptophane, 3-hydroxybenzoate, 4-hydroxybenzoate and phenylacetate. Symbols: +,

positive; -, negative; w, weakly positive.
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Characteristic 1 2 3 1

w

Growth at/with:
4°C — + — — —
40°C - - _ _ +
pH 12 - - + — —
5% NaCl - - — + —
Motility - = - + +
Indole production - - — - +
Nitrate reduction to nitrite + + - + —
Hydrolysis of:
pNP-B-p-xylopyranoside + + + - -
Enzyme activity:
Oxidase — + - — +
Urease — — — + —
B-Galactosidase w w + w -
Utilization of:
p-Fructose — - + + —
Sucrose - + + + —
p-Xylose + + + — +
Maltitol — + — + —
L-Histidine - - + + +
Cellobiose - -
Glutarate + — — — —

+
+
+

Melibiose + +
cis-Aconitate - -

trans- Aconitate - -

+ o+ o+ o+

L-Alanine - -
L-Ornithine — —

1-Proline - -

+
+ o+ o+ o+ o+ o+

p-Arbutin + - +
Acid formation from:
p-Galactose - - - - +

Salicin - + + - -

Biomasses subjected to extraction of polyamines, quinones and polar lipids were grown in PYE
broth [0.3 % peptone from casein (w/v), 0.3 % yeast extract (w/v), pH 7.2] at 28 °C. Polyamines
were extracted from biomasses harvested at the late exponential growth phase according to the
protocol of Busse and Auling, (1988). HPLC equipment was described by Stolz et al. (2007)
and conditions for HPLC analysis were described by Busse et al. (1997). The polyamine pattern
of BII-R7" consisted of the major polyamine spermidine [90.0 pmol (g dry weight)'], moderate
amounts of spermine [8.5 pmol (g dry weight)'] and traces [< 0.2 umol (g dry weight)'] of
cadaverine, putrescine and 1,3-diaminopropane. This polyamine pattern was very similar to that
of S. chelatiphaga DSM 21508" which was found to contain also spermidine as the major
polyamine [78.8 pumol (g dry weight)'], moderate amounts of spermine [6.2 umol (g dry
weight)'] and traces [< 0.2 pmol (g dry weight)'] of cadaverine, putrescine and 1,3-
diaminopropane. On the other hand, the absence of significant amounts of cadaverine

distinguish BII-R7" and S. chelatiphaga DSM 21508" from other species of the genus
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Stenotrophomonas. S. rhizophila DSM 14405" was found to contain a polyamine pattern
consisting of the major polyamines spermidine [87.1 pumol (g dry weight)'] and cadaverine
[17.5 pmol (g dry weight)'] and moderate amounts of spermine [4.5 umol (g dry weight)'] and
the polyamine pattern of S. pavanii DSM 25135" contained the major polyamines spermidine
[58.3 umol (g dry weight)'] and cadaverine [16.3 pmol (g dry weight)'], small amounts of
spermine [2.3 umol (g dry weight)'] and traces [< 0.2 pmol (g dry weight)™'] of putrescine. The
polyamine pattern with high amounts of cadaverine resembles that of S. maltophilia which has
been reported to show a pattern with almost equal amounts of cadaverine and spermidine

(Auling et al., 1991).

Quinones and polar lipids were extracted from biomass harvested at the stationary growth phase
applying the integrated protocol of Tindall (1990a; 1990b) and Altenburger et al. (1996). The
HPLC equipment used for quinone analysis has benn described recently (Stolz et al., 2007). The
quinone system consisted of ubiquinone Q-8 (98.8 %) and Q-7 (1.2 %). The polar lipid profiles
(Figure S2) of BII-R7" and the reference species showed the presence of the major lipid
diphosphatidylglycerol, moderate amounts of phosphatidylglycerol and
phosphatidylethanolamine and minor amounts of the unidentified aminophospholipid APL1. In
the case of BII-R7" and S. chelatiphaga DSM 21508 their polar lipid profiles were almost
identical showing only some small quantitative differences in the lipids detected. Also, S.
rhizophila DSM 14405" was highly similar but some minor lipids were not detected in this
species (phospholipid PL1, and the two lipids L2 and L3, only visible after detecting total
lipids). S. pavanii DSM 25135" was distinguishable from BII-R7" based on the presence of
unidentified lipids including glycolipid GL1, aminolipid AL1, lipid L4 and phospholipid PL2.
S. maltophilia DSM 50170" could be distinguished from BII-R7" by the presence of the
unidentified lipids aminolipid AL2 and the two lipids L5 and L6 and absence of lipids L1, L2
and L3.

Biomass for fatty acid analysis was harvested after growth on TSA at 28 °C for 48 h. The
analysis was performed as described by Kédmpfer and Kroppenstedt (1996). Fatty acids were
separated with a 5898A gas chromatograph (Hewlett Packard), respective peaks were
automatically integrated and fatty acid names and percentages were determined with the
Sherlock MIDI software v. 2.1 (TSBA v. 4.1). The fatty acid profiles of BII-R7" was consistent
with the profiles described for species of genus Stenotrophomonas as shown in Table 3, with the
predominant unsaturated fatty acid iso-Ciso and anteiso-Ciso and a variety of iso-branched

hydroxylated fatty acids, typical for representatives of the genus Stenotrophomonas (Table 3).
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Table 3. Fatty acid compositions of BII-R7" and other members of the genus Stenotrophomonas.
Strains: 1, BII-R7T; 2, S. rhizophila DSM 144057; 3, S. pavanii DSM 251357; 4, S. maltophilia DSM 501707; 5, S.
chelatiphaga DSM 215087, All data from this study. Strains were grown on TSA at 28°C for 48 prior to analysis.
Symbols: -, not detected.

Fatty aad 1 2 3 4 5

Cio:0 - 0.6 0.6 0.9 2.0
is0-Cyy.0 3.7 3.0 33 3.0 42
Unknown ECL* 11.799 1.0 0.7 1.3 1.5 1.6
is0-C,;.0 3-OH 20 1.6 14 1.8 2.9
is0-Cy3.¢ - - - - 22
anteiso-C;3.¢ - - - - 2.0
is0-Cj,.9 3-OH - 0.4 - - 1.1
Ci2.0 3-OH 36 2.0 1.6 4.1 43
i50-Cy4.¢ 14 1.0 0.8 - 4.0
Cis:0 23 1.0 1.9 2.5 15.8
is0-Cy3.9 3-OH 32 1.8 34 3.3 1.9
Ci3.0 2-OH 1.7 0.9 09 - 1.6
i80-Cys.1 1.1 1.6 - - 6.3
is0-Cys.¢ 238 17.9 30.1 294 10.6
anteiso-C;s. ¢ 194 222 233 133 10.8
Cis.o 0.9 0.7 - - 1.4
i50-Cyg.0 40 3.7 1.9 - 1.1
Ci6:1wW9¢ 23 3.2 22 4.2 3.9
Summed feature 3% 9.2 8.4 6.1 8.3 13.7
Cis:0 94 8.6 7.0 13.7 7.4
is0-C,5. ,w9c¢ 7.5 10.0 4.0 3.9 1.5
is0-Cy7.¢ 2.8 4.8 42 4.7 -

anteiso-C,5.¢ - 0.9 1.0 - -

Cy7.,w8¢ - 0.7 - - -

cyclo-Cy7.0 1.7 1.6 24 - -

Cis:.1w9c¢ - 1.0 1.7 2.2 -

Cisw7c¢ - 1.4 09 1.7 -

*ECL, equivalent chain length.
tSummed feature 3: Cq4.1w7¢/ikso-Cy5.q 2-0OH.

BII-R7" shows molecular and phenotypic characteristics typical of the genus Stenotrophomonas
while it can be clearly differentiated from other members of this genus by a number of
significant characteristics. At molecular level, the 16S rRNA and gyrB phylogenetic analyses
and the different genome-based indices calculated confirmed unequivocally the status of the
BII-R7" as a novel species and that S. rhizophila, S. maltophilia, S. pavanii and S. chelatiphaga
are the most closely species within the genus. Besides these differences at DNA-level, these

four most closely related species of the genus Stenotrophomonas can be distinguished with
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regard to several phenotypic features (Table 2). Although results on polar lipid and polyamine
analyses showed high similarity between BII-R7" and S. chelatiphaga DSM 21508, these
strains presented contrasting results regarding other aspects such as fatty acid composition
(Table 3), motility, indole production capacity and certain enzymatic activities like oxidase
(Table 2). In the case of the recently described novel species of the genus Stenotrophomonas, S.
tumulicola, a comprehensive comparison was performed at different levels based on the data
obtained for BII-R7" in this study and the data extracted from the publication of Handa et al.
(2016). 16S rRNA and gyrB genes sequence differences (Table S1-S3) were supported by a
number of phenotypic differences such as growth inhibition in presence of 5 % NaCl, lack of

cell motility and ability to reduce nitrates to nitrites.

On this basis, BII-R7" represents a novel species of the genus Stenotrophomonas, for which the

name Stenotrophomonas bentonitica sp. nov. is proposed.

2. Description of Stenotrophomonas bentonitica sp. nov.

Stenotrophomonas bentonitica (ben.to.ni'ti.ca. N.L. fem. adj. bentonitica referring to bentonite,

the type of clay from which this bacterium was isolated).

Cells are Gram-stain negative, aerobic, non-motile, with no flagella and do not form
endospores. When grown on LB agar at 28 °C for 3 days, colonies are light yellow, smooth,
convex and circular. Under these growing conditions, cells are straight rods 0.45-0.65 um in
width and 0.92-1.55 um in length and occurred singly or in pairs. Growth takes place at 15-37
°C but not at 4 or 40 °C (optimum is 28 °C) at pH 5-10 but not at pH 4 or 11 (optimum at pH 7)
and with 0-2.5 % NaCl but not with 5 % NaCl. The organism is able to reduce nitrate to nitrite
but not to N». Catalase, leucine arylamidase, protease, esterase, esterase lipase, acid and alkaline
phosphatase, naphtol-AS-BI- phosphohydrolase and B-glucosidase activities are positive but
oxidase activity is negative. No indole production occurs. The strain is able to utilize the
following carbon sources: D-xylose, cellobiose, glutarate, a-D-melibiose, p-arbutin, N-acetyl-D-
galactosamine, N-acetyl-D-glucosamine, D-glucose, D-maltose, D-mannose, acetate,
propionate, fumarate, DL-lactate, malate, pyruvate, D-ribose, salicin and D-trehalose. The
predominant fatty acids are iso-Cis and anteiso-Ciso. In addition a variety of iso-branched
hydroxylated fatty acids are produced. The polyamine pattern contains the major polyamine
spermidine, moderate amounts of spermine and traces of cadaverine, putrescine and 1,3-
diaminopropane. The quinone system is composed of the major compound ubiquinone Q-8 and

small amounts of Q-7. The polar lipid profile contains the major lipid diphosphatidylglycerol,
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moderate amounts of phosphatidylglycerol, and phosphatidylethanolamine and minor amounts

of an unidentified aminophospholipid, a phospholipid, and three lipids.
The type strain is Stenotrophomonas bentonitica BII-R7" (= LMG 29893" = CECT 9180" =
DSM 103927"), and was isolated from bentonite formations. The DNA G+C content of the type
strain is 66.5 %.
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7. Supplementary material

Table S1. Pairwise 16S rRNA gene sequences similarities of strain BII-R7 to type strains of all Stenotrophomonas species as well as wrongly classified Pseudomonas species. Pairwise 16S
rRNA gene sequence similarities were determined in ARB using the ARB Neighbour-joining tool without using an evolutionary model for sequence similarity calculations. Red highest (100%)

to green lowers 16S rRNA gene sequence similarities.
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Table S2. Pairwise gyrB gene (region 1) sequences similarities of strain BII-R7" and type strains of species of the genus Stenotrophomonas as well as the wrongly-classified strain Pseudomonas

beteli. Pairwise gyrB gene sequence similarities were calculated based on p-distances in MEGA 7. Red highest (100%) to green lowers gyrB gene sequence similarities.

bentonitica BII-R7" (MKCZ00000000)

chelatiphaga CCUG 57178" (GU945517)
. daejeonensis CCUG 598717 (HQ434503)
rhizophila CCUG 54934" (GU945512)
S. pavanii CCUG 59972" (HQ434505)
[P. beteli] LMG 978" (HQ434506)
S S. ginsengisoli CCUG 59870" (HQ434502)
S. nitritireducens CCUG 46888" (GU945508)
S. acidaminiphila CCUG 46887" (GU945510)
S. maltophilia CCUG 5866" (GU945506)
S. terrae CCUG 54880" (GU945516)
S 8 8 S 5. panacihumi CCUG 59872" (HQ434504)
S. humi CCUG 548817 (GU945515)
S. tumulicola T5916-2-1b" (LC092950)
koreensis CCUG 53887" (GU945514)

TR B B v

S. bentonitica BII-R7" (MKCZ00000000) ﬁ 89.0 893 8.1 882 881 877 876 873 871 867 862 833 ssT
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S. daejeonensis CCUG 598717 (HQ434503) 89.3 883 [100000 904 905 90.0 878 922 921 89.5 884 90.4 842 855
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S. pavanii CCUG 599727 (HQ434505) 882 877 90.5 893 _ 882 89.8 8.5 (954 852 884 889 822 851
[P. beteli] LMG 9787 (HQ434506) 88.1 881 90.0 892 884 899 8.5 948 854 832 889 831 853
S. ginsengisoli CCUG 598707 (HQ434502) 87.7 873 87.8 874 832 884 [1000) 88.1 882 885 851 867 867 822 854
S. nitritireducens CCUG 46888T (GU945508) 876 875 922 890 898 899 88.1 929 895 877 89.7 8.5 830 862
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S. tumulicola T5916-2-1b" (LC092950) 833 831 842 837 822 831 822 830 832 827 844 816

S. koreensis CCUG 53887" (GU945514) 830 830 855 855 851 853 854 862 859 864  8L5 855 863
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Table S3. Pairwise gyrB gene (region 2) sequences similarities of strain BII-R7" and type strains of species of the genus Stenotrophomonas as well as the wrongly-classified strain Pseudomonas

beteli. Pairwise gyrB gene sequence similarities were calculated based on p-distances in MEGA 7. Red highest (100%) to green lowers gyrB gene sequence similarities.
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D spot
6.91um 7.3 mm | 2.5

Figure S1. Scanning Electron Microscope (Quanta 400; FEI) image of BII-R77 cells grown on LB broth at 28 °C for
24 h with shaking at 160 rpm.
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Figure S2. Polar lipid profiles of strain BII-R7" and the species S. pavanii DSM 251357, S. maltophilia DSM
501707, S. rhizophila DSM 144057, S. chelatiphaga DSM 21508 after two-dimensional thin-layer chromatography
and visualized using ethanolic molybdatophosphoric acid. DPG, diphosphatidylglycerol; PG, phosphatidylglycerol;

PE, phosphatidylethanolamine; GL1, unidentified glycolipid; APL1, unidentified aminophospholipid; PL1, PL2,
unidentified phospholids; AL1, AL2, unidentified aminolipids; L1 — L6, unidentified polar lipid not reacting with the

spray reagents specific for free amino groups, phosphate or sugar moieties.
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1. Abstract

Nuclear wastes containing radionuclides including selenium isotopes, Se”’, will be disposed in
future deep geological repositories (DGR). Due to the long lifetime of these radioisotopes,
studies on the impact of microbial processes on their chemical speciation would contribute
significantly to understanding the risks associated with these repositories. Here we report a
green method for biogenic reduction of Se'V, production of amorphous Se” (a-Se) nanospheres
and their subsequent transformation to one-dimensional (1D) trigonal selenium (t-Se)
nanostructures using a combination of methods (XRD, STEM-HAADF, HRTEM/EDX, ESEM,
etc.). The bacterial strain used, Stenotrophomonas bentonitica, was isolated from Spanish
bentonites considered as artificial barriers for future Spanish repositories. After 24 h of
incubation, 30-200 nm sized biogenic individual a-Se nanospheres were synthesized and then
started to coalesce forming aggregates after 48 and 72 h of incubation. The 144 h sample
presented a mixture of single crystal and polycrystalline 1D t-Se nanostructures with different
shapes (e.g. nanowires, hexagonal, polygonal, etc.) and diameters of 30-400 nm, in addition to
a-Se nanospheres. The HRTEM analysis showed that the 1D nanostructures presented different
lattice spacing corresponding to (100), (101) and (111) planes of t-Se. Thus, a-Se nanospheres
were initially synthesized and then would transform into t-Se nanostructures. STEM-HAADF
and ESEM revealed that the cells and their extracellular proteins play an important role in this
transformation process. Due to the low solubility of t-Se nanostructures compared to that of a-
Se nanospheres and Se'', the mobility of selenium in future repositories may be significantly

reduced.

Keywords: Stenotrophomonas, selenium nanostructures, reduction, transformation, repository
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2. Introduction

Radioactive wastes produced mainly by nuclear energy industry contain materials contaminated
with radionuclides (e.g. uranium, curium, selenium, etc.). Due to their toxicity, nuclear wastes
will be disposed of for a long period of time until their toxicity decreases to non-hazardous
levels. For this purpose, the deep geological repositories (DGRs) consisting on the
encapsulation of radioactive waste in metal containers surrounded by artificial and natural
barriers, have been proposed as the safest option for its disposal in the near future (IAEA,
2003). In different countries, bentonite clay formations have been selected as reference material
for safety barriers in a DGR. In Spain, bentonite formations located in Cabo de Gata Natural
Park (Almeria) were selected for their geochemical and mineralogical properties as artificial
barrier reference materials (Villar et al., 2006). High microbial diversity of these Spanish clays
was shown by means of culture dependent and independent techniques (Lopez-Fernandez et al.,
2015; 2014). In addition, more than 100 microbial strains were isolated from these bentonites
including a novel species of the genus Stenotrophomonas (Stenotrophomonas bentonitica BII-

R7) (Sanchez-Castro et al., 2017a; Capitulo I).

The microbial communities of the selected artificial barriers can affect the safety and
performance of future DGRs at 3 different levels by: i) transformation of clay minerals; ii)
corrosion of metal canisters; and iii) mobilization of radionuclides through different interaction
processes (Meleshyn, 2011). Microorganisms are able to interact with typical elements of
radioactive wastes like selenium (Se), uranium (U) or curium (Cm) through different processes
like biomineralization, biosorption or reduction leading to their mobilization or immobilization

(Merroun et al., 2011; Moll et al., 2014; Prakash et al., 2009).

Selenium is considered a common component of high-level radioactive wastes (HLRW),
particularly the Se™ isotope produced by nuclear fission reactions. Different studies have
indicated Se’ isotope to be one of the critical radionuclides for the geological disposal of
HLRW due to its ability to emit B particles (Jorg et al., 2010). Selenium can exist in the
environment in different oxidation states [selenate (Se""), selenite (Se'"), elemental selenium
(Se”) and selenide (Se™)], whose toxicity is mainly related to their solubility (Di Gregorio et al.,
2005). Se"" and Se' are the most soluble and hence the most toxic forms of Se, being dominant
species in mildly and strongly oxidizing conditions, respectively (Breynaert et al., 2010). On the
other hand, Se” has relatively less toxicity because of its low solubility, and it is considered the
dominant species under reducing conditions (Breynaert et al., 2010). Therefore, it is important to
investigate the speciation of Se associated with microbial populations occurring in different

barriers in future DGRs to evaluate the safety of this kind of disposal. Different physico-
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chemical and biological methods were applied to reduce Se"' and Se' to produce elemental Se
nanoparticles (SeNPs) (Chen et al., 2010; Li et al., 2014b). Several bacterial strains have been
described for their ability to reduce toxic selenium (Se¥' and Se') to less toxic forms (Se’)
producing NPs under different physiological conditions (Dungan et al., 2003; Lampis et al.,
2014; Wadhwani et al., 2016). In general, the solubility and mobility of SeNPs seem to be
affected by their physicochemical properties (size, shape, morphology, crystallinity, etc.), and
also by the action of microbial processes through the synthesis of coating agents (proteins,

polysaccharides, etc.) (Buchs et al., 2013; Jain et al., 2017; Keller et al., 2010).

Selenium could exist in three different allotropic forms: amorphous, monoclinic and trigonal
phase (Chen et al., 2010). The trigonal selenium (t-Se) phase is one the most thermodynamically
stable form of Se. This phase is characterized by its anisotropic crystal structure where the Se
atoms are coordinated each other through covalent bonds forming infinite chains (Chen et al.,
2010). Several studies have previously reported that bacteria can produce intracellular and
extracellular amorphous Se (a-Se) nanospheres with a size ranging from 100 to 200 nm
(Eswayah et al., 2017; Li et al., 2014b). To a lesser extent, few studies have also described the
formation of biogenic trigonal and monoclinic selenium (t-Se and m-Se) (Prakash et al., 2009;
Zhang et al., 2011). Ho et al., (2010) reported the control of organic solvents like DMSO in the
transformation of biogenic a-Se nanospheres to 1D t-Se nanostructures (e.g. nanowires,
nanoribbons, nanorods, etc.). In addition, the anaerobic biotransformation of a-Se nanospheres
to t-Se nanorods has been shown for microbial granular activated sludge only under
thermophilic (55 °C) conditions (Jain et al., 2017). Biogenic Se nanorods were characterized by
their low colloidal stability and high settling efficiency in comparison with the a-Se nanospheres
making them highly attractive for bioremediation of Se contaminated waters (Jain et al., 2017).
However, no Se nanorods were produced under mesophilic conditions (30 °C). Here we report,
the first study on the synthesis of Se nanostructures with different shapes (spherical, hexagonal,
polygonal, and nanowires) and crystallographic properties under mesophilic conditions (30 °C)
by the cells of S. bentonitica, isolated from Spanish bentonite formations (Sanchez-Castro et al.,
2017a). A scanning transmission electron microscope associated with a high angle annular field
detector (STEM-HAADF) showed time-dependent transformation process of a-Se nanospheres
to t-Se nanostructures with different morphologies (hexagonal, polygonal, and nanowires).
Environmental scanning electron microscopy (ESEM) analysis revealed the impact of
extracellular flagella-like proteins in this transformation process since the a-Se nanospheres
aggregate along the axis of the flagella-like proteins whose monomers seem to embed these
nanomaterials. This work provides new molecular insights into the impact of biogenic Se

nanostructures on the mobility of this element and the effect of microbial processes on the
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safety of the deep geological repository system. In addition, this diversity of Se nanostructure

shapes will play a basic role in the development of nanoscience and technology.

3. Experimental

3.1. Bacterial strain and growth conditions

The bacterial strain used in the present work was recently described by our Research Group as a
novel species named S. bentonitica BII-R7" (Sénchez-Castro et al., 2017a; Capitulo I). This
strain was isolated from Spanish bentonites collected from the Cabo de Gata Nature Park
(Almeria, Spain) (Lopez-Fernandez et al., 2014). The cells were grown aerobically in Luria-
Bertani (LB) broth medium (tryptone 10 g/, yeast extract 5 g/l and NaCl 10 g/I, pH 7.0 £ 0.2) at
28 °C and 180 rpm on a rotary shaker.

3.2. Metal solution preparation

Sodium selenite (Na>SeOs) (Sigma-Aldrich) was prepared as a 1M stock solution by dissolving
appropriate quantities in distilled water. Finally, the solution was sterilized by filtration using

0.22-pum syringe filters (Sartorius®).

3.3. Determination of the minimal inhibitory concentration (MIC) of selenite for the

bacterial growth

The minimal inhibitory concentrations (MICs) of Se'¥ were determined in triplicate. Cells of the
isolate were grown to the late exponential phase to a final optical density (O.D) of 0.9 (at 600
nm) in LB broth and washed twice with 0.9% NaCl. Finally, 10 ul of the cell suspension was
inoculated to LB agar supplemented with increasing concentrations of Se'" from 1 to 400 mM.
Afterwards, the plates were incubated at 28 °C for 48 h. The MIC was defined as the lowest
concentration of the element at which complete inhibition of colony formation is observed

(Rossbach et al., 2000).

3.4. X-ray diffraction (XRD)

XRD analysis was carried out to determine the size and crystalline phase of biogenic Se
nanoparticles. S. bentonitica cells treated with 2 mM of Se' for 144 h were centrifuged at
10000 x g for 10 min and the resultant pellet was washed with double distilled water. The
washed samples were dried at 28 °C for 24 h. X-ray patterns of the biogenic SeNPs were
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obtained with a Bruker D8 Advanced diffractometer associated to a LINXEYE detector
available at the University of Granada. The obtained diffractograms were analysed using the
software DIFFRAC PLUS. In order to calculate the average size of the nanoparticles, the
Scherrer’equation (D = kA/BcosB) was used, where k is a constant whose value is approximately
0.9, A is the wavelength of X-ray, 3 is the width in radians of the peak due to size effect and 0 is
the Bragg’s diffraction angle. Specifically, the particle size of the sample was estimated from
the line width of the (101) XRD peak.

3.5. VP-FESEM and Raman spectroscopy analysis

A variable pressure field emission scanning electron microscopy (VP-FESEM) equipped with
an X-ray detector Raman spectroscopy system enabled an in situ 3-D structural and elemental
characterization of the SeNPs produced by the cells. Cell suspensions supplemented with 2 mM
of Se'¥ for 144 h were fixed in 3% glutaraldehyde in 0.05 M sodium cacodylate buffer (pH 7.2)
for 24 h at 4 °C . Afterwards, the samples were washed three times with the same buffer. The
resultant pellets were fixed in 1% osmium tetroxide solution (OsQs) in cacodylate buffer before
dehydration in a graded ethanol solutions in water. The critical point drying method was also
used to dehydrate the samples. Finally, they were coated with carbon and stored in a desiccator.
The samples were analysed under a variable pressure field emission scanning electron

microscope (Zeiss SUPRA 40VP).

3.6. STEM-HAADF analysis

The morphology, elemental composition analysis and cellular location of reduced Se were
analysed by using a scanning-transmission electron microscopy (STEM) equipped with an
energy dispersive X-ray (EDX) spectrometer. EDX analysis was performed at 300 kV using a
spot size of 4 A and a live counting time of 50 s. The structural characterization of Se
nanostructures was performed by using selected-area electron diffraction (SAED) and high-

resolution TEM combined with fast Fourier transform (FFT).

STEM samples consisting of Se'"-treated cells (2 mM) were prepared as described in Merroun
et al., (2005) after 24, 48, 72 and 144 h of incubation. Finally, the samples were examined under
a high-angle annular dark field scanning transmission electron microscope (HAADF-STEM,
FEI TITAN G2 80-300). STEM specimen holders were cleaned by plasma prior to STEM

analysis to minimize contamination.
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3.7. FEG-ESEM

A field emission gun environmental scanning electron microscopy (FEG-ESEM) equipped with
secondary and circular backscatter electron detectors (ETD and CBS) enabled the determination
of the presence of organic matter surrounding the biogenic SeNPs. For this purpose, the samples
described above for VP-FESEM were also analysed by using this technique. In addition, this
technique was also applied to explain the biotransformation of a-Se nanospheres to t-Se
nanostructures. Thus, the cells where brought into contact for 24 h with solutions containing
two different types of a-Se nanospheres: 1) chemically produced (CheSeNPs); and 2)
organically produced SeNPs (OrgSeNPs). Chemical SeNPs were produced by reduction of
sodium selenite (5 mM) by reduced glutathione (GSH) (20 mM) at 28 °C. OrgSeNPs were
synthesized using proteins (Bovine Serum Albumin; BSA) (0.01 g/l) in addition to GSH (20
mM) and Se'¥ (2 mM). Finally, the samples were analysed under a FEG-SEM microscope (FEI
QEMSCAN 650F).

3.8. Effect of selenite on the bacterial growth

The potential of S. bentonitica to tolerate selenite was assayed by growing the cells in LB liquid
medium (30 ml) supplemented with 2 mM of Na,SeO;. Untreated (control) and Se''-treated
cells were incubated at 28 °C by shaking at 180 rpm. In addition, dead cells obtained by heating
the biomass at 90 °C and LB broth containing Se'V (abiotic) were used as controls. Growth was
evaluated by quantifying the total protein content in bacterial cell extracts using a modification
of the method of Dhanjal and Cameotra (2010). The total protein content was correlated with
the increase in the cell growth. A 1 ml aliquot of bacterial culture was taken at different time
intervals to measure growth based on the protein content of the cells by using Bradford reagent

(Bio-Rad®). BSA was used as a standard. All the measurements were performed in triplicate.

4. Results and discussion

4.1. Bacterial reduction of Se'¥

The ability of S. bentonitica to reduce aerobically Se' to Se” was tested in LB liquid medium at
2 mM selenite. The colour of Se'-treated cultures of S. bentonitica turned intense orange-red
after 24 h incubation, in contrast to untreated cultures (blanks) (Figure 1). This colour change
reveals the capacity of the strain to reduce Se'¥ to Se” (Sabaty et al., 2001). The Se'¥ reduction is
mediated by a biological rather than a chemical process since no colour change were observed

in abiotic and dead cells control samples supplemented with Se" (Figure 1). The MIC of Se'¥
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for the growth of the studied strain in solid media was 400 mM as red precipitates and cell
growth were observed in all assayed Se'¥ concentrations ranging from 1 to 200 mM (Figure 2).
The absence of both cell growth and red precipitates were appreciated at 400 mM Se' (data not
shown). This indicated the high Se tolerance of S. bentonitica compared to other species of the
same genus like S. maltophilia SeITE02 and S. maltophilia Sm777, both of which exhibited
tolerance to Se'¥ of up to 50 mM (Di Gregorio et al., 2005; Pages et al., 2008). The high
tolerance of S. bentonitica to selenite can also be appreciated comparing its MIC with those of
strains belonging to different bacterial genera. For example, the MIC of Se' for the growth of
Rizhobium selenitireducens strain B1 and Comamonas testosteroni S44 is between 8-16 mM

and 100 mM, respectively (Hunter and Kuykendall, 2007; Zheng et al., 2014).

Figure 1. Cultures of Stenotrophomonas bentonitica in LB broth liquid medium without (A) or with 2 mM Se'¥ (B)
after 24 h showing the reduction of Se'V to Se® as indicated by the produced red precipitate. Abiotic (LB broth) (C)

and dead cells (D) supplemented with 2 mM Se'¥ were used as controls.

Recent studies indicated the presence of Se in tetravalent oxidation state in high-level nuclear
wastes (Dardenne et al., 2015). The bioreduction of this soluble Se species to insoluble
elemental Se would reduce the mobility of Se within the future DGR system. This fact makes S.
bentonitica an excellent candidate to improve the safety of these future repositories of

radioactive wastes.
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Figure 2. Growth of Stenotrophomonas bentonitica on LB solid medium without (A) or with 1 (B), 50 (C), 100 (D)
and 200 mM (E) Se'V after 48 h of incubation.

4.2. Effect of Se on the bacterial growth

In order to evaluate the biological effect of Se'¥ towards S. bentonitica, the growth profile of the
cells was studied and expressed as total protein content as function of time to avoid optical
interferences of Se” red accumulations in spectrophotometric measurements. In comparison with
control (0 mM Se'), the microbial growth was negatively affected at an initial concentration of
2 mM Se' (Figure 3). It is important to note that growth of S. bentonitica cells presented longer
lag phase of about 48 hours in the presence of Se. Vogel et al. (2018) detected that the growth of
Azospirillum brasilense also exhibited a lag phase whose duration depends on the Se'v initial
concentration; 2 days at 1 mM Se'” and up to 6 days when the cells were brought into contact
with Se'Y' concentration ranging from 1 to 5 mM. Furthermore, Ralstonia metallidurans also
presented prolonged lag phase (around 30 h) at 2 mM of Se'”, suggesting an adaptation of the
cells to Se'" stress (Roux et al., 2001). In Se'V-treated cells of S. bentonitica, this stress could be
associated with the presence of Se'” which was determined to be about 50% of the initial Se'’
concentration at 48 h (data not shown). The optimum growth reached by the cells treated with
Se'Y was at 144 h of incubation where the Se'¥ concentration was about 0% (100% reduction of
Se'v to Se’) (data not shown). It was shown that 15, 50, 60 and 100 % of Se'¥ was reduced to

Se’ after a period of 24, 48, 72 and 144 h time incubation, respectively (data not shown).

The lag phase observed in the present and other studies could be probably associated with
differential expressions of enzymes involved in the Se'¥ tolerance. The whole genome analysis
of S. bentonitica revealed the presence of genes codifying enzymes described for their ability to
reduce Se' to Se” (Sanchez-Castro et al.,, 2017b). Glutathione reductase and thioredoxin
reductase as well as NADH-dependent enzymes such as NADH: flavin oxidoreductase (OYE
family) previously reported to be implicated in the reduction of this oxy-anion (Hunter, 2014),
have been identified in the genome of S. bentonitica. Several mechanisms have been proposed

for the reduction of selenite in microorganisms including Painter-type reaction (Kessi and
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Hanselmann, 2004), thioredoxin reductase system (Yamada et al., 1997), sulphide mediated
reduction (Zawadzka et al., 2006), dissimilatory reduction (Basaglia et al., 2007), etc.
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Figure 3. Growth profile of Stenotrophomonas bentonitica in the absence (a) and the presence of 2 mM Se'V (b).

Selenite was added at time zero. Standard errors are given correspondingly.
4.3. X-ray diffraction (XRD) analysis

The nature of the crystalline phase and size of reduced SeNPs produced by cells treated with 2
mM Se' for 144 h were determined by using X-ray diffraction. The XRD patterns obtained
show the main peaks characteristic of crystalline t-Se (COD-9008579) at 20 values of 23.5°,
29.7°, 41.4°, 43.7° and 45.4° (Figure 4) corresponding to the crystal planes (100), (101), (110),
(102) and (111), respectively. The average crystalline size of biogenic Se nanostructures

measured by Scherrer's equation was of about 34 nm.

These results agree well with literature data from Borghese et al. (2014) and Srivastava and
Mukhopadhyay (2013) who reported the production of crystalline nanostructures by
Rhodobacter capsulatus and Zooglea ramigera, respectively. The diffraction patterns
corresponding to these nanoparticles show the main peaks belonging to trigonal Se” crystals.
The production of crystalline Se nanostructures by the cells of S. bentonitica could be of great
significance within the DGR system since the mobility of the Se through the surrounding
environment may be reduced due to the low solubility of these Se nanostructures (Jain et al.,

2017). Zhang et al. (2011) could not detect in the XRD pattern the presence of t-Se nanorods
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previously detected by microscopic techniques after 48 h of incubation with Pseudomonas
alcaliphila. They attributed it to the the shortage of Se nanorods and the attachment of Se
nanospheres onto the surface of nanorods. Se nanospheres produced by Bacillus sp. SN3 have
been previously reported for their amorphous nature since sharp Bragg reflections were not
observed in their diffraction pattern (Prakash et al., 2009). As a consequence, amorphous
nanospheres could interfere with XRD results. In our case, the XRD peak clearly showed the

presence of crystalline t-Se.
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Figure 4. X-ray diffraction pattern of selenium nanoparticles synthesized by Stenotrophomonas bentonitica after 144

h incubation.

4.4. Microscopic characterization of Se'" reduction by the S. bentonitica cells

VP-FESEM and Raman analysis. VP-FESEM images revealed extensive aggregations of
nanospheres associated with bacterial cells after their incubation with Se' for 144 h (Figure
5A). The Raman spectrum derived from these aggregations also supports the formation of t-Se
nanostructures by the appearance of peaks at 232 and 235 cm™ (Figure 5B). The distinctive
Raman peak corresponding to the symmetric stretching mode of t-Se is located at 235 cm™,
which can be attributed to the vibration of Se helical chains (Gates et al., 2002). These results
are in good agreement with XRD data. Biogenic SeNPs produced by different bacterial strains
have also been characterized by using Raman spectroscopy. The Raman scattering spectrum
obtained after 48 h of incubation of Se nanospheres produced by Pseudomonas alcaliphila
showed the characteristic t-Se peak at 234 cm™ (Zhang et al., 2011). Bacillus subtillis has also

been reported for the production of t-Se nanoparticles as indicated by the distinctive signature of
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t-Se at 235 cm™ (Wang et al., 2010). The transformation from monoclinic Se (m-Se) to t-Se
after 12 h of incubation was suggested by using this technique. In addition, EDX analysis
derived from these accumulations produced by S. bentonitica showed that they mainly consisted

of Se and sulphur (S) (Figure 5C).
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Figure 5. VP-FESEM micrographs (scale bar: 1um) of S. bentonitica surrounded by extensive accumulations of Se
nanospheres (A) and their respective Raman spectrum (B). EDX analysis (selected area shown) indicated the

presence of Se and S in the nanospheres (C).

HAADF-STEM analysis. STEM micrographs of thin sections revealed the presence of
extracellular electron-dense nanostructures when cells were grown on Se'¥ at 2 mM for 144 h
(Figure 6). Moreover, very few intracellular SeNPs were observed. The presence of both
extracellular and intracellular SeNPs suggested their intracellular formation before their release
into the extracellular space in response to selenite stress. Lampis et al. (2017) proposed that Se'"
is reduced in the cytoplasm of S. maltophilia SeITE02 by reaction with thiol-containing
molecules to produce some intermediates that are transformed into Se’. Once inside the cell, Se’
is secreted out to the extracellular space through an export mechanism. Formation of vesicles

from the outer membrane of Gram-negative bacteria containing periplasmic materials
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(McBroom and Kuehn, 2007), is one of the possible mechanisms involved in the secretion.
McBroom and Kuehn (2007) proposed that in response to stress vesicles are produced by fission
of outer membrane protrusions enclosing periplasmic and stress causing materials. Then the
material causing stress is released out the cells. According to other authors, a cell lysis process
could be involved in the release of Se granules to the extracellular space (Di Gregorio et al.,
2005; Fernandez-Llamosas et al., 2016). However, further studies are needed to elucidate the

way by which S. bentonitica releases SeNPs to the extracellular space.
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Figure 6. HAADF-STEM micrographs of a thin section showing the different morphologies (spherical, hexagonal,
polygonal, and nanowires) of SeNPs produced by S. bentonitica after 144 h of incubation. EDX element-distribution

maps confirmed that they are mainly composed of Se and S.

The Se nanostructures identified by STEM exhibited different shapes: spheres, nanowires,
hexagons, polygons, etc. Energy dispersive X-ray (EDX) elemental mapping derived from these
accumulations showed that they are mainly composed of Se, in addition to S (Figure 6). Many
investigations reported previously the formation of biogenic SeNPs (Lampis et al., 2017; Li et
al., 2014b). However, very few authors described the presence of S in these nanostructures. For
instance, Vogel et al. (2018) detected S in Se nanospheres synthesized by Azospirillum
brasilense by using EDX analysis. Combining Raman and EXAFS spectroscopy they could

determine the local coordination of selenium within the biogenic SeNPs where Se is coordinated
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to S atoms forming Ses S, structured SeNPs forming 8-rings typical for amorphous Se’ with a
partial S-for-Se substitution in the 8-ring. The presence of S suggests the involvement of this
element in the formation of the nanospheres. In this sense, extensive studies on the mechanisms
of Se'" reduction have indicated the involvement of molecules containing thiol groups (-SH)
such as reduced glutathione (GSH) into the reduction of Se' to Se (Kessi and Hanselmann,
2004; Tan et al., 2016). GSH is proposed to act as electron donor and reacts with selenite to
form selenodiglutathione (GS-Se-SG). Selenodiglutathione reduction by glutathione reductase
(GR) leads to the formation of glutathione selenopersulfide (GS-Se~), which dismutates into Se”
and GSH.

In the case of Se nanospheres, extensive accumulations of this morphology with two
considerable different sizes were detected. Specifically, smaller nanospheres with diameters of
20 to 30 nm and bigger NPs around 200 nm were found (Figure 7A, 7B and 7C). EDX
microanalysis indicated that they are mainly composed of Se and S (Figure 7D and 7E). In
addition, the selected area electron diffraction (SAED) pattern of nanospheres indicated their
amorphous nature (Figure 8A and 8B). Production of biogenic spherical SeNPs through the
reduction of Se' to Se’ by several bacterial strains has been previously reported. The strain
Rhodopseudomonas palustris N produces nanospheres between 80 to 200 nm as indicated TEM
analysis when cells grew on Se'" after 8 days (Li et al., 2014a). On the other hand, Srivastava
and Mukhopadhyay (2013), reported the formation of spherical SeNPs ranging from 30 to 150
nm by Zooglea ramigera after 48 h. Benko et al. (2012) demonstrated that biologically produced
spherical SeNPs are less toxic than Se oxyanions such as Se'" and Se"'. However, other studies
revealed that the toxicity of SeNPs can vary widely among different species (Li et al., 2008). In
their experiments, Li et al. (2008) found a higher toxicity of SeNPs compared to Se'" in the fish

species Oryzias latipes.

To a lesser extent, hexagonal-shaped nanostructures from 100 to 400 nm in size were produced
(Figure 8C). Their crystal structure was investigated using SAED and high-resolution scanning
transmission electron microscopy (HRSTEM) combined with Fast Fourier Transform (FFT).
The HRTEM image from an individual hexagonal-shaped nanoparticle showed 2 distinct lattice
spacings of 0.37 and 0.29 nm corresponding to the (100) and (101) planes of t-Se, respectively
(Figure 8D and 8E). The SAED pattern indicated that hexagonal-shaped nanostructures are
single crystals, which can be well indexed to t-Se (Figure 8F). In addition, the lattice spacing
values obtained for all the diffraction rings from the FFT of the image (Figure 8G) are in
agreement with the trigonal phase of Se. The production of SeNPs with a hexagonal shape has
rarely been reported. Ho et al. (2010) demonstrated the formation of Se nanoribbons with a

hexagonal cross section from biogenic Se nanospheres in the presence of 80% dimethyl
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sulfoxide (DMSO). As far as we know, the present work describes for the first time the
biological production of crystalline hexagonal-shaped SeNPs without the addition of organic
solvents under mesophilic conditions. Consequently, here we report a simpler method for the
preparation of crystalline SeNPs than those previously described (Ho et al., 2010; Shin et al.,
2007). We provide an economic, environmentally-friendly and promising method for the
synthesis of SeNPs, well known to be useful in many industrial and medical applications. The
SAED patterns and HRTEM from polygonal forms also evidenced the trigonal phase of Se (data

not shown).

500 nm

Figure 7. HAADF-STEM micrographs of a thin section showing extracellular and intracellular SeNPs with two
different sizes produced by the cells of Stenotrophomonas bentonitica (A-C). Scale bars: 500 nm (A), 50 nm (B) and
100 nm (C). EDX analysis image of a single SeNP (D and E).

The last type of SeNP shape detected consisted of nanowires. In the same way as hexagonal and
polygonal-shaped nanostructures, Se nanowires around 30 nm in diameter were found (Figure
8H) to a lesser extent comparing with nanospheres. The HRTEM image from an individual
nanowire showed 2 distinct lattice spacings of 0.37 and 0.19 nm corresponding to the (100) and
(111) planes of t-Se (Figure 8I and 8J). The SAED spots revealed that Se nanowires are
polycrystalline (Figure 8K). In addition, the FFT of the image shown in Figure 8L further
confirms the trigonal phase of selenium. These results match very well with XRD diffraction
pattern described in the section above indicating the presence of t-Se ranging from 30 to 45 nm

1n size.
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Figure 8. HAADF-STEM micrograph (A) and SAED pattern (B) of a single spherical SeNP. HAADF-STEM
micrograph (C) and HRTEM image (D) of a single hexagonal-shaped SeNP. Panel E is the magnified HRTEM image
corresponding to area 1. SAED pattern (F) and FFT (G) corresponding to the HRTEM of the single hexagonal-shaped

SeNPs. HAADF-STEM micrograph (H) and HRTEM image (I) of a single selenium nanowire. Panel J is the
magnified HRTEM image corresponding to area 2. Panel K and L show the SAED pattern and the FFT corresponding
to the HRTEM of the single Se nanowire. Scale bars: 50 nm (A), 2 1/nm (B), 50 nm (C), 5 nm(D), 100 nm (H) and 5
nm ().

The shape of Se nanostructures greatly affects their colloidal stability and surface charge, which
in turn influences their mobility and the effectiveness of bioremediation (Jain et al., 2017). Jain
et al. (2017) demonstrated the lower colloidal stability and mobility of biogenic Se nanorods

comparing with biogenic Se nanospheres produced by anaerobic granular sludge. For this
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reason, the formation Se nanowires would be beneficial for Se immobilization in future disposal
of radioactive wastes. In addition to environmental purposes, SeNPs have acquired major
relevance in the field of medicine owing to their antioxidative and anticancer properties. They
are also extensively used in industrial applications (solar cells, photocopiers, electronics, optics,
etc.) due to their semiconductor, photoelectrical and catalytic properties (Wadhwani et al.,

2016).

Careful observation of TEM micrographs revealed that some nanowires are protruding out of
the hexagonal and polygonal-shaped Se nanostructures (Figure 8H). This could indicate that the
nanowires aggregate forming Se hexagons and polygon-shaped nanostructures. This hypothesis
is supported by the discontinuous distribution of Se within these nanostructures as indicated by
elemental mapping analysis, and also by the fact that hexagonal, polygonal and nanowires have
the same crystalline structure (trigonal). It has been previously reported that crystallization of
SeNPs increases their settleability and hence immobility through the environment (Lenz et al.,
2009). For this reason, the formation of crystalline Se nanostructures may have a positive

influence into the safety of DGRs due to their lower solubility and mobility.

4.5. Biotransformations of amorphous Se nanospheres to trigonal Se nanostructures

The production of different Se nanostructure shapes by the cells is a time dependent process.
After an incubation period of 24 h, 30-200 nm sized biogenic individual a-Se nanospheres were
synthesized (Figure 9A). The latter start to coalesce, forming aggregates after 48 and 72 h
(Figure 9B and 9C). However, the cells were able to produce a mixture of single crystal and
polycrystalline one-dimensional (1D) t-Se nanostructures with different shapes (e.g. nanowires,
hexagons, polygons, etc.) and diameters of 30-400 nm, in addition to a-Se nanospheres after 144
h of incubation (Figure 9D). These results suggested the probable transformation of a-Se
nanospheres to t-Se nanostructures with different shapes. This hypothesis is supported by VP-
FESEM and Raman analysis results showing the aggregation and crystallization of SeNPs (see
Figure 4). Li et al. (2005) and Chen et al. (2010) evidenced the synthesis of Se nanospheres and
t-Se nanotubes and nanowires with HRSTEM analysis by using different chemical processes.
They both suggested that spherical SeNPs are initially generated and then they transform into

the more stable t-Se nanowires and nanotubes.

In order to determine the impact that bacterial cells and their components (e.g. proteins) can
have on transformation of a-Se NPs to t-Se NPs we performed a series of control experiments
where S. bentonitica cells were brought into contact for 24 h with chemically (CheSeNPs) and
organically produced SeNPs (OrgSeNPs). The organic SeNPs were synthesized using proteins
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(i.e. BSA) as the template and represent the early stage of biogenic formation of amorphous
SeNPs. The CheSeNPs are the SeNPs produced chemically and were used as negative control

(the absence of proteins and bacteria).

Figure 9. HAADF-STEM pictures showing individual a-Se nanospheres (white arrows) after 24 h (A) and formed

aggregates after 48 h (B) and 72 h (C). A mixture of different t-Se nanostructures and a-Se nanospheres produced
after 144 h (D). Scale bars: 200 nm (A), 100 nm (B-D).

When the experiment was conducted without the presence of bacteria, TEM images revealed the
presence of only amorphous spherical SeNPs with homogenous size distribution in both
CheSeNPs and OrgSeNPs samples (Figure S1). However, in the presence of bacteria, whilst
FEG-ESEM showed a high number of individual CheSeNPs distributed in the extracellular
space without any contact with the cells (Figure 10A and 10B), both Se nanowires and
nanospheres associated with cells were detected (Figure 10C, 10D, 10E) when proteins (BSA)
were present. EDX analysis confirmed that both nanostructures are composed of Se (Figure

10F). In the later sample, spherical SeNPs aggregates are formed by high number of individual



Se nanospheres which seem to be embedded in an organic matrix. This aggregation has been
previously reported to be a crucial step during the transformation process to Se nanowires
(Wang et al., 2010). The aggregation takes place along an axis which could correspond to the
flagella-like proteins structures characteristic of this bacterium. Flagella-like proteins of S.
maltophilia are composed of several thousand copies of flagellin subunits (Jucker et al., 1996),
and are involved in the formation of biofilms on abiotic surfaces such as glass, Teflon,
polystyrene, and stainless steel (Friedman et al., 2002; Jucker et al., 1996), as well as on biotic
surfaces (Chhibber and Zgair, 2009). Bacterial flagella are also used as template for formation
of different nanomaterials including pearl-necklace-like 1D silica nanotubes in aqueous solution
(Wang et al., 2008). Flagellin monomers from Pseudomonas fluorescens were reported for its
ability to form a monolayer tick protein film on the Au(l111) surface through hydrophobic
interactions (Gonzalez Orive et al., 2014). These results suggested that organic matter (mainly
proteins capping the NPs and flagella-like proteins) produced by S. bentonitica (Figure S2)
plays an important role in the aggregation and hence in the transformation from nanospheres to

nanowires.

We proposed that the transformation to t-Se nanostructures occurs once the nanospheres have
been released from the cells, probably through a process of cell lysis. This is supported by the
appearance of some SeNPs in the proximity of lysed cells (Figure S3). The transport of Se
nanospheres across the membrane seems unlikely due to their large size and no detection of
vesicles in HAADF-STEM analysis. A transformation process has been proposed where the
released Se nanospheres from the intracellular space start to coalesce and probably growth on
the axis of flagella-like proteins (Figure 11). Finally, they cristallyze forming the different t-Se
nanostructures. However, more experimental data are needed to prove this proposed
transformation mechanism model. The different Se” allotropes should eventually be converted
to one of the most thermodynamically stable form such as t-Se. Minaev et al. (2005) reported
that from a thermodynamic point of view, the transformation of amorphous Se to crystalline Se
allotropes (monoclinic and trigonal Se) requires high temperatures. Specifically, the amorphous
form is transformed into monoclinic Se at temperatures around 70 °C and into hexagonal form
at higher temperatures. However, in this work, the reduction of Se'¥ to Se” and transformation
to t-Se nanostructures by S. bentonitica is considered as detoxification mechanisms used by this
bacterium to cope with the toxicity of Se'¥ and it is not governed by thermodynamic law. This

process is taken place at temperature of about 28 °C for 6 days.
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Figure 10. FEG-ESEM of CheSeNPs (white arrows) distributed within the extracellular space in the presence of S.

bentonitica cells (A and B). Scale bars: 2 pum (A) and 3 um (B). Selenium nanowires (white arrows) (C and D) and

nanospheres (white arrows) (E) surrounded by organic matter (orange arrows) in S. bentonitica cultures treated with

OrgSeNPs (with BSA). Scale bars: 3 pm (C) and 1 um (D and E). EDX analysis of a single nanowire confirmed the
presence of Se (F).

Many authors have reported the synthesis of SeNPs coated by organic layers mainly composed
of proteins, lipids and polysaccharides (Jain et al., 2017; Kamnev et al., 2017). Ni et al. (2015)
reported the first 3D electron tomographic analysis of Se'" reduction by the cells of
Pseudomonas moraviensis stanleyae providing new insights on the interactions at the
nanoparticle/proteins interface. They identified the first polypeptide playing a major role on the
reduction of Se' and formation of intracellular of SeNPs. This polypeptide is also involved in
retaining the produced Se” NPs forming complexes with the latter in the reduction site, and

controlling their size. In addition, the authors demonstrated that this biopolymer layer is
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acquired after intracellular NP formation, either during extracellular transport or when the NPs
are outside the cell. However, the impact of bioorganic layers during the formation of SeNPs
remains to be fully elucidated. In particular, the role of proteins in the transformation of SeNPs
as well as in controlling the size distribution has been previously suggested (Dobias et al., 2011;
Kaur et al., 2009; Wang et al., 2010). Dobias et al. (2011) demonstrated the role of AdhP, a
single purified protein, on decreasing the average size of chemically produced SeNPs. On the
other hand, Wang et al., (2010) reported the polyvalency of proteins during the transformation
from Se nanospheres to stable Se nanowires. According to them, proteins are involved in
trapping on the surface and reducing the Se'" ions. In addition, they suggested that proteins
excreted by Bacillus subtilis serve as template hindering the futher growth of m-Se and
accelerating its transformation to trigonal nanowires. Although the exact mechanism of the
transformation of spherical SeNPs to t-Se 1D structures in S. bentonitica is still unclear; the

directing role of cells and their proteins is undoubtedly significant.

Intracellular accumulation of a-Se
nanospheres (after 24 h)

Formation of 1D t-Se nanostructures
with different shapes and size after
144 h: STEM image

=

Formation of 1D t-Se nanostructures
(selected area shown) surrounded by
flagella-like proteins : ESEM image

100 nm |

Growth of a-Se nanospheres aggregates
probably on the axis of flagella-like
proteins (after 72 h)

200 nm

Extracellular release of a-Se nanospheres and
beginning of their aggregation (after 48 h)

Figure 11. Proposed mechanism of time-dependent transformation of a-Se nanospheres to different 1D t-Se

nanostructures.

Future studies are in progress to elucidate the molecular mechanisms of interaction between the
SeNPs on the surface of purified flagella and the impact of these proteins in the transformation

of spherical SeNPs to trigonal ones.
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5. Conclusions

In summary, this study described the synthesis of biogenic Se nanostructures with different
shapes (spherical, hexagonal, polygonal and nanowires) and distinct crystallographic properties
(amorphous and trigonal structure) by the selenite-tolerant Stenotrophomonas bentonitica,
isolated from Spanish bentonites. Time dependent SeNPs experiments showed that the cells of
the strain S. bentonitica and their proteins are able to transform amorphous Se’ nanospheres (a-
Se) to one-dimensional (1D) trigonal selenium (t-Se) nanostructures (hexagons, polygons and
nanowires) under mesophilic conditions. However, more studies are needed to determine the
exact mechanism of the transformation process. The Se'" reduction and production of crystalline
t-Se would be of great significance within the DGR system since the mobility of Se through the
surrounding environment may be reduced. The potential environmental significance of this
study includes understanding of the impact of microbial processes on the transport of selenium
in future radioactive repositories which in turn will help to support the implementation of

planned repositories.
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8. Supplementary material
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Figure S1. TEM images showing the homogenous size distribution of CheSeNPs (A) and OrgSeNPs (B) in the

absence of bacteria.

Figure 12. FEG-ESEM images showing the presence of SeNPs (white arrows) (A) and the organic material (mainly

proteins coating the NPs and flagella-like proteins) (orange arrows) produced by S. bentonitica (B).

Figure S3. HAADF-STEM image showing SeNPs in the proximity of lysed cells of S. bentonitica (arrows) (A) and
FEG-ESEM image clearly showing trans-membrane lysis tunnels in the cells (arrows) (B). Scale bars: 1 um (A and
B).
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1. Abstract

The deep geological repository (DGR) system is the most worldwide accepted solution for the
storage of radioactive wastes in the near future. Deep disposal concept is based on a system of
several passive safety natural and engineered barriers such as bentonite clays, which will be
located surrounding the metal containers that include the radioactive waste. One of the most
relevant long-lived radionuclides present in these residues is selenium-79 ("’Se), whose mobility
and toxicity depends on different factors including the oxidation state, pH, and microbial
processes. Therefore, study of the impact of the microbial communities from the selected
barriers on the mobility of radionuclides characteristic of radioactive wastes is greatly needed.
This work describes the ability of the bentonite-isolated bacterium Stenotrophomonas
bentonitica to reduce the highly toxic selenite (Se') to less toxic elemental Se (Se”) forming Se
nanoparticles (SeNPs) and volatile methylated Se species. The total Se'" content was reduced
under a wide range of concentrations (0.1-2 mM) indicating their high Se'¥ reduction efficiency.
High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
analysis of purified biogenic SeNPs extremely support the transformation process from
amorphous to crystalline Se nanostructures proposed in previous studies. X-ray absorption
spectroscopy (XAS) confirmed the formation of different Se” nanostructures (amorphous and
crystalline Se). Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR)
and X-ray photoelectron spectroscopy (XPS) revealed the presence of amine rich organic matter
coating the SeNPs, suggesting the role of proteins in their synthesis and transformation and
hence affecting their environmental fate. Finally, the reduction of Se'" to less toxic volatile
methylated species was detected using a gas chromatography-mass spectrometry (GC-MS)
system. This study demonstrates the substantial impact of microbial processes derived from S.

bentonitica on the mobility of Se through the surroundings of the future repository system.
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2. Introduction

The impact of microbial processes onto the security of the future planned deep geological
repositories (DGRs) for radioactive wastes it is a current environmental concern. It is well
documented that microorganisms present in these geological disposal environments would have
an important role on the corrosion of metal canisters containing radioactive wastes (Smart et al.,
2014). Microorganisms can also affect the speciation and hence the solubility of elements
characteristic of these kind of wastes such as uranium (U), selenium (Se), curium (Cm), etc.
(Krawczyk-Barsch et al., 2018; Lopez-Fernandez et al.,, 2018b; Song et al., 2017).
Consequently, they may have a positive or negative effect on the safety of DGRs in case of

escape of radionuclides to the surrounding environment.

Se is considered an important radionuclide of interest present in radioactive wastes and spent
nuclear fuel (Ikonen et al., 2016). Specifically, Se” isotope formed by nuclear fission reactions
is the main radioisotope of Se found in nuclear wastes (Ikonen et al., 2016). The solubility and
mobility of this element depends to a great extent on its different oxidation states [selenate
(Se"), selenite (Se'), elemental selenium (Se’) and selenide (Se™)]. In contrast to toxic and
highly reactive Se oxyanions (Se*' and Se'), Se’ and methyl selenide forms are basically
insoluble and less biologically available (Ranjard et al., 2003). Microbial reduction of toxic Se
oxyanions to the insoluble Se” in form of nanoparticles has been previously described by many
authors (Song et al., 2017; Staicu et al., 2015; Vogel et al., 2018). Some studies revealed the
presence of organic coating agents (proteins) microbiologically produced surrounding the Se
nanospheres (Dobias et al., 2011; Kamnev et al., 2017). The physico-chemical properties (size,
morphology, crystallinity) and hence the mobility of Se nanospheres could be affected largely
by the presence of these bioorganic layers (proteins, polysaccharides, etc.) associated with them
(Buchs et al., 2013; Jain et al., 2017). Thus, microorganisms could have an important role in the
immobilization of Se within the DGR concept as well as the bioremediation of Se contaminated

environments and the production of nanostructures for biotechnological applications.

The reduction of Se oxyanions (Se"' and Se') to Se™ has not been extensively investigated.
However, Se’ can be reduced to Se™ by the action of few microorganisms such as Veillonella
atypica and Bacillus selenitireducens (Herbel et al., 2003; Pearce et al., 2008). The production
of biogenic volatile methylated selenide compounds is a widespread process within bacteria to
be considered. Methylococcus  capsulatus,  Methylosinus  trichosporium  OB3b,
Stenotrophomonas maltophilia, and Pseudomonas stutzeri NT-I can produce Se volatile species
such as dimethyl selenide (DMSe) or dimethyl diselenide (DMDSe) as a consequence of a Se
methylation process (Eswayah et al., 2017; Dungan et al., 2003; Kagami et al., 2013). Several
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possible mechanisms for Se biomethylation have been proposed. Chasteen (1993) suggested
that methylation is preceded by the formation of Se” from Se'V. Afterwards, Seis reduced to a
selenide form (H-Se-X) and subsequently methylated and converted to methane selenol and
dimethyl selenide. Other proposed mechanism by Challenger (1945), not preceded by the
formation of Se’ suggested a methylation process from selenate involving several reductive and
methylation steps leading to the production of DMSe. The most frequently microbiologically
produced Se methylated forms detected as bacterial products are DMSe, DMDSe and dimethyl
selenyl sulphide (DMSeS). However, less commonly methylated forms including dimethyl
selenone, dimethyl triselenide, dimethyl selenyl disulphide, etc. have been also detected (Burra
et al,, 2010; Reamer and Zoller, 1980). It is noteworthy to mention that methylation of Se
inorganic forms is considered a detoxification process since methyl selenide are less toxic than

Se oxyanions (Frankenberger and Arshad, 2001).

Within the concept of DGR, we recently published a work describing the ability of S.
bentonitica, isolated from Cabo de Gata’s bentonite (Almeria, Spain), to reduce Se'V by
producing amorphous and crystalline Se nanostructures (Ruiz-Fresneda et al., 2018). These
bentonites are considered as natural analogues of artificial barriers for future Spanish
repositories (Villar et al., 2006). Individual amorphous Se (a-Se) nanospheres were initially
synthesized intracellularly and after a period of 48-72 h they start to coalesce forming
aggregates within the extracellular space. From 144 h of incubation, different trigonal Se (t-Se)
nanostructures (e.g. hexagons, polygons, and nanowires) were detected in addition to a-Se
nanospheres. A time-dependent transformation process from a-Se nanospheres to t-Se
nanostructures was proposed. Extracellular flagella-like proteins produced by the cells could
play an important role into the transformation process since nanospheres seem to coalesce on
the axis of these proteins forming elongated shapes. Characterization of the organic matter
surrounding the Se nanoparticles (SeNPs) produced by S. bentonitica could be of high interest
since they may be involved in their synthesis and transformation. However, no structural studies
were conducted to determine the local coordination of Se within the Se nanostructures.
Therefore, the main objectives of the present work are: 1) to confirm the involvement of organic
matter (e.g. proteins) in the transformation of Se nanostructures using a combination of X-ray
photoelectron spectroscopy (XPS), attenuated total reflectance-Fourier transform infrared
spectroscopy (ATR-FTIR), and scanning transmission electron microscopy associated with a
high-angle annular field detector (STEM-HAADF), 2) to characterize the local coordination of
Se in the Se nanostructures with different morphology produced at different incubation times by
means of X-ray absorption spectroscopy (XAS), and 3) to characterize the methylated Se
volatile compounds (DMDSe and DMDSeS) produced by this strain using a combined thermal
desorption GC-MS (gas chromatography-mass spectrometry) system. This work will provide
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new molecular evidence on the impact of the bacterial strain S. benfonitica in the safety of the

future disposal of radioactive wastes through the reduction of Se'" to different Se species.

3. Experimental

3.1. Quantification of biological Se'" reduction rate

The Se'¥ reduction rate of S. bentonitica was determined by growing the cells aerobically in LB
(Luria-Bertani) liquid medium (30 ml) supplemented with different initial Se'¥ concentration
(0.1, 0.25 and 2 mM). Se'V-treated cells were incubated at 28 °C by shaking at 180 rpm. After
different times of incubation (0, 6, 24, 48, 120 and 144 h) 1 ml of the samples were taken and
centrifuged (10000 x g; 15 min; room temperature) to remove the cells and other debris. The
Se'Y concentration in the resultant supernatant was determined by using a Perkin Elmer Flexar
HPLC (high performance liquid chromatography) pump attached to a Hamilton PRP-X100
column (4.6 x 250 mm) and coupled to a Perkin Elmer ICP-MS (inductively coupled plasma
mass spectrometry) NexION350X. Ammonium citrate (5 mM; pH 5.2) containing methanol
(2% v/v) was employed as mobile phase to achieve the separation at a flow rate of 1 ml min™.
Se' amended-media without bacterial cells were used as controls. All samples were prepared in
v

triplicate. In addition, a standard calibration curve with different solutions of known Se

concentrations was prepared (0.02-1 mM).

3.2. Effect of Se'¥ on the bacterial growth

The potential of S. bentonitica to tolerate Se'¥ was established by growing the cells under the
same conditions described above (section 3.1.). Cell growth was evaluated by quantifying the
total protein content in bacterial cell extracts using a modification of the method of Dhanjal and
Cameotra (2010). The total protein content was correlated with the increase in the cell growth.
A 1 ml aliquot of bacterial culture was taken at different time intervals to measure growth based
on the protein content of the cells determined by using Bradford reagent (Bio-Rad®). Bovine

serum albumin (BSA) was used as a standard. All measurements were performed in triplicate.

3.3. Flow cytometry

The cell viability and the metabolic activity of S. bentonitica in the presence of Se'" under oxic
conditions were determined by using flow cytometry technique. For this purpose, the bacterial
species S. bentonitica was amended with 2 mM of Se'" and incubated at 28 °C and 180 rpm on a

rotary shaker. All experiments were done in triplicates. After 24 and 144 h of incubation, the
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cells were collected by centrifugation at 11000 x g and 4°C for 10 min. The resultant pellet was
washed four times in phosphate buffered saline (PBS) pH 7. Then, the cells were dissolved in
PBS adjusting the cellular density to approximately 10°cells/ml. For cell viability test,
fluorescein diacetate (FDA) and propidium iodide (PI) were added into each sample to a final
concentration of 20 pl/ml and 2 pl/ml respectively. For metabolic activity test, 3,30-
dihexyloxacarbocyanine iodide (DiOC6) was employed to a final concentration of 20 pl/ml.
Finally, the samples were analysed by Forward Scatter using a FACSCantoll™ cytometer
(Becton Dickinson). Se'V-free cultures and dead cells obtained by heating the biomass at 90 °C

served as controls.

3.4. Bacterial synthesis, extraction, and purification of selenium nanoparticles

SeNPs were synthesized aerobically by S. bentonitica under 2 mM Se'v stress as previously
described (section 3.1.). After period of 48 and 144 h of incubation, the SeNPs were extracted
and purified following the method described by Sonkusre (2014). Finally, purified SeNPs were

spread onto LB agar plates to check the efficiency of the extraction process.

3.5. Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)

The samples of bacterial cells supplemented with 2 mM Se'" were harvested after 48 and 144 h
of incubation by centrifugation (11000 x g, 10 min). The precipitates were washed 3 times with
distilled water and dried at 28°C. Then the samples were powdered in an agate mortar and kept
in a desiccator. Finally, 1 mg of the powder was mixed with 100 mg of dried potassium bromide
(KBr) and pressed forming disks. Bacterial cells solutions without Se' were used as a control.
In addition, purified SeNPs extracted after 48 and 144 h incubation were analysed by this

technique.

ATR-FTIR measurements were performed on a Perkin Elmer Spectrum One FT-IR
spectrometer, equipped with a Silver Gate Evolution ATR accessory, consisting of a germanium
crystal. A total of 200 scans for purified SeNPs and 32 for the other samples within
wavenumber range from 4000 to 600 cm™ were collected for each sample. Spectra obtained
were baseline corrected and normalised to 1.5 absorbance (arbitrary units) using the 1650 cm™
Amide | absorption band within the control sample (S. bentonitica biomass without Se). All data
acquisition and processing were performed using the Perkin Elmer Spectrum version 3.3 to

obtain peak positions and relative peak intensities.
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3.6. X-ray photoelectron spectroscopy (XPS)

Both purified and cell associated SeNPs obtained as indicated for ATR-FTIR experiments under
the same conditions (2 mM Se'Y, 48 and 144 h of incubation) were analysed by XPS. In
addition, a cell biomass powder was used as control. The powder samples were all mounted by
pressing them into indium foil, which was adhered using double sided carbon tape to a paper

label stuck to the XPS sample mount.

The analyses were carried out using a Kratos Supra instrument with a monochromated
aluminium source, and two analysis points per sample. Survey scans were collected between
1200 to 0 eV binding energy, at 160 eV pass energy, 1 eV intervals, and 300 seconds/sweep.
High-resolution O 1s, N 1s, C 1s, S 2p, P 2p and Se 3d XPS spectra were also collected at 20 eV
pass energy and 0.1 eV intervals for each analysis point over an appropriate energy range, with
one 300 second sweep for all elements except N 1s and S 2p for which two sweeps were used.
The data collected was calibrated in intensity using a transmission function characteristic of the
instrument (determined using software from NPL) to make the values instrument independent.
The data can then be quantified using theoretical Schofield relative sensitivity factors. All peaks

positions were calibrated with respect to the C-C/C-H peak position at 285.0 eV.

3.7. HAADF-STEM analysis

The morphology and elemental composition analysis of purified SeNPs were analysed by using
Transmission electron microscopy (TEM) equipped with energy dispersive X-ray (EDX). EDX
analysis was performed at 300 kV using a spot size of 4 A and a live counting time of 50 s. The
structural characterization of SeNPs were analysed by using selected-area electron diffraction

(SAED).

TEM samples consisting of purified SeNPs produced by S. bentonitica after 48 and 144 hours of
incubation were prepared using the conventional negative staining. Finally, the samples were
examined under HAADF-STEM microscope FEI TITAN G2 80-300. STEM specimen holders

were cleaned by plasma prior to STEM analysis to minimize contamination.

3.8. X-ray absorption spectroscopy (XAS)
S. bentonitica cells were grown in LB media amended with 2 mM Se'. After 24, 72 and 144 h
of incubation the cells in contact with Se'¥ were harvested by centrifugation (10000 x g; 10

min). Then, the samples were prepared as previously described in Merroun et al. (2005) with
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some modifications. The resultant pellets were washed twice with sterile double distilled water
to remove the cell debris and the interfering ingredients of the growth medium and dried at 28
°C. Then the samples were powdered in an agate mortar and kept in a desiccator. Finally, the
powdered samples were prepared by spreading and pressing them onto 10 mm x 3 mm area of
Kapton tape, which was sealed between additional layers. Selenium references (sodium
selenate, sodium selenite, Se(0) foil and selenium sulfide) XAS data were collected in
transmission mode. Each standard were prepared by mixing the powder with dried cellulose and

pressed forming disks (13 mm of diameter).

Selenium K-edge X-ray absorption spectra were collected at the MARS beamline at the
SOLEIL synchrotron facility (ring operated at 2.75 GeV with 400 mA), which is the French
bending magnet beamline dedicated to the study of radioactive materials (Sitaud et al., 2012)
using a Si(220) double-crystal monochromator with horizontal dynamical focusing, and Pt-
coated mirrors for vertical focusing and rejection of higher harmonics (Solari et al., 2009).
Spectra were collected in transmission mode using a 13-element Ge detector (EG & G ORTEC,
USA). Data were processed following standard procedures by using the Athena/Artemis codes
(Ravel and Newville, 2005). Background removal was performed by means of a pre-edge linear
function. Atomic absorption was simulated with a square-spline function. The theoretical phase
and amplitude functions used in data analysis were calculated with FEFF8 (Ankudinov and
Ravel, 1998) using Se foil as model. The amplitude reduction factor (So?) was held constant at
1.0 for the FEFFS calculation and extended x-ray absorption fine structure (EXAFS) fits. The

shift in threshold energy, AEy, was varied as a global parameter in the fits.

3.9. Detection and identification of volatile Se compounds

A combined thermal desorption GC-MS system were employed for the detection and
identification of Se volatile species produced by the bacterial strain S. bentonitica. Cultures of S.
bentonitica were grown in the presence of Se'¥ (0.1 and 2 mM) into 250 ml conical Quickfit®
flask capped with Suba-Seals (Sigma®) to avoid the loss of gases during gas extraction with
hypodermic syringes. Se'V-free cultures (biotic) and Se''-amended media (abiotic) were used as
controls. The gaseous samples were taken and analysed as described previously by Eswayah et
al. (2017) after 24 and 144 h of incubation. The National Institute of Standards and Technology
(NIST) MS search program (version 2011) was employed to identify compounds based on their

mass spectrum.
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4. Results

4.1. Time course experiments for Se'" reduction

The time course of Se'¥ reduction by the strain S. bentonitica was studied in the presence of
different initial Se'¥ concentration. Se'" was completely reduced after 24, 48 and 120 h when the
cells were grown on 0.1, 0.25 and 2 mM, respectively (Figure 1). Therefore, Se'¥ removal
depends on the initial concentration, where Se' is removed faster at low initial concentration
(0.1 mM) than at high concentrations (2 mM). These results clearly show the high efficiency of
the strain S. bentonitica BII-R7 in reducing Se'". No variation in Se'" concentration of abiotic
controls (Se'Y amended-media without bacterial cells) confirmed that the bacterial strain is
involved in the reduction of Se'" concentration (data not shown). Figure 1 also indicated the
decrease of the amount of Se' per g of cell protein with time in all concentration assayed,

which match with the increase in the percentage of reduced Se'.

0.1 mM Se(IV) =—0.25 mM Se(IV) =@-2 mM Se(IV)
——=—Se(IV) reduced (0.1 mM) —&—Se(IV) reduced (0.25 mM)  —=—Se(IV) reduced (2 mM)

mg of Se'V/ g of cell protein
Se(lV) reduced (%)

@ T T T @
0 24 48 72 96 120 144

Time (h)

Figure 1. Time course of selenite reduction by S. bentonitica in the presence of 0.1 mM, 0.25 mM, and 2 mM as

initial Se'¥ concentration expressed as percentage of Se'V reduced (symbols: o, ¢, 0) and amount of SeIv (mg) per g

of cell protein (symbols: m, ¢, ®). Selenite was added at zero time. Each curve shows means based on the results of

triplicates.

The decrease in the amount of Se'¥ at a given initial concentration matches with the growth
profile of the cells as measured by the total protein content. The presence of Se'" has an
inhibitory effect at the early stage of the bacterial growth as shown by the initial long lag phases
in the first 48 h (Figure 2). As we have previously reported, this stress is most probably due to
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the presence of Se (Ruiz-Fresneda et al. 2018). The optimal growth of Se'"-treated cells was
reached at 96 h (for 0.1 mM Se') and around 144 h (for 0.25 and 2 mM Se'") once the Se'" has

been completely reduced.
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Figure 2. Growth profile of S. bentonitica in the absence and the presence of 0.1, 0.25, and 2mM Se'V. Selenite was

added at time zero. Each curve shows means based on the results of triplicates.

The effect of Se'¥ on cell viability of S. bentonitica was studied by the live-dead staining
approach conducted with propidium iodide (PI) and fluorescein diacetate (FDA). PI enters to
cells with damaged membranes staining nucleic acids of dead cells (Givan, 2011), while FDA
stains viable cells (Stubberfield and Shaw, 1990). With regard to the metabolic activity test, the
fluorescent dye DiOCs was used in order to bind polarized membranes of active cells (David et
al. 2011). The percentages of viable and active cells of S. bentonitica population untreated and
treated with an initial Se'¥ concentration of 2 mM during 24 and 144 h are displayed in Figure
3A-B. Cell viability was affected negatively by Se'". Specifically, 46.3 and 36.4 % of cell
populations were found to be viable after 24 and 144 h time incubation, respectively. In
contrast, higher amount of viable cell population (100 %) was observed in untreated samples.
On the other hand, the metabolic activity test showed a lower oxidative response under Se'"
stress. Specifically, 59 and 72.2 % were found to be active after 24 and 144 h respectively,
comparing with untreated cells (97 and 97.8 % of active cells). This increase on cell activity
from 59 to 72.2 % could be explained by the fact that at 24 h cells are still in the lag phase (see
Figure 2), probably adapting their metabolism to respond to Se stress. Once they are able to
tolerate Se they grow as observed at 144 h. The results of the flow cytometry concur with the

growth curve suggesting a toxic effect of Se'¥ on S. bentonitica cells.
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The reduction of Se'¥ could be also appreciated by the appearance of a red colour in Se'-
amended cultures. However, under 0.1 mM Se'¥ stress, cultures turned back from red to a mid-
brown colour after 48 h incubation. This fact suggested that other further mechanism in addition
to reduction seem to be involved. The absence of Se'V at 48 h (Figure 1) rejects an oxidation of
Se compounds as possible mechanism. However a volatilization process to methylated Se
products it is possible. In fact, a characteristic garlic-like odor generated in the Se'Y-treated

cultures suggested the formation of Se volatile species.
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Figure 3. Percentage of viable (A) and active cells (B) of S. bentonitica under different Se' concentrations (0 and 2

mM) and contact times (24, and 144 h) under aerobic conditions.

4.2. Synthesis and purification of the selenium nanoparticles

The SeNPs were biogenically produced by S. bentonitica by reducing the oxyanion Se'v to non-
toxic Se’ as described in Ruiz-Fresneda et al. (2018). The latter study revealed the formation of
amorphous Se nanospheres and different crystalline Se nanostructures can be located
intracellularly and extracellularly. An improved method reported by Sonkusre et al. (2014) for
the recovery of the SeNPs was performed. This procedure includes cell lysis using lysozyme
(Sigma®) and French press. Afterwards, the separation of the nanoparticles from cell debris was
conducted by two-phase water-octanol extraction (Figure 4A). Finally, the water phase
containing the SeNPs was subsequently washed with chloroform, absolute ethanol, ethanol
(70%) and resuspended in water, obtaining the solution of purified SeNPs (Figure 4B). No cell
growth were detected when the harvested and purified SeNPs were incubated on LB agar plates,

thus indicating the high efficiency of the purification steps in removing bacterial cells.
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Figure 4. Separation of SeNPs from cell debris by a two-phase water-octanol extraction system (A) and final solution
of purified SeNPs in water (B).

4.3. Microscopic characterization of the purified selenium nanoparticles

STEM-HAADF micrographs of purified SeNPs produced by S. bentonitica after 48 and 144 h
of incubation showed the presence of spherical electron-dense structures with sizes ranging
from 100 to 400 nm (Figure 5A and 5B). These structures frequently appeared forming
aggregates (Figure 5B-C). EDX analysis and EDX elemental-distribution maps confirmed that
they consisted of Se (Figure 5D-E). Additionally, the ED pattern indicated their amorphous
nature (Figure 5F). Changes in the spherical morphology have been shown to occur in some Se
nanospheres (Figure 5B), probably as an intermediate step in the transformation from
amorphous nanospheres to trigonal Se crystals as reported in Ruiz-Fresneda et al. (2018)
(Capitulo II). The presence of Se crystals in the 144 h sample also supports the proposed
transformation process (Figure 6A). The HRTEM image of an individual Se nanostructure
confirmed its crystallinity as indicated a d-spacing of 0.38 nm (Figure 6B). An additional d-
spacing of 0.28 nm was calculated from the SAED pattern (Figure 6B inset). These d-spacings
(0.38 and 0.28 nm) could correspond to (100) and (101) planes of t-Se, respectively suggesting

the trigonal crystalline phase of these nanostructures.
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Figure S. STEM-HAADF images showing Se nanospheres distributed individually (A) and forming aggregates (B).
EDX elements distribution maps and EDX analysis indicating the Se composition of the nanospheres (C,D, and E).

ED pattern derived from the Se nanospheres (F).

Negative staining of the samples allowed the detection of an organic layer coating the Se
nanostructures (Figure 7); suggesting the presence of amine rich organic material. The results

show the efficiency of the purification method since no cell debris was detected, and only the

SeNPs are evident.
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Figure 6. STEM-HAADF micrograph of a single crystalline Se nanostructure (A) and its derived HRTEM image
showing a d-spacing of 0.38 nm (B). Panel inset in B shows the SAED pattern of the Se crystal.

Figure 7. STEM-HAADF image showing an organic layer (arrow) coating the Se nanospheres.

4.4. Molecular and atomic interactions of microbial Se reduction products

4.4.1. ATR-FTIR analysis

ATR-FTIR spectroscopy was used to determine the possible functional groups of S. bentonitica
cells associated with the surface of the synthesised SeNPs. ATR-FTIR spectra of the control
sample (S. bentonitica biomass), cell associated SeNPs (S. bentonitica biomass in contact with 2
mM Se') as well as purified SeNPs produced after 48 and 144 h of incubation are shown in
Figure 8A and 8B, respectively. No differences in the spectra were found with increased

incubation times.
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Figure 8. ATR-FTIR spectra of S. bentonitica biomass in the absence (I) and presence (I) of 2 mM Se'V, and
purified SeNPs (III) after 48 (A) and 144 h (B) of incubation.

Control spectra showed the typical ATR-FTIR spectral regions of bacterial biomass with
absorption peaks within the regions dominated by stretching vibrations of functional groups in
proteins, lipids and polysaccharides (Table S1). The spectra of the bacterial cells grown in the
presence of Se show no remarkable shifts in the absorption bands in comparison with controls.
This suggests that the amount of SeNPs in the bacterial culture was too low to give any
detectable spectroscopic contribution specifically from SeNPs (Kamnev et al., 2017). In
addition, the small size and mobility of the nanoparticles could make it difficult to detect
noticeable changes in the spectra. In the purified SeNPs samples, the absorption bands at around
1659 and 1538 cm™ mainly due to C-O vibrations corresponding to Amide I as well as N-H and
C-N vibrations of peptide band attributed to Amide II of proteins were detected. The non-
presence of complementary absorption bands characteristic of stretching in functional groups of
proteins suggests that Amide I and II bands correspond to amino acid residues coating the

SeNPs. These results confirmed the presence of organic layers composed by amine rich matter
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surrounding the SeNPs as suggested by STEM-HAADF analysis. The detection of typical
protein bands of isolated SeNPs biogically produced by the bacteria Azospirillum brasilense
Sp7 and Stenotrophomonas maltophilia SeITE02 were also reported in other studies (Kamnev,

2008; Lampis et al., 2017).

4.4.2.  XPS analysis

The composition of the surface coating the Se reduction products was also analysed by XPS. It
is noteworthy that no differences between 48 and 144 h samples were detected. The most
immediate difference between the purified SeNPs and the cell associated SeNPs was the shape
of the survey scans (Figure 9A-B). The spectrum for the purified nanoparticles suggests a high
number of photoelectrons that have been inelastically scattered such that the inelastic
background is more pronounced than the photoelectron peaks. The background maxima is
around the photoelectron peaks for the Se, suggesting that it consists of Se photoelectrons that
have lost only a small but variable amount of kinetic energy. This suggests the SeNPs are
probably entirely wrapped in a very thin layer of material. The overall surface composition
determined by quantifying the survey scans showed the presence of C, N and O indicating that
this material is most likely to be organic (Table S2). The purified SeNPs showed much higher
Se content than the cell associated samples, but also a very high carbon concentration consistent

with the Se being wrapped in a thin layer of organic material.

It was found that 4 peaks gave the best fit for the C 1s spectra, most probably due to C-C and C-
H bonds, C-O and C-N which have not been resolved, C=0 and O-C=0O type carbon
environments (Figure S1). The relative concentrations of the different components are most
similar for the biomass control and the cell associated nanoparticles. However the deconvoluted
carbon peak for the purified nanoparticles showed components at different positions from the
other samples, suggesting a slightly different composition of the organic material (Figure S1).
The oxygen high resolution spectra show a similar result with peak areas and binding energies
slightly different for the purified nanoparticles than the rest of the samples (Figure S1). The
high nitrogen concentrations recorded at a binding energy of approximately 400 eV are
consistent with high concentrations of amine groups (Table 1; Figure S1). All samples appeared
to show a second much smaller component at a slightly higher binding energy that most likely

corresponds to protonated amines (Table 1; Figure S1).
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Figure 9. XPS survey scan of purified SeNPs (144 h) (A) and cell associated SeNPs (144 h) (B).

The Se 3d peak is made up of two components: the Se 3d** and the Se 3d*?. Values from the
literature (https://xpssimplified.com/elements/selenium.php) suggest these are separated by 0.86
eV with a fixed area ratio of 0.735:1. The curve fits used to fit the data have these two
parameters fixed. It was found that two pairs of peaks were necessary to fit each Se peak, and
the widths of these pairs were allowed to vary independently. From the literature (Briggs and
Seah, 1983) metallic selenium Se° is expected 3d°? at 55.1 eV, whereas Se'" is expected at
approximately 59.4 eV, Se"" at approximately 61 eV, Se" at approximately 57.7 eV and Se™ at
binding energies <55 eV. It has also been seen that Se’ can be polarised leading to slightly
higher binding energies (Rupp and Weser, 1975). The binding energy at 55.2 eV for the purified
nanoparticles (Figure 10A) (Table 1) suggested that all the selenium is Se’, but that
approximately 50% of the signal is due to Se influenced by the outer thin layer of adsorbed
organic wrapping the nanoparticles which has polarised the Se atoms, and the remainder is from
a true metallic Se° core. The narrow peak width of the metallic Se” peak is typical of a metal
sample. For the cell associated nanoparticles (Figure 10B) it must be remembered that the

intensity of the Se signal is much smaller to start with, so the data is noisier.
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Table 1. Binding energies (eV), % areas and assignment of XPS spectral bands of purified SeNPs, cell associated

SeNPs, and cell biomass of after 144 h of incubation with S. bentonitica.

Binding Energy (eV) % area Assignment
Purified SeNPs Cell associated SeNPs Cell biomass Purified SeNPs Cell associated SeNPs Cell biomass
Cls
284.9 285 285 51.2 52 46.1 C-C,C-H
286.6 286.4 286.3 30.5 277 32 C-0,C-N
288.4 288 287.8 14.4 15.4 14.3 Cc=0
290.1 288 289.1 39 4.9 7.6 0-C=0
O1ls
531.8 531.6 531.7 71.3 63.1 62.6 C-0
533.5 533.1 533.1 22.8 36.9 374 Cc=0
N1is
400.2 400.1 400.1 79.9 91.1 83.6 Amine
402.1 401.8 401.4 20.1 9 16.4 Protonated amine
Se 3d
552 55.7 N/A 289 40.5 N/A 3ds/2
56.3 57.3 N/A 28.8 17.2 N/A 3d5/2
56.1 56.6 N/A 21.2 29.7 N/A 3d3/2
57.1 58.2 N/A 21.1 12.6 N/A 3d3/2

wf Neme Pos UM Leh s, e Se 3d A

5711 168 GL(30) 215433 21.15
s, Se3d 5522 113 GL(30) 293107 28.86
Se3d 56.08 1.13 GL(30) 215433 21.18

T T T T T
64 60 56 52 48
. .
Binding Energy (eV)
Name Pos. FWHM L.Sh. Aea  %Area
Se3d 57.31 134 GL(30) 22491 17.20 Se 3d B
58.17 134 GL(30) 165.31 1262

Se3d 5572 144 GL(30) 528.04 4047
Se3d 5658 144 GL(30) 388.11 29.71

Binding Energy (eV)

Figure 10. XPS high resolution spectra of selenium (Se 3d) from the purified SeNPs (A) and the cell associated
SeNPs (B) after 144 h of incubation.
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The XPS results confirmed the presence of outer layer of amine rich organic material capping
the SeNPs as previously indicated HAADF-STEM and ATR-FTIR analysis. In addition, the Se
reduction products seem to be present at zero-valent state (Se”). The non-detection of binding
energies corresponding to Se'" agrees with the time course experiments of Se'" reduction where

the total content of Se'” was completely reduced.

4.4.3.  XAS analysis

X-ray absorption near-edge structure (XANES) analysis of biogenic SeNPs samples produced
by S. bentonitica BII-R7 at 24, 72 y 144 h samples indicated that the local coordination of Se is
dominated by Se’ as previously suggested the colour change observed in the samples (data not
shown). The Se K-edge EXAFS (extended X-ray absorption fine structure) spectra of a Se foil
and of biogenic SeNPs samples produced by S. bentonitica BII-R7 at 24, 72 y 144h along with
their corresponding Fourier transforms (FT) are presented in Figure 11. The fit parameters of

the calculated spectra are summarized in Table 2.

S

Fourier Transform Magnitude

3 6 9 12 15 0 2 4
k[A™"] R+A[A]

Figure 11. EXAFS spectra of Se foil and biogenic SeNPs samples produced by S. bentonitica at different incubation
times (24, 72, and 144h) as well as their corresponding FT.

FT peak distances are reported in units of A and are uncorrected for scattering phase shift, i.e.,

R + AR. The fit of the EXAFS spectra of the 3 experimental samples showed the presence of
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two Se-Se coordination shells. The first Se-Se; shell was found at a bond distance of about 2.34-
2.35 + 0.02 A. No differences were observed for the bond distance of this shell within the 3
samples. Similar bond distances values were reported for SeNPs produced by M. capsulatus and
M. trichosporium (Eswayah et al., 2017) and A. brasilense (Vogel et al., 2018), who indicated
their amorphous nature according to the bond distances obtained at 2.35 and 2.34 A,
respectively. The coordination number of this coordination sphere is ranging from 2 to 3. The
Debye-Waller factor () of this shell is ranging from 0.0022 to 0.0039 A?in all samples, being
similar to that found of the Se-Se; shell for biogenic SeNPs (Eswayah et al., 2017). The second
Se-Se» coordination shell is of about 3.63- 3.70+ 0.02 A and the coordination number of this
shell increases with increasing the time contact ranging from 0.2 to 0.5. These bond distances
could correspond to crystalline Se as indicated by Eswayah et al. (2017) and Scheinost and
Charlet (2008) who reported Se-Se coordination shells at 3.69 and 3.67-3.69 A, respectively.

Table 2. EXAFS structural parameters of the Se foil and the biogenic SeNPs.

Sample Shell N? R[AT° o* [A° AE[eV]
Se foil Se-Se; 3.4+02 237 0.0044 -10.2
Se-Se, 0.7+0.2 3.69 0.0044¢
Se™V- Cells-24h Se-Se; 3.0+0.2 235 0.0039 9.1
Se-Se; 0.23+0.2 3.69 0.0039¢
Se™- Cells-72h Se-Se; 23+0.1 2.34 0.0027 -8.92
Se-Se, 0.25+0.1 3.72 0.0027¢
Se™- Cells-144h Se-Se; 26+0.1 2.34 0.0032 9.4
Se-Se, 0.5+0.1 3.63 0.0032¢

4 Errors in coordination numbers are +25% and standard deviations as estimated by EXAFSPAK
® errors in distance are £0.02 A

¢ Debye-Waller factor

4 Debye-Waller factor (6 ) linked to the > of Se-Se, path

4.5. Volatilization of selenium species by S. bentonitica

The headspace gas above the cultures was sampled (200 ml) and analyzed by GC-MS system in
order to identify the volatile Se species. GC-MS extracted ion chromatograms for 80 m/z
(specific for Se) of the samples amended with 0.1 and 2 mM Se'V concentration showed the
production of dimethyl diselenide (DMDSe) and dimethyl selenenyl sulphide (DMSeS) after 24
and 144 h (Figure 12A-B). No differences in the production of volatile Se species were
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observed with different initial Se'¥ concentration and incubation time. The absence of Se
volatile compounds in biotic and abiotic controls (Figure 12C-D) suggested that they are
produced by the bacterial cells. In addition, it is noteworthy that dimethyl disulfide (DMDS)
was detected in both samples and controls since this compound could be involved in the
formation of Se volatile species (Chasteen, 1993). Chasteen (1993) previously reported that a
disproportionation reaction between DMDSe and DMDS to produce DMSeS is quite probable.
The biotic and abiotic production of DMDS has been previously reported in the literature
(Carrion et al., 2017; Higgins et al., 2006).
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Figure 12. GC-MS chromatograms of the headspace gas of S. bentonitica cultures supplemented with Se'V (0.1 and 2
mM) (A-B) and without Se'V (C) after 24 and 144 h of incubation. Se'V-amended medium (2 mM) chromatograms
after 24 and 144 h of incubation were used as control (D). All GC-MS chromatograms were obtained by selecting the

80 m/z ion specific for selenium.

A number of microorganisms including phylogenetically-related species to S. bentonitica have
been reported for their ability to produce volatile Se compounds largely in form of DMSe and
DMDSe. Dungan et al. (2003) and Kagami et al. (2013) demonstrated the formation of DMSe,
DMDSe and DMSeS by the bacterial species Stenotrophomonas maltophilia and Pseudomonas
stutzeri NT-I, respectively. Bacteria were found to mainly generate DMSe as the most common
form while DMDSe were produced in a lesser extent (Ranjard et al., 2003). In our case, S.

bentonitica produces DMDSe and not DMSe. Less common methylated Se compounds such as
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DMSeS, dimethyl selenyl disulphide (DMSeDS), dimethyl triselenide (DMTSe), and dimethyl
selenone [(CH3),SeO-] have also been reported to be generated by several microbes (Burra et
al., 2010; Reamer and Zoller, 1980). However, the specific mechanism involved in their

production still remains unclear.

5. Discussion

The ability of the bacterial species S. bentonitica to reduce Se'v to Se’ forming Se
nanostructures with different morphology (e.g. nanospheres, hexagons, polygons, and
nanowires) has been described in a recently published work (Ruiz-Fresneda et al., 2018;
Capitulo II). The time-dependent transformation of a-Se nanospheres to crystalline t-Se
nanostructures was proposed as indicated by microscopy and spectroscopy results. Extracellular
flagella-like proteins and organic matter produced by the cells seem to be involved in the

transformation process serving as template for a-Se nanospheres aggregation.

In the present work a combination of spectroscopic (XPS, ATR-FTIR) and microscopic (STEM-
HAADF) techniques were employed to confirm the involvement of biogenic proteins in the
transformation of Se nanostructures. Biologically produced SeNPs were purified for a better
analysis with these techniques. The STEM-HAADF results of the purified SeNPs showed the
presence of crystalline nanostructures attached to extensive a-Se nanospheres aggregations,
extremely supporting the proposed transformation process from amorphous to crystalline Se.
The change in the shape of the nanospheres also agrees with the transformation hypothesis since
the final crystalline products present different morphologies (e.g. hexagonal, polygonal, and
nanowires). The conventional negative staining of these samples showed organics layers
capping the purified SeNPs suggesting the existence of proteins surrounding them. Finally, the
presence of amine rich organic material coating the SeNPs was confirmed by means of ATR-
FTIR and XPS. The identification of amine rich proteins from these organic layers in the
present study suggests the role of proteins on the nanospheres aggregation and transformation.
These results are in agreement with the studies of Bao et al. (2016) and Debieux et al. (2011)
who reported the critical role of proteins in the nucleation and self-assembly of SeNPs produced
by Thauera selenatis and Bacillus oryziterrae, respectively. To the best of our knowledge, the
aggregation of Se nanospheres would allow their precipitation and settlement and would be
beneficial on the surroundings of the repository system of radioactive wastes. The qualitative
identification of proteins associated to the SeNPs could contribute to the better understanding of
the mechanisms implicated on their synthesis. However, the use of quantitative proteomic
analysis would further improve our understanding about the involvement of specific proteins in

the bioreduction process. Indeed, this would be helpful to enhance the production of SeNPs on
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an industrial scale for many applications and bioremediation purposes. Several studies have
recently included proteomic analysis to investigate the synthesis of SeNPs. Xu et al. (2018)
reported that the organic layer of the SeNPs produced by the bacterial strain Comamonas
testosteroni S44 are composed mainly by proteins as indicated quantitative analysis. Minor
amounts of carbohydrates and lipids were detected, suggesting the major role of proteins in the
formation of SeNPs. They reported that binding proteins to nanoparticles were nonspecific and
could be a result of physicochemical processes, in contrast to previous studies indicating the
role of specific proteins such as SefA (Debieux et al., 2011). However, they demonstrated that
the charged amino acid rich proteins have a higher binding ability on the surface of the SeNPs.
These results could be useful for the production of SeNPs by biologically produced proteins for
industrial and medical applications. Future proteomic studies on the biogenic SeNPs produced
by S. bentonitica are in progress in order to further investigate the possible role of proteins on
the synthesis of SeNPs and hence on the mobilization of Se present within the repository

system.

The Se reduction efficiency of S. bentonitica could be tested with a HPLC system coupled to
ICP-MS. The results showed the complete Se'" reduction under different initial concentrations
assayed. The time course of Se'¥ reduction by S. bentonitica is similar to other bacterial strains
belonging to the same genus such as S. maltophilia SeITE02 (Lampis et al., 2017). Under 2 mM
Se'V stress SeITE02 strain is able to reduce up to 86% after 192 h of incubation. In contrast, S.
bentonitica even present higher reduction efficiency with a 100% of reduced Se'" at 120 h of
incubation at the same Se'¥ concentration. The high Se reduction efficiency of the bentonite
isolate S. bentonitica would be beneficial within the radioactive disposal system, where Se'” will
be present (Dardenne et al., 2015). In addition, the obtained data would be really useful in the
geochemical models used to study the influence of biogeochemical processes on Se mobility

within the DGR system.

The local structure of the reduced Se was characterized by XAS. On the one hand, XANES
region identified Se’ as the oxidation state of the Se reduction products as previously suggested
the colour change observed in the cultures. On the other hand, the EXAFS region showed the
presence of two coordination shells at a bond distance of about 2.34-2.35 + 0.02 A for the first
Se-Se shell and about 3.63- 3.70+ 0.02 A for the second Se-Se: shell. It is well documented that
the bond distance of the first Se-Se shell (Se-Sei) is intimately related to the structure of Se
nanostructures. The shortest bond length of this shell (2.32-2.34+ 0.02 A) is associated to red a-
Se (Minaev et al., 2005). The largest Se-Sei bond distance (2.37 + 0.02 A) is related to t-Se
(Popov, 1976). In the case of monoclinic Se (m-Se), the Se-Se; bond distance is calculated to be

ranging from 2.32 to 2.34 + 0.02 A (Zhao et al., 1999). Therefore, the obtained Se-Se; bond
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distance for the studied samples (2.34-2.35+ 0.02A) could correspond to the average distance of
Se-Se; shell from different Se structures (amorphous, monoclinic and trigonal). The
identification of a-Se and t-Se nanoparticles previously detected by STEM-HAADF and VP-
FESEM (Ruiz-Fresneda et al., 2018; Capitulo II) supported this hypothesis. The bond distances
obtained for the second Se-Se; shell correspond to crystalline Se according to Eswayah et al.
(2017) who showed the EXAFS measurements of SeNPs produced by M. capsulatus and M.
Trichosporium presented a Se-Se» at 3.69 A. According to Scheinost and Charlet (2008), the Se-
Se shell at 3.67-3.69 A of Se reduced by Mackinawite minerals is in line with the structure of
m-Se. Definitely, EXAFS suggested the presence of amorphous, monoclinic and trigonal Se
according to the bond distances obtained in the nanostructures produced by S. bentonitica. The
higher Debye-Waller factor (c*) of Se-Se; shell in the 24 h sample indicated the higher
structural disorder of this sample in comparison with 72 and 144 h samples. This fact matches
very well with microscopy results obtained in Ruiz-Fresneda et al. (2018) (Capitulo II), where
amorphous SeNPs were predominantly observed at 24 h and higher structurally ordered

(crystalline) Se were formed after this time.

To further investigate the reduction mechanism involved, the production of Se volatile species
was studied. The biomethylation to volatile Se products leads to the removal of Se"! and Se'
and transference of Se from aquatic and terrestrial sites to the atmosphere in form of methyl
selenides (Eswayah et al., 2016; Ranjard et al., 2003). It is well known the insolubility and
limited bioavailability of methyl selenides in contrast to the highly reactive Se oxyanions
(Doran et al. 1966). For this reason, methylation is considered one of the most important
transformation processes in relation to bioremediation of Se. Losi and Frankenberger (1998)
demonstrated that oxidation and resolubilization of Se’ to Se'V and Se"! microbially induced in
soil occurs at relatively low rates. Hence, the reduction of Se oxyanions to Se’ could be only a
provisional solution (Frankenberger and Arshad, 2001; Losi and Frankenberger, 1998). This
fact makes biomethylation of Se to be one of the most promising technologies for the
bioremediation of contaminated environments because it would allow the complete removal of
Se from soil and water (Eswayah et al., 2016; Frankenberger and Arshad, 2001). The production
of methylated Se compounds (DMDSe and DMSeS) by S. bentonitica confirmed the
transformation to Se™ oxidation state of the Se reduction products since methylation involve
reduction to Se™ when initial form is Se"’, Se'¥ and Se” (Eswayah et al., 2016). Both reduction
and methylation of Se oxyanions (Se"! and Se') are considered a detoxification process for
microorganisms since volatile compounds DMSe and DMDSe are 500 to 700 times less toxic
than Se oxyanions and other derivatives (Ranjard et al., 2003). This fact suggests the potential
positive influence that S. bentonitica would have in the planned repositories of radioactive

wastes by converting toxic Se oxyanions to methylated Se species with lower toxicity. The
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presence of dimethyl disulphide (DMDS) in the samples suggested its role in the formation of
Se volatile species by a disproportionation reaction between DMDSe and DMDS to produce
DMSeS as previously suggested Chasteen and Bentley (2003). However, more studies are

required to determine the specific mechanism involved.

6. Conclusions

The present study demonstrated the reduction of the toxic selenium oxyanion Se'" to less toxic
species (Se” and volatile Se™) by the bacterium S. bentonitica, isolated from Spanish bentonites.
The results clearly indicated the high efficiency and tolerance of S. bentonitica in reducing Se'’
and producing SeNPs and volatile methylated Se. The STEM-HAADF results support the
transformation process from amorphous to crystalline Se proposed in a previous work. The local
structure characterization of the Se’ reduction products by means of XAS suggested the
presence of amorphous, monoclinic, and trigonal Se and evidenced the transformation to Se
crystals. Additionally, the detection of volatile methylated Se species such as DMDSe and
DMSeS confirmed the ability of S. bentonitica to reduce Se'¥ to the chemical species Se™. The
bioproduction of methylated Se is getting attention as a promising tool for bioremediation
purposes due to its lower toxicity comparing with Se oxyanions. Taken into account all above
mentioned, the Se reduction products in form of Se’ and Se™ may play an important favorable

role into the security of the DGR concept due to their lower toxixity.

The identification of organic layers mainly composed by amine rich material coating the
biogenic SeNPs suggested the involvement of proteins in their synthesis and transformation.
Consequently, proteins could influence their mobility and hence their fate in the environment.
However, additional investigations are necessary to better understand the specific role of protein
coating into the solubility and mobility of the Se reduction products through the surrounding
environment of the deep disposal of radioactive wastes. Definitely, this work describes a new
perspective on the potential impact of microorganisms on the Se mobility through the planned

DGRs of radioactive wastes.
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9. Supplementary material

Table S1. Main infrared absorption bands and their tentative assignment found in the FTIR spectra of S. bentonitica

(Kamnev, 2008; Naumann, 2000).

Wavenumber (cm™) Functional group assignment
3289 N-H stretching in Amides (Amide A) of proteins.
2960 C-H antisymmetric stretching vibrations in —CHj3 characteristics of fatty acid chains of membranes and

amino acid side-chain.

C-H antisymmetric stretching vibrations in —CH; characteristics of fatty acid chains of membranes and

2927 . o .
amino acid side-chain.

2874 C-H symmetric stretching vibrations in —CH3

2855 C-H symmetric stretching vibrations in —CH, in fatty acids

1657 Stretching C=0 in amides (amide I band) of proteins

1537 N-H bending and C-N stretching in amides (amide II band) of proteins. Asymmetric stretching for
deprotonated COO" groups

1401 C=0 symmetric stretching vibrations of COO- functional groups of amino acid side chains or free fatty
acids.

1235 Vibrations of C-O in carboxylic groups. Double bond stretching of >P=0 of general phosphoryl groups
and phosphodiester of nucleic acids.

1062 P=0O symmetric stretching in nucleic acids. Stretching vibrations of C-OH, C-O-C and C-C of

polysaccharides.

Table S2. Surface composition determined by quantifying XPS survey scans.

Sample Na [0) In N C Se S P
Purified SeNPs (2 days nl) <0.1 8.1 <0.1 8.1 66.3 10.9 <0.1 <0.1
Purified SeNPs (2 days n2) <0.1 8.1 1.0 7.0 65.3 11.7 <0.1 <0.1
Purified SeNPs (6 days nl) <0.1 7.3 <0.1 6.1 68.6 11.3 <0.1 <0.1
Purified SeNPs (6 days n2) <0.1 10.5 35 6.9 63.4 10.0 <0.1 <0.1
Cell associated SeNPs (2 days nl) 0.3 16.6 <0.1 7.9 73.4 1.0 <0.1 <0.1
Cell associated SeNPs (2 days n2) 0.2 16.8 0.2 7.8 73.2 1.0 <0.1 <0.1
Cell biomass (6 days nl) 0.2 17.5 0.1 9.7 71.4 <0.1 0.2 1.1
Cell biomass (6 days n2) 0.2 17.4 0.2 9.6 71.2 <0.1 0.4 1.0
Cell associated SeNPs (6 days n2) 0.2 15.9 <0.1 9.0 72.4 1.5 <0.1 <0.1
Cell associated SeNPs (6 days nl) 0.2 16.0 <0.1 9.5 71.6 1.6 <0.1 <0.1
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Figure S1. XPS high resolution spectra of carbon (C 1s), oxygen (O 1s), and nitrogen (N 1s) from the purified SeNPs, the cell associated SeNPs and the cell biomass of S. bentonitica after 144 h
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1. Abstract

The environmental conditions of the planned geological disposal of radioactive waste including
hyper-alkaline pH, radiation, or anoxia, are expected to be extremely harsh for microbial
activity. However, it is thought that microbial communities will develop in these repositories
having implications for geodisposal integrity and controlling the migration of radionuclides
through the surrounding environment. Microbial use of a variety of electron acceptors that will
be present in the geodisposal system may lead to the enzymatic reduction and hence
immobilization of radionuclides. Nuclear waste will contain radioactive isotopes of selenium
(Se) such as ”’Se, which has been identified as one of the main radionuclides in the geodisposal
system. Here we use the bacterial species Stenotrophomonas bentonitica, isolated from clays
that will be used as artificial barrier in repositories, to study the reduction of selenite (Se'")
simulating geodisposal conditions. This bacterium is able to reduce toxic Se' anaerobically
from neutral to alkaline pH (up to pH 10) producing elemental selenium (Se”) nanospheres and
nanowires. A transformation process from amorphous Se (a-Se) nanospheres to trigonal Se (t-
Se) nanowires through the formation of monoclinic Se (m-Se) aggregates as intermediate step
was proposed. The non-cell proliferation and low viability and activity rates of S. bentonitica
cells under these stressful conditions are probably involved in the lower production of t-Se
comparing to those obtained aerobically in previous studies. This fact suggested a slower
transformation process under alkaline and anaerobic conditions. The less solubility of Se’ and t-
Se makes S. bentonitica a potential candidate for positively influence the security of the
geodisposal system, most probably with lower efficiency rates than those obtained aerobically.
This research will be useful for the security evaluation of repositories by predicting the possible

microbial processes that may occur.

Keywords: Stenotrophomonas bentonitica, selenite, reduction, alkaline, anaerobic, disposal
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2. Introduction

Nowadays, there is a growing concern about the extensive use of nuclear technology due to the
increasing of radioactive waste inventory. The total amount of nuclear waste, extremely
hazardous to the environment and living organisms, is expected to increase in the near future
with the potential building of the next generation of nuclear reactors. For this reason, the deep
geological repository (DGR) of intermediate and high-level waste (ILW and HLW) has been
adopted by many countries to safely store and isolate them (IAEA, 2003). These radioactive
residues will be disposed in steel, iron or concrete containers and backfilled with bitumen,
cement matrix, or bentonite clays at a depth of 500-1000 m in different host rocks depending on
the country. Clay formations will play a crucial role in many DGR design as host rock and
engineered-barrier in France, Belgium, and Switzerland (Delage et al., 2010). Specifically,
bentonite clays will be employed for mechanical, hydraulic and thermal protection of the
containers because of their physical and geochemical properties (Alonso et al., 2004). Aerobic
conditions are expected to dominate the DGR system after closure since oxygen will enter
during the construction and operational periods. In the post-closure period, anaerobic conditions
are expected to be established with a wide range of electron acceptors, organic matter and other
compounds available. In addition, hyperalkaline (~ pH 12) conditions will dominate due to the

extensive use of cementitious materials (Berner, 1992).

The environment within the DGR system is estimated to be extremely harsh for life. The
presence of radionuclides, high-radiation levels, and limited space for microbial colonization, in
addition to the above mentioned anaerobic and hyperalkaline conditions would restrict
microbial viability and activity. However, it is well known the capacity of many
microorganisms to colonize environments considered extreme as hyper-alkaline spring waters
and hydrothermal vents (Maugeri et al., 2009; Pedersen et al., 2004). Indeed, it is assumed that
different geochemical processes such as degradation of cellulose from packaging materials,
disposable clothing, and surface wipes present in ILW can lead to the generation of nutrients
and growth substrates that microorganisms can use to support growth. The resaturation of water
after thousand years will probably result in the release of different chemical compounds from
bitumen and concrete materials used in some DGR systems, including organic matter, electron
donor and acceptors (NO3"), gases (Hz), etc. The utilization of electron donors and acceptors by
anaerobic microorganisms could lead to enzymatic reduction and hence immobilization of
radionuclides like UY', Tc*", Np" or Se' within the geodisposal system (Borghese et al., 2014;
Lloyd, 2003). It has been reported that selenium (Se) is present in the tetravalent oxidation state
(+IV) in high-level radioactive waste (Dardenne et al., 2015). Water-soluble and toxic Se

compounds commonly exist in the oxidation states +VI and +IV as selenite and selenate,
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respectively, while insoluble and harmless Se compounds occurs in the oxidation state 0 as
elemental Se (Antonioli et al., 2007). Microbial reduction of Se'V has been reported under both
aerobic and anaerobic conditions in a wide range of microorganisms. For example, some
bacterial strains such as Stenotrophomonas maltophilia SeITE02, Comamonas testosteroni S44,
and Bacillus cereus can reduce Se' to Se’ aerobically (Kora, 2018; Lampis et al., 2017; Tan et
al., 2018). Se'" can also be biotransformed anaerobically to Se’ by certain bacteria such as
Azoarcus sp. CIB, Stenotrophomonas maltophilia, and Shewanella oneidensis MR-1 (Dungan et
al., 2003; Fernandez-Llamosas et al., 2016; Li et al., 2014b). Therefore, it is important to study
the impact of microbial processes in the transport and mobility of Se through the geodisposal

system under conditions relevant to a DGR (aerobic, anaerobic, alkaline conditions, etc.).

The aim of the present work is to study the reduction of Se'" by the bentonite-isolated bacterium
Stenotrophomonas bentonitica under anaerobic and alkaline conditions, comparable to those
that will probably occur in future nuclear waste repositories. In a previous study, we described
this interaction under aerobic conditions also of relevance to nuclear repositories (Ruiz-
Fresneda et al., 2018; Capitulo II). Specifically, we demonstrated the aerobic bioreduction of
Se"' to different amorphous and crystalline Se’ nanostructures. Amorphous Se (a-Se)
nanostructures seem to be transformed to Se crystals due to the role of organic matter. The
results suggested S. bentonitica would decrease the solubility and hence the mobility of Se
through the surrounding environment of DGRs. However, only few works have reported the
impact of microbial processes on radionuclide mobility under alkaline conditions analogous to
the DGR system (Smith et al., 2017; Williamson et al., 2014). To the best of our knowledge this
is the first study describing the bioreduction of Se" to Se’ anaerobically at different pH
conditions (from pH 7 to 10) by a bacterial strain isolated from Spanish bentonites (Almeria,
Spain), selected for DGRs due to their advantageous properties (Villar et al., 2006). Flow
cytometry studies clearly showed that anoxia and Se'" stress negatively affect bacterial viability
and activity. Although small viability and activity levels were detected, no cell proliferation was
found under these conditions. In-depth analysis by electron microscopy showed the production
of individual and aggregated Se nanospheres and nanowires as reduction products after the Se-
bacteria interaction under anaerobic and alkaline conditions (pH 10). The selected-area electron
diffraction (SAED) pattern of individual Se nanospheres indicated their amorphous nature.
However, Raman spectroscopy equipped to a variable pressure field emission scanning electron
microscopy (VP-FESEM) indicated the crystalline structure of the Se aggregates (monoclinic
Se) and nanowires (trigonal Se), suggesting a transformation process from amorphous to
crystalline Se. Not only the oxidation state, but also the shape and the structure of the Se
reduction products influence their solubility and mobility. This study further demonstrates the

influence that S. bentonitica could have on the future DGR systems by reducing the toxicity and
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mobility of Se'¥ under anoxic and high-pH environment analogous to those that will develop in

the disposal of radioactive waste.

3. Material and methods

3.1. Bacterial strain and growth conditions

The bacterial strain S. bentonitica employed in the present study was isolated from Spanish
bentonite clays collected from Cabo Gata Nature Park (Almeria, Spain) (Lopez-Fernandez et al.,
2014). The bacterial cells were grown aerobically in solid and liquid Luria-Bertani (LB) broth
medium (tryptone 10 g/, yeast extract 5 g/l and NaCl 10 g/I, pH 7.0 £ 0.2) at 28 °C.

3.2. Anaerobic growth under selenite stress

S. bentonitica were growth in degassed R2A medium added with different electron donors
(sodium acetate, citrate, pyruvate, etc.) and acceptor (sodium nitrate, iron (III) hydroxide, ferric
citrate, etc.) in order to determine its ability to growth anaerobically. Cells were harvested at
mid-exponential phase by centrifugation (10000 x g; 10 min) from LB cultures and washed with
30 mM PIPES buffer to remove the medium ingredients. Afterwards the cells were re-
suspended in R2A supplemented with the corresponding electron donor and acceptor. Se'" at
different concentrations (0.1 to 1 mM) was added to the mixture from a 1M sodium selenite
(NazSe0s) (Sigma-Aldrich) stock solution. Finally, the suspensions were degassed using N, and
incubated at 28°C. Se'V-untreated cells and R2A medium containing Se'” were used as controls.
All the measurements were performed in triplicate. The growth was determined by quantifying
the total protein content in bacterial cell extracts using a modification of the method of Dhanjal
and Cameotra (2010). A 1 ml aliquot of bacterial culture was taken at different time intervals to
measure the growth based on the protein content of the cells by using the Bradford reagent (Bio-

Rad®). Bovine serum albumin (BSA) was used as a standard.

3.3. Reduction of Se!Y under anaerobic and alkaline conditions

The Se' reduction ability of S. bentonitica was also assayed anaerobically under alkaline
conditions (from pH 8 to 11) relevant for the DGR system. The samples were prepared as
described in the section above (section 3.2.) by using sodium acetate and sodium nitrate as
electron donor and acceptor, respectively. The pH of the solutions was adjusted by addition of
acid (HCIO4) or base (NaOH) using a pH-meter CRISON©O micro pH 2002 and sterilized by

filtration through 0.22 pum nitrocellulose filters prior to degassing.
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3.4. Flow cytometry

The cell viability and the metabolic activity of S. bentonitica in the presence of Se'" under
anoxic conditions were determined by using flow cytometry technique. For this purpose, the
cultures were prepared as described in section 3.2 in the presence of acetate and nitrate with an
initial concentration of Se'¥ 2 mM. All experiments were conducted in triplicates. After 12, 60,
and 144 h of incubation, the cells were collected by centrifugation at 11000 x g and 4 °C for 10
min. The resultant pellet was washed four times in phosphate buffered saline (PBS) pH 7. Then,
the cells were dissolved in PBS adjusting the cellular density to approximately 10° cells/ml. For
cell viability test, fluorescein diacetate (FDA) and propidium iodide (PI) were added into each
sample to a final concentration of 20 pl/ml and 2 pl/ml respectively. For metabolic activity test,
3,30-dihexyloxacarbocyanine iodide (DiOC6) was employed to a final concentration of 20
ul/ml. Finally, the samples were analysed by Forward Scatter using a FACSCanto II™

cytometer (Becton Dickinson). Se'¥-free cultures and dead cells obtained by heating the biomass

at 90 °C served as controls.

3.5. Electron microscopy

VP-FESEM equipped with an X-ray detector Raman spectroscopy system enabled an in situ 3-
D structural and elemental characterization of the reduced Se produced by the cells. Se'-
amended cultures (2 mM) added with sodium acetate and sodium nitrate as electron donor and
acceptor, respectively, were prepared for VP-FESEM after 144 h growing anaerobically at
different pHs (7-10) as described in Ruiz-Fresneda et al. (2018) (Capitulo II). The samples were
analysed under Variable Pressure Field Emission Scanning Electron Microscope Zeiss SUPRA

40VP.

The Se reduction products were also analysed by using scanning transmission electron
microscopy (STEM) equipped with energy dispersive X-ray (EDX). EDX analysis was
performed at 300 kV using a spot size of 4 A and a live counting time of 50 s. The structural
characterization of Se nanostructures were analysed by using SAED. The samples were
prepared as described in Merroun et al. (2005) and examined under high-angle annular dark field
scanning transmission electron microscope (HAADF-STEM) FEI TITAN G2 80-300. STEM

specimen holders were cleaned by plasma prior to STEM analysis to minimize contamination.
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4. Results and discussion

4.1. Se'¥ reduction under anaerobic and neutral pH conditions

4.1.1. S reduction and growth profile

The growth and Se'¥ reduction of S. bentonitica under anoxic conditions was evaluated in the
presence of a wide range of added electron donors (sodium acetate, citrate pyruvate, etc.) and
acceptors (sodium nitrate, iron (III) hydroxide, ferric citrate, etc.) at neutral pH conditions.
Literature data show a great amount of compound that can be used by many microorganisms as
electron donor and acceptor in reducing Se"" and Se'V. High reduction rate of Se'¥ was achieved
by Veillonella atypica when hydrogen (H,) was used as electron donor under anaerobic
conditions, but no reduction was appreciated when the cells were supplemented with acetate or
formate as electron source (Pearce et al., 2008). On the other hand, Kessi and Hanselmann
(2004) hyphotesized that reduced glutathione (GSH) function as the main electron donor
reacting with Se'" in Rhodospirillum rubrum and Escherichia coli. The possible role of GSH
and other reactive thiols compounds in Se' reduction was also suggested within the genus
Stenotrophomonas by S. maltophilia SeITE02 (Antonioli et al., 2007). Other electron sources
such as acetate, lactate, formate, and pyruvate have been described to be used as electron donor
in Se" reduction in Geobacter sulfurreducens, Shewanella sp. HN-41, and Shewanella
oneidensis MR-1 (Klonowska et al., 2005; Li et al., 2014b; Pearce et al., 2009; Tam et al.,
2010). Se'v act as the terminal electron acceptor for many microorganisms (Nancharaiah and
Lens, 2015). However the use of iron (Fe'™), nitrate (NO5"), nitrite (NO,"), sulphite (SO37?) as
electron acceptors by respiratory reductases can support the reduction of Se'V in some
microorganisms (Basaglia et al., 2007; DeMoll-decker and Macy, 1993). In the present study,
the highest Se'" reduction efficiency, quantified as red precipitate production, by the cells of S.

bentonitica was observed when sodium acetate and nitrate was added.

Both acetates and nitrates are compounds that will be present in the geodisposal system of
radioactive waste. Among other sources, acetate can derive from the oxidation of glucose, and
degradation of phthalic acid esters (PVC plasticisers) characteristic of ILW, while nitrates are
mainly contained within bitumen waste and as a product of nitrogen biogeochemical cycle
(Abrahamsen et al., 2015; Bertron et al., 2014; Walczak et al., 2001). Thus, the presence of
acetate and nitrates within the repositories could support the reduction of Se'¥ by the cells of S.
bentonitica when anaerobic conditions dominate. Consequently, they were selected for the rest

of experiments as electron donor and acceptor sources. In addition, Se'" reduction was also
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observed when incubating anaerobically the S. bentonitica in PIPES buffer without addition of

electron donor and acceptors, suggesting Se'¥ could act as the terminal electron acceptor.

In the absence of Se', only when the cultures were amended with sodium acetate and sodium
nitrate, a limited increase in the total cell protein was observed during the first 12 h of
incubation (Figure 1). However, no growth was detected in the presence of Se' at all
concentrations tested (0.5 and 1 mM) (Figure 1), in contrast to previous studies revealing the
capacity of this bacterium to growth aerobically under Se'" stress (Ruiz-Fresneda et al. 2018;
Capitulo II; Capitulo III). Consequently, these results suggested the toxic effect of Se'¥ on S.
bentonitica cells under anaerobic conditions. Nevertheless, the red precipitates produced in all
the cultures amended with Se'” clearly pointed out the ability of this bacterium to reduce Se'" to
Se’ anaerobically. Non-production of Se red precipitates in Se'V-untreated cultures and Se'"-

treated media (abiotic controls) confirmed the Se'¥ reduction as a biological process.
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Figure 1. Anaerobic growth curves of S. bentonitica in R2A medium added with sodium acetate and sodium nitrate
in the presence of different Se'V concentrations (0 to 1 mM).The inset graph shows a magnification of the growth

curve in the first 24 h. Data are presented as averages + standard errors.

4.1.2.  Cell viability and metabolic activity

The effect of Se'¥ on cell viability of S. bentonitica was studied by the live-dead staining
approach conducted with propidium iodide (PI) and fluorescein diacetate (FDA). PI enters to
cells with damaged membranes staining nucleic acids of dead cells (Givan 2011), while FDA
stains viable cells (Stubberfield and Shaw, 1990). With regard to the metabolic activity test, the
fluorescent dye DiOCs was used in order to bind polarized membranes of active cells (David et

al., 2011). The percentages of viable and active cells of S. bentonitica untreated and treated with
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2 mM Se'¥ incubating anaerobically at neutral pH from 12 h to 144 h are displayed in Figure 2.
Cell viability was negatively affected by Se'. Specifically, 32.7, 41.5, and 1.7 % of cell
populations were found to be viable after 12, 60, and 144 h of incubation, respectively, in
presence of 2 mM Se'". In contrast, higher amount of viable cell population (100, 100, and 17.3
%) was observed in untreated samples at the same incubation times. Previous studies under
aerobic conditions indicated the higher viability values of the cells after 144 h incubation in the
presence of 2 mM Se'v (Capitulo III). These results pointed out the great influence of anoxia
and Se" on viability of S. bentonitica cells. On the other hand, the metabolic activity test
generally showed a lower oxidative response under 2 mM Se'" stress comparing with Se'-
untreated cells at all times assayed except at 144 h. Specifically, 33.4, 45, and 50 % were found
to be active after 12, 60, and 144 h at 2 mM Se'V stress, while 85.6, 93.3, and 12.4 % of the cells
were active in untreated samples. The increases on cell activity after 144 h in the presence of
Se'Y comparing with Se'-untreated cells could be explained by the cellular metabolic response

to Se'V stress. Our previous studies under aerobic conditions showed a similar behaviour
(Capitulo III).
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Figure 2. Percentage of viable (A) and active cells (B) of S. bentonitica under different Se' concentrations (0 and 2

mM) and contact times (12, 60, and 144 h) under anaerobic and neutral pH conditions.

4.2. Se' reduction under anaerobic and alkaline conditions

The Se reduction ability was also studied under anaerobic and alkaline pH conditions analogous
to those expected in a DGR environment. The colour of the Se''-treated cultures (2 mM) of S.
bentonitica turned reddish at pH 8, 9, and 10 (Figure 3). However, no red precipitates were
observed at pH 11, probably due to non-proliferation of the cells under these conditions. The
latter hypothesis is supported by previous investigations indicating S. bentonitica grows at pH
5-10 under aerobic conditions (Sanchez-Castro et al., 2017a). As described for the anaerobic
experiments in section 4.1, no colour change in the Se'-untreated cultures and Se'-treated

media confirmed the bioreduction of Se'Y. Many bacterial strains have been demonstrated to

133



reduce Se'¥ anaerobically (Li et al. 2014a; Fernandez-Llamosas et al. 2016). However, as far as
we are concerned, this is the first study describing the microbial reduction of Se'" at alkaline pH
(up to pH 10) and anaerobic conditions. These results revealed the ability of the bentonite
isolate S. bentonitica to reduce Se toxic forms to non-toxic Se under analogous conditions
expected in the DGR system. Therefore, we propose this species of the genus

Stenotrophomonas to contribute to the immobilization of Se within the DGR concept.

Figure 3. Cultures of S. bentonitica adjusted to pH 8, 9, 10, and 11 showing the reduction of 2 mM Se'V from pH 8 to

10 as indicated by their reddish colour. Se'V-untreated cultures and Se'V-treated medium were employed as controls.

The effect of Se and the cells on the pH variation of the samples adjusted at pH 10 was studied
by measuring the pH at different times during the incubation. Abiotic controls (Se'Y-treated
media) showed no variation of the pH with increasing time and were around 10 during the entire
assay (Figure 4). However, in the presence of bacteria, both untreated and treated cultures of S.
bentonitica showed a decrease from pH 10 to pH 7 and 8, respectively, with increasing
incubation time (Figure 4). Thus, the cells are responsible for this decrease in pH. This fact
could be a consequence of the bacterial metabolic activity responding to these stressful

conditions as suggested the flow cytometry results.
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Figure 4. Time course of pH variation in Se'V-treated (2 mM) and untreated cultures of S. bentonitica adjusted to pH
10 under anaerobic conditions. Se'V-treated media ere employed as abiotic controls. Se' and cells was added at zero

time. Each curve shows means based on the results of triplicates.
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Rizoulis et al. (2012) studied the reduction of different electron acceptor of relevance to ILW in
natural alkaline sediments set up at pH 10, 11, and 12. Similarly to our experiments, they noted
a slight drop in pH during the incubation, probably due to the formation of CO; from the
metabolism of lactate, acetate and other carbon source present in the sediments. In our case, S.
bentonitica is able to oxidize acetate to CO,, which in turn leads to the decrease of pH of the

medium to 7-8 where Se'¥ reduction occurs.

4.3. Electron microscopic characterization of Se'” bioreduction products

Ultrathin sections showed electron-dense nanospheres produced by the cells of S. bentonitica on
the surface and within the intracellular and extracellular space after 144 h incubating on Se'” at
neutral pH (Figure 5SA-B). The size of both intracellular and extracellular nanospheres ranged
between 100 and 200 nm (Figure 5A-B). EDX microanalysis confirmed their Se composition
(Figure 5C). In addition, the SAED pattern derived from a single nanosphere revealed its

amorphous nature (Figure 5D).

Cu
8

10 12
keV

Figure S. HAADF-STEM analysis of an ultrathin-sectioned S. bentonitica sample incubated anaerobically at neutral
pH in the presence of 2 mM Se'V (A-B). EDX analysis revealed the Se composition of the electron-dense nanospheres
(C) located both intracellular and extracellularly (A-B). SAED pattern derived from an individual Se granule (D).
Scale bars: 500 nm (A-B).
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In the same way, we could observe the presence of individual Se nanospheres located
extracellularly, intracellularly and also attached on the cell surface after 144 h of incubation
anaerobically at pH 10 by using a VP-FESEM system (Figure 6A-D). In addition to Se, EDX
microanalysis revealed the presence of S (Figure 6B), suggesting the relevant contribution of
thiol-containing biomolecules such as GSH in the reduction pathway of Se''. The Se
nanospheres formed aggregates (Figure 6C-D) as it was observed in aerobic cultures of S.
bentonitica treated with Se'V (Ruiz-Fresneda et al., 2018; Capitulo II). The formation of Se
aggregates by S. bentonitica could lead to the transformation of a-Se nanospheres to trigonal Se
(t-Se) nanostructures with high stability as reported by Ruiz Fresneda et al., (2018) when this
bacterium was grown aerobically. The transformation from a-Se to t-Se consists of a time-
dependent process. The a-Se nanospheres are initially released to the extracellular matrix from
the cytoplasm (24 h) and start to form aggregates most probably on the axis of flagella-like
proteins after 48-72 h. The aggregation of Se nanoparticles (SeNPs) using proteins as a template
seem to play a crucial role during the transformation and crystallization mechanism (Ruiz-
Fresneda et al., 2018; Wang et al., 2010). Finally, after 144 h the aggregates crystallize
producing t-Se nanostructures with different shapes (nanowires, hexagons, and polygons) and

size.

The Raman scattering spectrum derived from the observed Se nanospheres accumulations
exhibited an intense peak at 254 cm’ (Figure 6E). Kora and Rastogi (2016) suggested that
resonance peak at 254 cm could be accounted to a-Se as a result of irregularly Se atoms
arrayed as disordered chains. These results differ with those previously obtained for the SeNPs
synthesized by S. bentonitica under acrobic conditions, where a peak at 235 cm™ corresponding
to t-Se was observed. However, other authors indicated that the peak centred at 254 cm™ was
characteristic of crystalline monoclinic Se (m-Se) (Husen and Siddiqi, 2014; Zhang et al.,
2011). Over the last century to many contradictory studies on a-Se structure have been reported
(Jovari et al. 2003). The three allotropes of m-Se have deep red colour and Segrings as structural
unit within their unit cell (Fernandez-Martinez and Charlet, 2009). Amorphous Se (red or black)
is thought to contain 2 polymeric chains (Sen) and Ses monomeric rings (Cooper and Westbury
1974; Popov 1976). Therefore, it is very complicated to distinguish between a-Se and m-Se
structure. Consequently, the Se aggregates produced by S. bentonitica cells could be amorphous
or monoclinic, in contrast to individually distributed Se nanospheres described above as
amorphous by means of SAED. However, it is well known that a-Se could be transformed to m-
Se nanostructures and this in turn could be transformed to t-Se as one of the most
thermodynamically stable phases (Chen et al.,, 2010; Wang et al., 2010). This suggests the
formation of m-Se aggregates by S. bentonitica as an intermediate thermodynamic step during

the transformation to t-Se. A great abundance of organic matter and organic filaments probably
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corresponding to flagella-like proteins were detected surrounding the SeNPs and bacterial cells
(Figure 7A-B). The VP-FESEM images clearly showed the SeNPs were embedded in this
organic matrix mainly composed by proteins (Capitulo III), suggesting its role in the

aggregation and transformation.
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Figure 6. VP-FESEM micrographs of Se nanospheres located extracellularly, intracellularly and attached on lysed
cells of S. bentonitica (A,C, and D) produced anaerobically at pH 10. EDX analysis showing the Se and S
composition of the nanospheres (B). Raman analysis derived from Se nanospheres accumulations (E). Scale bars: 200
nm (A, C, D).

Finally, few extracellular Se nanowires could be detected in the proximity of Se aggregates
(Figure 7B-D). The Raman scattering spectrum derived from the nanowires displayed two main
peaks at 236 cm™ and 254 cm™ (Figure 7F). The resonance peak at 236 cm™ could be associated

to t-Se, while 254 cm” could be accounted, as mentioned before, to the intermediate
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thermodynamic phase a-Se or m-Se. This fact confirmed that transformation process takes
place, most probably following a similar mechanism reported by Ruiz-Fresneda et al., (2018)
including several steps. The intracellular Se nanospheres seem to be released through the
bacterial cell lysis as indicated the seriously damaged cells observed (Figure 8). After that, they
formed aggregates within the extracellular matrix probably using cellular organic matter and
flagella-like proteins as a template (Figure 8). Finally, the Se nanowires seem to originate from
the accumulation and agregation of the nanospheres attached to these organic matter and protein
filaments (Figure 8). During the proposed mechanism the crystallization from individual a-Se

nanospheres to m-Se aggregates and t-Se nanowires seem to occur.
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Figure 7. VP-FESEM pictures showing the presence of SeNPs associated to organic materials and filaments (A-B)

and Se nanowires within the extracellular space (C-D) under anaerobic conditions at pH 10. EDX analysis derived

from an individual nanowire indicating its Se composition (E). Raman scattering spectrum derived from the same
nanowire (F). Scale bars: 200 nm (A, C, D) and 100 nm (B).
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The low amount of nanowires observed in comparison with our previous studies conducted
under oxic conditions (Ruiz-Fresneda et al., 2018; Capitulo II) pointed out that maybe under
anaerobic and alkaline conditions the cells need longer incubation times to produce more Se
crystals. A microscopic analysis of samples aerobically incubated agrees with the latter
hypothesis as indicated the higher presence of Se crystal with increasing time from 15 to 30
days (Figure 9). The transformation it is likely to occur more slowly due to the harder
conditions to which the cells were exposed. These conditions influenced the cell viability and
proliferation as revealed flow cytometry, probably affecting the reduction and transformation

process to Se crystals.

1. Liberation of a-Se
nanospheres (smaller
arrow) to the
extracellular matrix
probably through the
bacterial cell lysis

2. Aggregation of Se
nanospheres probably
using organic matter and
flagella-like proteins as
template and conversion
to m-Se

3. Formation of t-Se
nanowires (smaller
arrows) probably
originated from the
nanospheres
aggregates

Figure 8. VP-FESEM images representing the proposed transformation from a-Se nanospheres to t-Se nanowires
through the formation of m-Se aggregates an as intermediate step by using proteins as template. The images
correspond to samples prepared by growing S. bentonitica anaerobically at pH 10. Scale bars: 100 nm (A,B,E,F), 200
nm (C), and 20 nm (D).

Definitely, the reduction from Se' to Se’ under DGR simulating conditions (anaerobic and

alkaline) could have a positive impact onto the security of these systems due to the lower

toxicity and mobility of Se at the zero valent oxidation state. However, the different Se
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structures and shapes produced also must be taken into account for predicting the specific
influence of S. bentonitica cells. It is generally assumed that SeNPs are insoluble and non-toxic
(Husen and Siddigi, 2014). In fact, microbially produced Se nanospheres have been
demonstrated to be less toxic than oxidized Se species (Se"' and Se'") (Benko et al., 2012).
According to this, the production of Se nanospheres by S. bentonitica would be beneficial
within the geodisposal system. In contrast, there are considerable uncertainties about the
toxicity of SeNPs comparing to soluble oxidized forms as indicated some studies (Kumar et al.,
2018; Li et al., 2008). Li et al. (2008) described the major toxicity of SeNPs in comparison with
Se' in the fish Oryzias latipes. Kumar et al. (2018) reported the toxicity of SeNPs depend on
the concentration, indicating that higher ones have toxic effect to the fish species Pangasius
hypophthalmus. Consequently, further investigations are needed to conclude the toxicity level of
SeNPs produced by S. bentonitica. On the other hand, the formation of crystalline Se in form of
nanowires could have a positive impact on the repositories as indicated their lower mobility and
higher settleability comparing to Se nanospheres and oxyanions (Jain et al., 2017; Lenz et al.,
2009). The lesser extent of Se crystalline nanowires observed indicated a lower short-term
efficiency of S. bentonitica in the immobilization of Se'" present in the repositories when
anaerobic and alkaline conditions dominate in comparison with aerobic studies (Ruiz-Fresneda

et al., 2018; Capitulo II; Capitulo III).

B2R7 Se 15 " B2R7 Se15d U21
MAG: 20.0kx HV: 300Kk’ MAG: 20.0kx HV: 300kV

B2R7 Se31dU2B8 1
MAG: 28.5kx HV: 300kV

Figure 9. HAADF-STEM micrographs of Se nanostructures aerobically produced by S. bentonitica in the presence of
2 mM Se'V for 15 days. Corresponding elemental maps showing the Se composition of the nanostructures. Scale bars:
700 nm (A-B) and 500 nm (C-D).
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5. Conclusions

The present study described the ability of the bentonite-isolated Stenotrophomonas bentonitica
to reduce Se' to Se” under anaerobic and alkaline conditions simulating those expected in a
DGR. Despite the low cell viability, activity and no growth of S. bentonitica in the presence of
Se', individual and aggregated Se nanospheres and lower amounts of Se nanowires were
produced as a consequence of the bioreduction process. A combination of microscopic and
spectroscopic techniques suggested the transformation from a-Se nanospheres to crystalline Se
nanowires (t-Se) in a similar way as reported aerobically by Ruiz-Fresneda et al. (2018). A
slower transformation process seem to occur due to the non-proliferation and low viability and

activity rates of S. bentonitica cells, probably caused by these harder environmental conditions.

The redox transformation from toxic Se'¥ to non-toxic Se” and the formation of crystalline Se
nanowires suggests S. bentonitica as a potential bacterial species for its positive effect on the
safety of the DGR system in case of radionuclide escape. However, the slower transformation
process suggested a lower short-term efficiency of S. bentonitica in the formation of crystalline
Se and hence in the immobilization of Se when anaerobic and alkaline conditions dominate.
Concerning the Se nanospheres produced by this bacterium, more studies are needed to
determine their mobility within the DGR system. This study will help to further understanding

the impact of microbial processes on the toxicity of Se in future disposal of radioactive waste.
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1. Abstract

Microbial communities occurring in bentonite, considered as reference materials for safety
barriers in the future deep geological repositories (DGRs), can influence the migration
behaviour of radionuclides characteristic of radioactive waste such as curium (Cm™). In the
present work, the molecular scale interactions of Cm'" and its inactive analogue europium (Eu'")
with the indigenous bentonite bacterium Stenotrophomonas bentonitica were studied by using a
novel multidisciplinary approach. Potentiometric studies of the cells surfaces showed
remarkable high concentration of phosphate groups comparing to other bacteria, revealing the
great potential of S. bentonitica in metal-binding mainly through phosphates. The
concentrations of these groups is significantly lower for S. bentonitica cells exposed to Eu™
indicating that the Eu"™ may be strongly bonded to phosphate sites. Infrared spectroscopy (ATR-

I

FTIR) demostrated the role of carboxyl and phosphate groups in the Eu™ interaction.

I

Specifically, carboxyl groups could form bidentate bridging complexes with Eu™. X-ray

photoelectron spectroscopy (XPS) confirmed the involvement of phosphates and suggested

carboxyl groups from organic acids such as acetate in the Eu™

complexation. Additionally,
time-resolved laser induced fluorescence spectroscopy (TRLFS) identified phosphoryl and
carboxyl groups from bacterial envelopes and released complexing agents to be involved in the
Eu" coordination sites as indicated their luminescence lifetimes. Similarly, the lifetimes and the

N_S  bentonitica

corresponding emission maxima at at 599.6 and 601.1 nm revealed two Cm
species, also assigned to phosphoryl and carboxyl complexes. Microscopic and kinetics Eu
binding studies indicated biosorption as the main interaction process. However, the few
extracellular and intracellular complexes observed suggested that other mechanisms (e.g.
biomineralization) could be involved. These results provided new findings in predicting the
impact of microbial processes in the mobility of trivalent actinides and hence in the security of

radioactive wastes disposal.

Keywords: europium, curium, bacteria, mobility, geodisposal
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2. Introduction

The safe disposal of radioactive waste is crucial to ensure the security for future generations of
human beings as well as for the biosphere. The implementation of deep geological repositories
(DGRs) is planned in the near future for the safe storage of high level and long-lived radioactive
wastes (NEA, 2010). DGR is a multi-barrier system where radioactive wastes, mainly generated
by nuclear industry, will be encapsulated in metal containers surrounded by compacted
bentonites, considered as artificial barriers, and emplaced in stable geological formations at a
depth of about 500-1000 m (Stroes-Gascoyne et al., 2007). While metal containers and
compacted bentonites are considered artificial barriers, host rock are seen as natural barrier for
the DGR. A high microbial diversity in bentonite clay formations from Almeria, (Spain),
studied as an analogue of engineered barriers for repositories, has been previously reported
(Lopez-Fernandez et al., 2015; 2014). Several studies have evidenced the impact that microbial
processes may play in the corrosion of metal containers, which in turn could lead to the release
of radionuclides to the surrounding environment (Meleshyn, 2011). They also seem to play a
crucial role controlling the speciation and mobility of radionuclides present in radioactive
wastes such as uranium (U) and curium (Cm) (Newsome et al., 2014). Therefore, understanding
the migration behaviour and the environmental fate of radionuclides influenced by
microorganisms will be essential for the risk assessment of repositories. Cm is a high toxic
radionuclide as indicated by the high o activity of some isotopes such as **’Cm and ***Cm
present in nuclear spent fuel (Gorietti et al., 2017; Kooyman et al., 2018). As a representative of

11

trivalent actinides (An"), Cm exhibits excellent luminescence properties that make it suitable to

direct speciation studies at environmentally relevant metal concentration. Similarly, europium

1T

(Eu) was studied as representative inactive analogue of An", also providing excellent

luminescence properties (Ansoborlo et al., 2007). This inactivity makes Eu" an ideal element

1T 1T 1II

for Cm™ and americium (Am™) studies, since Eu" interaction experiments can be extrapolated

to those of Cm'" (Lopez-Fernndez et al., 2018b).

Among other mechanisms, microbes can interact with actinides and lanthanides through their
biosorption at the cell surfaces (Shukla et al., 2017). A large number of bacterial functional
groups (carboxyl, phosphoryl, etc.) on microbial surfaces have been described to be effective for
actinide complexation (Moll et al., 2014; Reitz et al., 2015). Cm™ and Eu"™ form strong
complexes with phosphoryl and carboxyl sites of the bacterial cell wall of Sporomusa sp. MT-
2.99 and Pseudomonas fluorescens (Moll et al., 2014; 2013). Recently, yeasts and archaea have

also been investigated for their ability to complex An'"

(e.g. Cm) and trivalent lanthanides
(Ln"™) (e.g. Eu). Lopez-Fernndez et al., (2018b) reported, for the first time, the role of carboxyl

and phosphoryl groups from the envelopes of the yeast Rhodotorula mucilaginosa BII-R8 as
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binding sites for Eu" and Cm™. The halophilic archacon Halobacterium noricense DSM15987"

also interact with Cm"" and Eu"' forming phosphate complexes (Bader et al., 2019).

Since cell surfaces play a major role in the complexation of Cm™ and Eu", different
spectroscopic and microscopic techniques should be applied to investigate the identities of
functional groups and the corresponding mechanism involved in the biosorption of these
elements. Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy, X-
ray photoelectron spectroscopy (XPS), and time-resolved laser-induced fluorescence
spectroscopy (TRLFS) are useful to determine the chemical speciation of these elements at
environmental relevant conditions. Additionally, potentiometric titration studies would lead to
the determination of types and abundance of metal binding sites at the cell surface (Fein et al.,
2005; Ojeda et al., 2008). The higher the concentration of cell surface functional groups, the
greater the availability of metal binding sites which enhance the efficiency of the biosorption
process. While multidisciplinary approach combining different microscopic, spectroscopic, and
potentiometric titration based methods were applied to investigate the interactions of U, as
hexavalent actinide, with microbes (Krawczyk-Bérsch et al., 2018; Reitz et al., 2015), the
microbial interaction with Cm and Eu were limited basically to TRLFS studies due to their
fluorescence properties (Moll et al., 2014; 2013). To the best of our knowledge, this is the first
study reporting the molecular interactions of the bacterial isolate Stenotrophomonas bentonitica
with Eu™ and Cm™ by using a multidisciplinary approach including different spectroscopic,
microscopic and potentiometrics studies. This will provide one of the most comprehensive

studies on Eu/Cm" interactions with bacterial cells to date.

S. bentonitica was isolated from Spanish bentonite clays (Almeria, Spain) (Lopez-Fernandez et
al., 2014), which have previously been well-characterized as a suitable analogue of engineered
barrier for DGRs due to their physico-chemical properties (Villar et al., 2006). S. bentonitica
cells have been previously described to influence the chemical speciation and thus the mobility
of other elements characteristic of radioactive waste such as selenite (Se') (Ruiz-Fresneda et
al., 2018; Capitulo II; Capitulo IIT). Se'"¥ was reduced by S. bentonitica cells in form of Se°
nanoparticles with different shapes (spherical, hexagonal, polygonal and nanowires) and
crystallographic properties (amorphous Se (a-Se) and trigonal Se (t-Se)). A time-dependent
transformation process from a-Se nanospheres to more stable t-Se crystals was proposed, in
which organic matter including cell proteins seem to be involved. These results suggested the
mobility decrease of Se due to the higher settleability of Se crystals and the lower solubility of
zero-valent Se (Breynaert et al., 2010; Lenz et al., 2009) through the surrounding environment
of DGRs. Similarly, the present work attempts to study the effect that S. bentonitica may play

on Eu™ and Cm"™ environmental fate under aerobic and anaerobic conditions analogous to those
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expected in geodisposal system of radioactive waste. This study will provide new insights on

the influence of bentonite bacterial isolates in the immobilization of An'™

within the concept of
radioactive waste disposal, which in turn would help to evaluate the safety of the planned

repositories.

3. Materials and Methods

3.1. Bacterial strain and growth conditions

The bacterial strain used in the present work was isolated from bentonite clay formations
recovered from Almeria (Spain) (Lopez-Fernandez et al., 2014) and was recently described as a
novel species named Stenotrophomonas bentonitica BII-R7" (Sanchez-Castro et al., 2017a;
Capitulo I). The cells were grown aerobically in Luria-Bertani (LB) broth medium (tryptone
10g/1, yeast extract 5 g/l and NaCl 10 g/1, pH 7.0 £ 0.2) at 28 °C on agitation (180 rpm).

1T

3.2. Preparation of Eu m

and Cm " stock solutions

An stock solution of Eu'™

was prepared by dissolving europium chloride (EuCls-6H,O) (Sigma-
Aldrich) in 0.1 M HCI to a final concentration of 10 mM. For the experiments, an Eu"" working
solution was prepared diluting the stock in 0.1 M NaClO4 to a final concentration of 30 pM.
Analytical grade 0.1 M NaClO4 (Merck, Darmstadt, Germany) was used as a background
electrolyte. On the other hand, a stock solution of the long-lived Cm isotope ***Cm (half-life:
3.4x10° years) was used as described in Lopez-Ferndndez et al. (2018b). This solution had the
following composition: 97.3% ***Cm, 2.6% *Cm, 0.04% ***Cm, 0.02% *Cm, and 0.009%

I carbonate-free water and

#*Cm in 1 M HCIOs. To prevent the carbonate complexation of Cm
NaOH solution were used. The pH of the solutions was adjusted by addition of small volumes
of acid (HClOs) or base (NaOH) using an InLab Solids combination pH puncture electrode
(Mettler-Toledo, Giessen, Germany) and sterilized by filtration through 0.22 pm nitrocellulose
filters. In the case of anaerobic experiments, the solution was degassed with N» prior their use in

a glove box under a N, atmosphere at 25 °C.

3.3. Cell viability and metabolic activity analysis
The cell viability and the metabolic activity of S. bentonitica exposed aerobically to 30 uM Eu'™
were determined by using flow cytometry. The cells were collected by centrifugation (11000 x
g; 4°C; and 10 min) after 24 and 48 h. The resultant pellet was washed three times in phosphate
buffered saline (PBS) pH 7. Then, the cells were dissolved in PBS adjusting the cellular density

147



to approximately 10° cells/ml. For cell viability test, fluorescein diacetate (FDA) and propidium
iodide (PI) were added into each sample to a final concentration of 20 pl/ml and 2 pl/ml,
respectively. For metabolic activity test, 3,30-dihexyloxacarbocyanine iodide (DiOC6) was
employed to a final concentration of 20 pl/ml. Finally, the samples were analysed by Forward
Scatter using a FACSCanto II"™ cytometer (Becton Dickinson). Eu''-untreated cells and dead
cells obtained by heating the biomass at 90 °C served as controls. All experiments were done in
triplicates.

3.4. Potentiometric titration of cell surfaces of S. bentonitica treated with Eu'

Potentiometric titrations were carried out to characterize the chemistry of S. bentonitica surfaces

in presence of Eu"

under aerobic conditions. All titrations were performed using a Metrohm
Titrando 906 automatic titrator (Metrohm, UK) at 25 °C. The temperature was kept constant and
continuously monitored during the titration. The titrator was set to add successive acid or base

only after a drift equal or less than 5 mV min™ was achieved.

An amount of S. bentonitica equivalent to 0.4 g/L of dry biomass, previously washed four times
with NaClOs, was suspended in a vessel with 25 ml CO,-free 0.1 M NaClOs solution containing
30 uM Eu". Bacterial samples suspended in 0.1 M NaClO4 were employed as control. The
suspension was titrated with 0.1 M HCI to pH 3.5 and then with 0.1 M NaOH to pH 10.0. To
test the reversibility of the protonation-deprotonation behaviour, the suspension was back-
titrated with 0.1 M HCI from pH 10.0 to 3.5. All the experiments were carried out in triplicate.
The HCl and NaOH were previously standardized against primary standards. To calculate the
acidity constant (pKa) values for the bacterial cells and the corresponding total concentration of
the binding sites, data from four replicates of each titration curve was fitted using the program
Protofit 2.1 revl (Turner and Fein, 2006). Variations in the experimental results are reported as

the average + standard derivation.

3.5. Eu"" biosorption experiments

S. bentonitica cells were collected at the exponential phase of growth by centrifugation (10000 x
g; 10 min). The resultant pellet was washed three times with 0.1 M NaClO4 and resuspended
therein to obtain a final biomass concentration of 0.2 g/L. Then, the samples were contacted
with 30 uM Eu™ solution and incubated at 120 rpm on a rotator shaker at room temperature.
The Eu'-bacteria suspensions were harvested by centrifugation (10000 x g; 10 min) after
different incubation times (0, 0.5, 1, 2, 24 and 96 h for aerobic and 0, 1, 2, 18, 24 and 48 h for

anaerobic experiments). Subsequently, 1 mL of the resultant supernatant was mixed with HNO3
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and measured by inductively coupled plasma mass spectrometry (ICP-MS) to estimate the Eu™

1

concentration. The amount of Eu™" adsorbed to the cells was calculated by subtracting the

1II I

amount obtained in the supernatant from the initial Eu™ concentration. For the Eu" -bacteria

1T

interaction under anaerobic conditions the samples were contacted with Eu™ under nitrogen

I

atmosphere within a glove box. Eu™ solution (30 uM) without addition of cells was employed

as control. All samples were performed in triplicate.

3.6. Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy

I solution to a final concentration of 30

S. bentonitica cells were contacted aerobically with Eu
uM at pH 6. After 48 hours, the samples were collected by centrifugation (2700 x g; 10 min)
and washed with NaClOs. Finally the samples were frozen in liquid nitrogen and subsequently
lyophilized according to standard protocols (Ojeda et al., 2008; Omoike and Chorover, 2004) in
order to perform ATR-FTIR measurements. Bacterial cells samples without addition of Eu'™

were employed as controls.

ATR-FTIR measurements were performed on a Perkin Elmer Spectrum Two spectrometer,
equipped with an ATR accessory, consisting of a diamond crystal at a fixed angle of 45°. 32
scans with spectral resolution 4 cm™ and wavenumber range from 4000 to 400 cm” were

collected for each sample. All measurements were performed in triplicate.

3.7. X-ray photoelectron spectroscopy (XPS)

For XPS analysis, Eu"-treated cells of S. bentonitica were prepared as described in the section
3.6. The obtained powder was mounted on standard sample studs using double-sided adhesive
tape. Non-treated cells were prepared as controls. XPS measurements were made on a KRATOS
SUPRA Photoelectron Spectrometer at 10 KV and 20 mA using a monochromatic Al Ka X-ray
source (1486.6 e¢V). The take-off angle was fixed at 90°. On each sample the data were collected
from three randomly selected locations, and the area corresponding to each acquisition was 400
um in diameter. Each analysis consisted of a wide survey scan (pass energy 160 eV, 1.0 eV step
size) and high-resolution scan (pass energy 20 eV, 0.1 eV step size) for component speciation.
All experiments were conducted in triplicate. The binding energies of the peaks were
determined using the Cis peak at 284.5 eV. The software CasaXPS 2.3.17 (Fairley, 2006) was
used to fit the XPS spectra peaks. No constraint was applied to the initial binding energy values,
and the Full Width at Half Maximum (FWHM) was maintained constant for the carbon

contributions in a particular spectrum.
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3.8. Time-resolved laser-induced fluorescence spectroscopy (TRLFS) analyses

3.8.1. TRLFS Eu"/Cm™ bacteria sample preparation

TRLFS measurements were performed in order to determine Eu"/Cm™ species involved in
interactions with the bacterial cells. Cells of S. bentonitica were brought into contact with 30

11

uM Eu" both aerobically and anaerobically and with 0.3 uM Cm'" aerobically, and collected as
indicated in section 3.5. The inactivity and hence easy handling of Eu" allowed the TRLFS
studies under both respiring conditions. However, the high hazard and cost of Cm" enabled to
perform the studies only under aerobic conditions. The obtained pellets were washed and
subsequently re-suspended in 5 ml of 0.1 M NaClOs for analysis by TRLFS. For Eu', the pH

11

was kept constant at 6, while varying the incubation time (1, 24 and 48 h). For Cm™, a pH

dependent spectroscopic titration (pH 2.33 to 8.04) was carried out.

3.8.2.  TRLFS experimental setup.

The time-resolved luminescence spectra were recorded using a unique pulsed flash lamp
pumped Nd:YAG-OPO laser system (Powerlite Precision II 9020 laser equipped with a Green
PANTHER EX OPO from Continuum, Santa Clara, CA, USA). The laser pulse energy, which
was between 1.5 and 2.5 mJ depending on the excitation wavelength used, was monitored using
a photodiode. The luminescence spectra were detected using an optical multi-channel analyzer-
system, consisting of an Oriel MS 257 monochromator and spectrograph with a 300 or 1200
line mm™ grating and an Andor iStar ICCD camera (Lot-Oriel Group, Darmstadt, Germany).
The Eu"/Cm" single luminescence emission spectra were recorded in the 570-650 nm (1200
line mm™ grating with 0.2 nm resolution) range. The time-dependent luminescence spectra were
detected in the 500—700 nm (300 line mm™ grating: high intensity with a lower resolution >0.6

nm) range. A constant time window of 1 ms length was applied. For Eu™

an excitation
wavelength of 394 nm was used. Due to the high absorption of the F-band usually observed in
Cm®" excitation spectra, an excitation wavelength of 396 nm was used. For time-dependent
emission decay measurements, the delay time between laser pulse and camera gating was
scanned with time intervals between 10 and 25 ps. A more detailed description of the
experimental setup data and evaluation of the luminescence spectra is described in Moll et al.
(2014). The spectra were base-line and energy corrected and normalized using the ORIGIN
8.6G (OriginLab Corporation, USA) code. The lifetime of luminescent species was obtained

also with this software.
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The relative peak intensity ratio, which gives information about the ligand field of Eu'" and the
coordination environment, was determined by forming the ratio for the integral intensities of the

’F, to 'F1 band, as presented in Equation 1:

Renm = (Do > F2) / (Do > 'Fy) []

The intensities of I *Dy — 'F») and 1 (°Dy — 'Fi) were calculated from the corresponding
normalized peak areas. The number of coordinated water molecules was determined based on
the equations of Kimura and colleagues (Kimura et al., 1996; Kimura and Choppin, 1994;

Kimura and Kato, 1998), which is presented in Equation 2:

nH,0 = 1.07 Kexp — 0.62 for Eu™ [2]
nH,0 = coordination number of water molecules

kexp = reciprocal luminescence emission lifetime (ms)

The spectra deconvolutions of the pH-dependent Cm'' luminescence measurements were

performed using the factor analysis software HypSpec (Gans et al., 1996).

3.9. STEM-HAADF analysis

The cellular location of Eu'™

was analyzed by using scanning transmission electron microscopy
(STEM) equipped with energy dispersive X-ray (EDX) for elemental composition analysis.
EDX analysis was performed at 300 kV using a spot size of 4 A and a live counting time of 50

s. The samples consisting of Eu™

-treated cells (30 uM) under aerobic and anaerobic conditions
were prepared as described in Merroun et al. (2005) after 48 h of incubation. Finally, the
samples were examined under high-angle annular dark field scanning transmission electron
microscope (HAADF-STEM) FEI TITAN G2 80-300. STEM specimen holders were cleaned

by plasma prior to STEM analysis to minimize contamination.

4. Results and discussion

4.1. Potentiometric titration studies

Bacterial cell walls are rich in functional groups (e.g. hydroxyl, phosphoryl, amino, and
carboxylic moieties) that can protonate or deprotonate when interacting with their immediate
surroundings (e.g. metals) and as a result the cell walls develop a net pH-dependent charge

(Daughney and Fein, 1998; Fein et al., 2005; Haas et al., 2001; Ngwenya et al., 2003; Ojeda et
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al., 2008; Plette et al., 1995). The concentration and characteristics of proton active carboxylic,
hydroxyl, phosphate, phosphodiester, and amine groups on the cell surfaces play an important
role in this respect, as they are responsible for the surface metal binding ability (Dittrich and
Sibler, 2005). Therefore, the characterization of the cell surface chemical properties is needed to
determine the types and abundance of these metal binding sites which in turn help to obtain
accurate modeling of the mechanisms by which microbes interact with metals. In the present
study, we applied acid-base titration methods to determine cell surface functional-group

reactivity of the cells of the strain S. bentonitica.

The potentiometric titrations curves of S. bentonitica BII-R7 before and after Eu'" exposure are
presented in Figures 1A and 1B. The concentration of deprotonated sites is standardized per
mass of dry biomass (mol g'), and calculated according to Fein et al. (1997) as follows in

Equation 3:

[H+] consumed/released— (Ca - Cb - [H+] + [OH-]) / My [3]

Where m; is the biomass concentration in the suspension (g/L), C, and G, are the concentrations
of acid and base added at each step of a titration, and [H'] and [OH] represent molar species
concentrations of H" or OH". To calculate the acidity constants and the total concentration of
each binding site, data from the titrations curves were fitted using ProtoFit 2.1 revl (Turner and

Fein, 2006) using a Non-Electrostatic Model (NEM).

The titrated bacterial suspensions exhibit a protonation-deprotonation behaviour over the whole
pH range studied (Figure 1A and 1B). No evidence of saturation was found with respect to
proton adsorption, indicating that, even at pH 3.5, full protonation of the functional groups on
the cell wall was not achieved. The shape of the titrations curves obtained suggested the
presence of functional groups with close acid-base pK, values, showing that although some
small variability could be perceived in each set of the same bacterial sample, essentially
reproducible results were obtained (the variation between the titration curves was below 6% of
[H Jexchangea between pH 3.5 and 10.0). Although a small hysteresis could be observed between
acid and base titrations at the same ionic strength, results from reverse titrations did not vary

strongly and suggested a reversible proton adsorption/desorption reaction.
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Figure 1. Representation of the potentiometric titrations of S. bentonitica in suspension in NaClO4 (A) and in contact
with Eu' solution (B) after 48 hours of biosorption, compared with the background electrolyte. Closed symbols

correspond to the forward titration data and open symbols correspond to back titration.

Table 1 summarizes the pK. values for S. bentonitica before and after Eu" exposure. The
calculated values are 4.97 £ 0.08 and 4.78 + 0.06 for pKi, respectively, 6.88 + 0.02 and 6.75 +
0.13 for pKo, respectively, and 9.43 + 0.02 and 9.48 + 0.11 for pKs, respectively. The obtained
pKa. values are representative of carboxylic groups for pK, phosphate groups for pK» and amine
and hydroxyl groups for pK3 (Dittrich and Sibler, 2005; Fein et al., 2005, 1997; Ngwenya et al.,
2003; Ojeda et al., 2008; Yee et al., 2004; Yee and Fein, 2001). The existence of pH of zero
proton charge (pHp.) indicated that S. bentonitica developed a positive net charge at low pH
values, indicating the presence of at least one positively ionising, plausibly amino group.
Models which only include negatively ionising groups such as carboxyl, phosphoryl and
hydroxyl groups could not develop a net positive charge at low pH (Claessens et al., 2006). The
pHzpc around 5.7 also indicated that the cells are negatively charged at neutral pH = 7 and

electrostatic attraction with positive-charged mineral surfaces or metals may be favourable.
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The surface site densities obtained using ProtoFit are also presented in Table 1. The pK. values
for both bacterial samples are comparable, indicating similar concentration of the active
functional groups on the cell wall. However, the concentrations corresponding to phosphate

groups (C») is significantly lower for S. bentonitica cells exposed to Eu™

. This could suggest
that the Eu'" may be strongly bonded to phosphate sites, making them now inaccessible to the
protonation/deprotonation reaction. The considerable high concentration of phosphate groups at
the surface of S. bentonitica (10.78 + 0.31 x 10™* mol/g) comparing with other bacterial species
such as Sphingomonas sp. S15-S1 (3.16 £ 0.56 x 10 mol/g) and B. sphaericus JG-7B (2.19 +
0.25 x 10* mol/g) (Merroun et al., 2011) (Table 1) pointed out the potential high metal-binding

ability of S. bentonitica.

Table 1. Comparison of deprotonation constants and surface site concentrations for S. bentonitica and other strains

from different studies.

G G, Cs

Species PK; rPK; PK; (x10molig) (x10~molg) (x10~molg) Model® Reference

S. bentonitica + Electrolyte solution 4.97+0.08 6.88+0.02  9.43+£0.02  5.05+0.31 10.78+0.31 1693+ 1.45 NEM This study

S. bentonitica + Eu(IlI) solution 4.78+ 0.06 6.75+0.13  9.48+0.11  531+0.22 7.56=0.56 13.99+1.12 NEM This study
Aquabacterium commune, Gram-negative 3508 57+09 9.1+ 1.6 4.6+ 1.5 1.9+ 0.6 73+3.1 NEM  Ojedaetal., 2008
B. sphaericus 1G-7B, Gram-positive 437+0.27 6.37+031  9.95+0.16 4.70+0.55 2.19+£025 4.56+0.77 NEM Merrounet al, 2011

Sphingomonas sp. S15-S1, Gram-negative ~ 4.27+ 0.45 7.03+0.86  9.92+0.32 491+ 1.04 3.16+0.56  9.24+297 NEM Merrounet al, 2011

Ngwenyaet al.,

Enterobacteriaceae, Gram-negative 43+02 6.9+0.5 8.9+0.5 5.0+0.7 22+0.6 55+22 CccM 2003
Synechococcus Green, Gram-negative 4.85+0.31 6.56+0.2 8.76+ 0.06 2.6+0.4 1.9+ 0.5 25+04 CCM Dimichze(x)rzg Sibler;
Synechococcus Red, Gram-negative 498+0.16 669039 866021  7.4%1.6 44+08 4808 CCM DimiChz‘(’)'z)dS Sibler;
Calothrix sp., Gram-negative 47+04 6.6+0.2 9.1+£0.3 3.28+0.27 4.14+0.31 7.16+£0.97 NEM Yeeet al., 2004
S. putrefaciens, Gram-negative 5.16+0.04 7.22+£0.15  10.04+0.67 0.32+0.02 0.09+0.01 0.38+0.01 CCM Haas et al., 2001
B. subtilis, Gram-positive 4.8+0.14 6.9+0.5 9.4+ 0.6 12+ 1 44+02 6.2+0.2 CCM Feinet al., 1997

4 CCM = Constant Capacitance Model; NEM = Non-electrostatic mode

The results of potentiometric titration experiments on the studied samples indicated that the cell
surface groups capable for metal binding sites could involve carboxyl groups (pK around 3-5),
phosphate groups (pK around 6-7), and hydroxyl and amine groups (pK > 8). These findings are
in agreement with previous studies on bacterial surfaces (Fang et al., 2014; Liu et al., 2015;
Ojeda et al., 2008). Liu et al., (2015) demonstrated the role of carboxyl, phosphoryl, and amino
functional groups of Synechococcus sp. PCC 7002 cells as metal surface ligands by means of

11

potentiometric titrations. In the case of Eu -

and Cm", their sorption with the surface cells of B.

subtilis and P. fluorescens can be due to their coordination with carboxyl groups (Moll et al.,
2013; Ozaki et al., 2004; Yao et al., 2016). In addition, Haas et al., (2001) showed that, in the

presence of UY', sorption is accounted by using two separate adsorption reactions forming the
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surface complexes >COO-UO;" and >PO4H-UO,(OH).. Modeling results suggested that both
Eu" and UY' form similar surface complexes, in agreement with data from extended X-ray
absorption fine structure (EXAFS) spectroscopy (Estes, 2014). Consequently, phosphate and

1II

carboxyl groups could be expected to be involved in the binding of Eu™ as well. However, the

potentiometric results only showed phosphate groups as the main potential binding sites in the

pH range studied. It is probable that the extent of the carboxyl group involvement in the Eu™

binding is either too small to be detected by titration methods, or the sorption/desorption of Eu™

by the carboxylic groups is reversible at low pH.

4.2. Kinetics of Eu"" adsorption on the bacteria

1T

Kinetics studies of Eu =

for S. bentonitica were performed in order to estimate the Eu™ removal
capacity of this bacterial species with increasing time under aerobic and anaerobic conditions.
To the best of our knowledge, this is the first study comparing the adsorption of Eu™ by

1

bacterial cells under both respiration conditions. The maximum amount of Eu™ removal was

around 12.9 + 0.11 mg of Eu/g of dry biomass after 96 h of aerobic incubation (Figure S1). This

1

amount corresponds to a 54 + 0.44 % of Eu" removed from the total amount of Eu in the

solution. Higher values were obtained by Bader et al. (2019) in their bioassociation kinetics
studies with the halophilic archacon Halobacterium noricense DSM15987" at the same Eu'
initial concentration (30 uM). They found that around 73% of Eu"" was removed after 1 week of

incubation. Under anaerobic conditions the maximum amount of Eu'™

removal was around 6.06
+ 0.25 mg of Eu/g of dry biomass after 18 h incubation (Figure S1). This amount corresponds to
a 31.2 £ 1.3 % of Eu™ removal. The Eu™ removal increases with increasing contact time of
incubation until equilibrium is attained under both conditions. However these results clearly
showed that S. bentonitica cells have a higher removal capacity under aerobic conditions. This
could be a consequence of the fact that anoxic conditions are more stressful for the bacterial

cells, probably affecting the interaction process.

The results suggested the interaction is mediated not only by biosorption since this mechanism
is generally defined as a quick process ocurring up to a few hours (Gadd, 2009). Specifically,
the kinetic studies showed that time-dependent Eu interaction with the cells is a biphasic
process. First, a rapid phase where 12.5 £ 0.73 and 13.9 + 1 % of Eu'" removal was achieved
(aerobically and anaerobically, respectively) within the first 2 h. This fast phase is usually
associated to metabolic independent biosorption mechanism. Secondly, a slow phase occurs

1T

where Eu™ accumulation process reach equilibrium after 24 h. This phase could be controled by

metabolically dependent interaction mechanisms such as intracellular accumulation,
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bioprecipitation, etc. Similarly to our results, Gerber et al. (2016) also reported a two phasic

process in the interaction of Acidovorax facilis with UY',

4.3. Characterization of Eu""-S. bentonitica interactions using ATR-FTIR

Figure 2 shows the ATR-FTIR spectra obtained from S. bentonitica after being in contact with
30 uM Eu" solution and with the electrolyte (NaClO4) after 48 h incubation. The observed
infrared bands corresponded to the presence of proteins, lipids, polysaccharides, polyphosphate
groups, etc. The functional groups assigned to the infrared bands and the corresponding

frequencies for the bacterial cells are summarised in Table S1.

Polysaccharide
(sugar/ sugar phosphate)

Amide II and 1070 em™
0.20 asymmetrical
0.18 Amide | COO stretch
0.16 Band Bands
0.14 1635 cm! 1535 cm’! Symmetrical
0.12 COO- stretch Phosphate group
0.10 1404 cm™! 933 cm™!
0.08; C=0 stretch
0.06; of COOH

1745 em™!

Absorbance

"1800 1600 1400 1200 1000 850
Wavenumber (cm™)

Figure 2. Comparison between the ATR-FTIR spectra for S. bentonitica cell suspensions in NaClOj (electrolyte)

solution (top) and 30 puM Eu'" solution (bottom) after 48 hours.

The region between 3000 and 2800 cm™ exhibited the typical C-H stretching vibrations (vc.i)
corresponding to the CH; and >CH, functional groups present in the fatty acids and lipids, and
the O-H stretching band (vo.u) corresponding to the presence of hydroxyl groups in the bacterial
cells. Complementary information could be found at the region between 1800 and 750 cm™,
where vibrations of C-H, >CH» and -CH3 groups, amides, carbonyl groups and polysaccharides
were observed. The peaks observed at 1308 and 1455 cm™ could be attributed to the bending of
-CH; and >CH, of proteins (8cu2, Scns), and the signals at 1635 and 1535 cm™ corresponded to
the amide I and II bands, respectively. The amide I band is due to the stretching C=0 (vc-o0) of
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amides associated with proteins and the amide II band is actually a combination of bending N-H
(8n-n) of amides and contributions from stretching C-N (vc.n) groups. The peak at 1455 cm’™
also conceals the amine III group. The peak around 1404 cm™ is due to the symmetric stretching
C-O of carboxylate groups (Vsym coo’), and the peak corresponding to the asymmetric stretching
vibration (Vasym coo’) is concealed by the amide II band at 1535 cm™. The signal around 1745 cm®
" is actually a combination of two peaks: a signal corresponding to the vibrational C=O
stretching (vc-o) of carboxylic acids at 1747 cm™ and another peak corresponding to the
stretching C=0 of ester functional groups from membrane lipids and fatty acids at 1730 cm ™'
(Dittrich and Sibler, 2005; Jiang et al., 2004; Ojeda et al., 2008; Yee et al., 2004). The double
bond stretching of >P=0 of general phosphoryl groups and phosphodiester of nucleic acids
could be observed at 1240 cm™. The stretching of P=0O groups of polyphosphate products,
nucleic acid phosphodiester and phosphorylated proteins can be found around 1070 ¢cm™, and
the peak at 933 cm™ showed the asymmetric O-P-O stretching modes (Dittrich and Sibler, 2005;

Jiang et al., 2004; Yee et al., 2004).

The ATR-FTIR spectra showed a shift in the band attributed to symmetric stretching of
carboxylate groups (around 1404 cm™) to lower frequencies, when compared to the spectra of
the cells in background electrolyte (Figure 2). Extensive studies made on metal complexes of
carboxylic acids have established an empirical correlation between the position of the
symmetric stretching (Vsym coo’) and asymmetric stretching (vasym coo’) of carboxylate groups and
the difference in frequency between them (Av). The values of Av descend in the follow order:
AVunidentate > AVbrinding ~ AViree ionic > AVchelate(bidentate) (Chu et al., 2004; Deacon and Phillips, 1980;
Nakamoto, 2008; Tackett, 1989). As it can be observed in Figure 2 and Table S1, the
asymmetric stretching (Vasym coo’) of carboxylate groups is hidden by the amide II band, and
therefore, it is difficult to determine if there was a shift in this band to higher or lower
frequencies. However, Chu et al. (2004) and Deacon and Phillips (1980), after careful
examinations of IR spectra of many acetates with known X-ray crystal structures, arrived at the
conclusion that: i) for unidentates complexes, Av > 200 cm™ and the position of Veym coo™ is
generally shifted to lower frequencies; ii) for bidentate chelating complexes, Av < 100 cm™ and
the position of vem coo” is shifted to higher frequencies, whereas Vasym coo” is shifted to lower
frequencies; and iii) for bidentate bridging complexes, Av ~ 160 cm™ and the position of Vsym
coo” and vaiym coo” can shif in either direction (Chu et al., 2004). The symmetric stretching (Veym

coo) band for S. bentonitica in contact with Eu™

shifted to lower frequencies by ~15 cm™ and
the asymmetric stretching (Vasym coo’) of carboxylate groups did not show a significant shift
expressed as the appearance of an important shoulder near the amide II band (1535 cm™).
Therefore, we could assume that Av must be around 150 cm™, suggesting that the carboxyl

functional groups arising from the macromolecules of the cell wall of the bacterial cells could
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form bidentate bridging complexes with the Eu™

metals. This is the first study demonstrating
the ability of bacterial cells to interact with Eu in a bidentate bridging mode. EXAFS analysis is
on-going and will provide more information about the local coordination of Eu associated with

the cells.

The results also indicate that polysaccharides could also be involved in cell attachment. The

111 m_

lower intensity of the band found at 933 c¢cm™ of Eu'"-treated cells comparing with Eu

1T

untreated cells suggested phosphate groups as candidates for Eu™ complexation.

4.4. Characterization of Eu"'-S. bentonitica interactions using XPS.

I at the cell surface of S.

This method was applied to determine the local coordination of Eu
bentonitica approximately up to 5 nm (Kumar et al., 2015). The elemental composition of S.
bentonitica surface, resulting from integrating the Cis, Ois, Nis and P2, from the wide scan
spectrum can be seen in Figure 3. Sodium and chlorine were also detected as samples were
washed with 0.1 M NaClOs. Eu was also detected in the bacterial sample that was contacted for
48 hours with a 30 uM Eu™ solution. Nitrogen appeared at a binding energy of 399.99 eV,
attributable to amine or amide groups of proteins (Dufréne et al., 1997; Dufréne and Rouxhet,
1996; Omoike and Chorover, 2004; Pradier et al., 2005; Van Der Mei et al., 2000). Phosphorus
was found at a binding energy of 133.99 eV, and can be attributed to phosphate groups (Dufréne
et al.,, 1997; Dufréne and Rouxhet, 1996; Van Der Mei et al., 2000). The presence of amine
groups from proteins and phosphate groups based on the binding energies of Nis and P, are in

agreement with the results from potentiometric titrations (pKa. = 6.8 and pK, = 9.4) and the
FTIR spectra (adsorption bands at 1635 cm™, 1535 cm™, and 933 cm™).

XPS peaks corresponding to Eusg were analysed at high resolution to assess the nature of the
Eu" complex. The Eusq peak observed at 1135 eV was attributed to Eu-acetate according to
Mercier et al. (2006). This observation suggests that the carboxyl groups from acetate play a key

role in the complexation of Eu™

on the S. bentonitica cell wall, as previously indicated ATR-
FTIR results. Previous studies showed the role of carboxyl groups from glutamic and aspartic
acid present in proteins of the S-layer of B. sphaericus in the complexation of uranium and
palladium (Fahmy et al., 2006; Merroun et al., 2005). Therefore, carboxyl groups of the
glutamic acid of the peptidoglycan (PG) layer of S. bentonitica could be involved in the

interaction of Eu''.
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Figure 3. XPS spectra of S. bentonitica in the absence (A-B) and the presence of 30 uM Eu™! (C-D). The region

belonging to Eu 3d (B and D) was scanned at high resolution.

4.5. TRLFS characterization of Eu'/Cm' interaction with S. bentonitica

Potentiometric titrations, ATR-FTIR, and XPS studies showed the involvement of phosphate

I

and carboxyl groups in the coordination of Eu™ by the cells of S. bentonitica. In addition,

TRLEFS spectroscopy was also applied to confirm these Eu/bacteria structural data and also to

1II

investigate the complexation behavior of Cm'", radioactive analogue of Eu", at much lower

concentrations relevant to environmental conditions (0.3 uM).

4.5.1. Europium

The luminescence spectra depicted in Figure 4 showed the interaction of Eu™ with S
bentonitica through typical changes concerning cell addition after 1, 24 and 48 h incubating

anaerobically at pH 6 in both supernatants and re-suspended cells. This suggested the

complexation of Eu™

with bacterial surface functional groups and extracellular released
complexing agents. In the supernatant and the re-suspended cells the 'Fy transition appears at
579 nm with a slightly higher intensity than in the blank sample. This points to a different

11

symmetry around the Eu" center compared to the blank spectrum. The 'F, peak has a low

intensity (up to 1 % of the total luminescence intensity) indicating the formation of Eu™
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complexes in the supernatants and the cells with a relatively high symmetry. The luminescence
spectrum of Eu™ aqua ion (blank) is characterized by emission bands at 585-600 nm (magnetic
dipole transition Dy = ’Fi) and 610-630 nm (hypersensitive transition Dy = 'F,). An
increased intensity of the hypersensitive 'F» transition at 617 nm moving from blank via

supernatant to the re-suspended cells was discovered.

In the supernatants there was a systematic increase in the 'F, transition as a function of the
incubation time (Figure 4A). This could indicate an increase in the release of complexing agents
from the cells with increasing incubation time. The total organic carbon (TOC) content of the
supernatant samples increased with the incubation time until 24 h of incubation (Figure S2),
confirming that release of complexing substances from the cells. These results are in agreement
with kinetic studies (section 4.2), in which the amount of Eu adsorbed increased with the
incubation time. In the re-suspended cells there was a fast increase in the intensity of the 'F»
transition after an incubation time of 1 h. Then, no systematic change in the spectra as a

function of the incubation time could be observed (Figure 4B).

pH_ =6.0

soll —

Norm. luminescence intensity (a.u.)

Norm. luminescence intensity (a.u.)

Figure 4. Luminescence emission spectra of 30 uM Eu
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measured for the supernatants after separating the S.

bentonitica cells (0.2 g/l) (A) and the re-suspended cells (B) under anaerobic conditions at pH 6 and different
incubation times (1, 24 and 48 hours) in 1 M NaClOsa.
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In supernatant and re-suspended cells Eu" appears in two different coordination environments.
The short-lived component in supernatants was measured to be 117, 129 and 133 ps after 1, 24,
and 48 h, respectively (Table 2). These lifetimes indicated a similar coordination environment
after 24 and 48 h. The luminescence lifetime of 114 + 5 ps found in the blank characterizes the
Eu’* ion. The short lifetime of 117 ps found in the supernatant indicated the presence of the
Eu' ion after 1 h of incubation. The longer lifetime, 387 to 500 us, could indicate an interaction
of Eu" with released substances from the cells independently from the incubation time.
However, the short lifetime, 130 ps, detected after 24 and 48 h could be a hint to another
functionality most likely released from the cells (Table 2). In the case of re-suspended cells, a
bi-exponential luminescence decay was measured indicating two coordination environments of
Eu". The short-lived component showed luminescence lifetimes between 144 and 225 ps,
whereas the long-lived component varied between 477 and 609 ps. In a first approximation,
similar Eu' species are formed for the short-lived component of the supernatant and re-
suspended cells. In the same way, the long-lived component of both supernatant and re-
suspended cells suggested a similar coordination environment but different from the one found

for the short-lived component.

Table 2. Spectroscopic properties obtained from the Eu''-S. bentonitica system at pH 6 using different incubation

times and other relevant model systems.

Sample Rem Lifetime (us) Proposed species Reference
Eu" control 0.50+0.05 114+5 Eu** This work
Supernatants This work

Eu'-S. bentonitica

1 h incubation 0.9 117; 387 Eu®'; phosphoryl sites
24 h incubation 1.2 129; 490 Carboxyl; phosphoryl
48 h incubation 1.3 133; 500 Carboxyl; phosphoryl
Cells This work

Eu'-S. bentonitica

1 h incubation 23 144; 477 Carboxyl; phosphoryl sites

24 h incubation 2.1 174; 561 Carboxyl; phosphoryl

48 h incubation 2.1 225; 609 Carboxyl; phosphoryl

Eu"-Sporomusa sp. MT-2.99 33 170 R-COO-Eu*' Moll et al. 2014

1.8 515 R-O-PO;H-Eu*'

Eu"-Bacillus subtilis 230 Carboxyl sites Markai et al. 2003
730 Phosphoryl sites

Eu"-Pseudomonas aeruginosa 98-254 Carboxyl sites Texier et al. 2000
534-677 Phosphoryl sites
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By comparing our lifetime results with literature data, phosphoryl and carboxyl groups present
on bacterial cell envelopes and bacterial released substances seem to play an important role in
the Eu"™ coordination sites characterized by, for instance, their individual luminescence
lifetimes, probably in form of R-O-POs-Eu** (R-O-POs;H-Eu** under acidic pH conditions) and
R-COO-Eu*as revealed previous studies (Moll et al., 2014; Texier et al., 2000) (Table 2). It is
important to note that the results here presented were very similar to those obtained aerobically

and have comparable significance.

4.5.2. Curium

The chemical speciation of Cm'" with S. bentonitica cells was studied at trace (0.3 pM) Cm™
concentrations by using TRLFS. These measurements were conducted assuming that the
influence of the luminescence properties of the microbial Cm"'-species dominates over the
influence of soluble Cm"'-species with, for instance, released complexing agents. The pH-

dependent spectroscopic Cm™ speciation in the cell suspensions is shown in Figure 5.
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Figure S. Luminescence emission spectra of 0.3 pM Cm" in 0.1M NaClO4 measured as a function of pH at a fixed

biomass concentration of 0.2 gqry weight/1.

From the dependencies found in the TRLFS spectra it can be concluded that there are two

11

coordination environments of Cm ™~ due to interactions with functional groups of the cell surface

and possibly with released complexing agents. Thus, the Hypspec analysis of the pH dependent

" bacterial species (Figure 5). Cm"'-S.

emission spectra measurements revealed two Cm
bentonitica species 1 was characterized by an emission maximum at 599.6 nm while Cm"-S.
bentonitica species 2 shows a more red shifted emission maximum at 601.1 nm. The extracted

single component spectra of both species are shown in Figure 5. TRLFS of the supernatants and
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the Cm" loaded biomass after washing with 0.1M NaClOs showed that 73% of the detected
Cm" luminescence intensity remained in solution at pH 8.04. While, only 23% was associated

to the biomass. This points to a complexation of Cm"

by substances released from the cells. In
all cell containing samples, a bi-exponential luminescence decay was detected (Table 3). At pH
3.2 the short lifetime of 71 ps points to uncomplexed Cm**. Between pH 4 and 8 both lifetimes
amounted to 120 = 8 and 290 + 23 ps. By comparing our results with literature a close
agreement was found to the study of Lopez-Fernandez et al. (2018b). The long lifetime and the

corresponding emission maximum matches with Cm'" interactions with microbial phosphoryl

sites, whereas the short lifetime can be attributed to carboxyl interactions of Cm™'

Table 3. Luminescence emission data of the Cm'-S. bentonitica system including those of relevant model systems

for comparison.

Emission  peak

Species maximum (nm) Lifetime (us) Reference
Cm" (aq) 593.5 68+5 This work
Cm" -S.bentonitica BII-R7 species 1 599.6 290 +23 This work
Cm" -S.bentonitica BII-R7 species 2 601.1 120£8 This work
Cm" -R. mucilaginosa BII-R8 species 1 599.6 240 £ 50 Lopez-Fernandez et al., 2018b
Cm" -R. mucilaginosa BII-R8 species 2 601.5 123 £11

Cm"™ -Sporomusa sp. MT-2.99 complexes Moll et al., 2014
R-O-POsH-Cm*' 599.8 252 +46

R-COO-Cm** 601.6 108 + 15

Cm" -Pseudomonas fluorescens complexes Moll et al., 2013
R-O-POsH-Cm*' 599.6 39078

R-COO-Cm** 601.9 121+ 10

Cm"™ -Paenibacillus sp. complex Liitke, 2013
R-O-POsH-Cm*' 598.8 477+73

Summarizing, the TRLFS results indicated that phosphoryl and carboxyl groups of S.
bentonitica present on bacterial cell envelopes and bacterial released substances seem to play an
important role in the Eu"/Cm™ coordination sites. Most probably, R-O-PO;-Eu®" and R-COO-
Eu?* complexes dominate the speciation as suggested previous studies (Moll et al., 2014; Texier

et al., 2000). Specifically, the Eu"'-S. bentonitica complexes seem to have similar properties as

163



the surface species R-O-PO;H-Eu**observed on cell envelopes of Sporomusa sp. MT-2.99 (Moll
et al., 2014) as revealed the long lifetimes. Coordination site characterized by short lifetimes

I

seem to interact with Eu™ with similar properties as the surface species R-COO-Eu** observed

on cell envelopes of Sporomusa sp. MT-2.99 and P. fluorescence (Moll et al., 2014). Two

different coordination environments of Cm'™

with functional groups of the cell membrane and
most probably with released complexing agents were detected. The lifetimes and the
corresponding emission maximum can be attributed to carboxyl and phosphoryl interactions of
Cm". Similarly, Lopez-Fernandez et al. (2018b) showed the involvement of organic carboxyl

and phosphate groups of Rhodotorula mucilaginosa in the Eu"/Cm" complexation,

1 I

demonstrating for the first time the coordination of Eu™ and Cm™ to yeast cells.

4.6. Cellular localization of Eu" by STEM-HAADF

M revealed the

STEM-HAADF micrographs of thin sections of S. bentonitica cells exposed to Eu
presence of electron-dense accumulations mainly at the cell surface (Figure 6A-D) under both
aerobic and anaerobic conditions. In addition, very few extracellular (Figure 6A-D) and
intracellular (Figure 6D) accumulations were also observed. EDX analysis (Figure 6E-F) and
element-distribution mapping (Figure 7) derived from these accumulations indicated they were
mainly composed of Eu and P. The detection of P in the EDX analysis of the Eu™ precipitates
supports the involvement of functional groups containing phosphorus in their interaction with
Eu' as indicated previous results mentioned above. These results evidenced that biosorption of
Eu" as the main interaction mechanism with the cells of S. bentonitica. However, the presence

of few extracellular and intracellular Eu'

precipitates indicated the interaction is not only
mediated by biosorption and other processes such as bioaccumulation and bioprecipitation could
be involved. This matches very well with the kinetics studies suggesting the implication of other
interaction mechanisms.

The formation of outer membrane vesicles (OMVs) by S. bentonitica cells exposed to Eu™ was
observed in the STEM-HAADF micrographs (Figure 6C-D). The production of OMVs by
Gram-negative bacteria plays a prominent role in cell protection against hostile environments
(Jan, 2017; Toyofuku et al., 2019). The production of OMVs represents a mechanism to
alleviate stress through the packaging and release of stress-products (Klimentova and Stulik,
2015). Therefore, the vesicle formation mechanism of S. bentonitica cells could be involved in
their Eu™ tolerance. In addition, the detection of extracellular precipitates could be a
consequence of the release of intracellular accumulates through the formation of vesicles.

However, further investigations are needed to confirm this hypothesis. To the best of our

knowledge, this study provide for the first time the formation of vesicles by Gram-negative
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bacteria in response to Eu™

stress. Our previous studies of S. bentonitica exposed to toxic
selenite suggested a different mechanism for the release of intracellular accumulated selenium
to the extracellular space since vesicles were not observed (Ruiz-Fresneda et al., 2018). This
point out the versatility of this bacterium to response against different stress agents. The vesicle
formation hyphotesis togheter with the low amount of Eu found intracelularly, discarded

intracellular accumulation as a relevant mechanisms with a significant impact on the

geodisposal security.

0 1 2 3 4 kev 5 6 7 8 9 0 1 2 3 4 kev 5 6 7 8 9

Figure 6. STEM-HAADF micrographs showing electron-dense accumulations at the cell surface, extracellular, and
intracellularly under aerobic and anaerobic conditions (A-D). EDX analysis (E-F) confirmed the Eu' and P
composition of the accumulations. The formation of vesicles by S. bentonitica cells can also be observed (arrows) (C-
D). Scale bars: 200 nm (A), 1pm (B), 100 nm (C), 50 nm (D).
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Figure 7. STEM-HAADF micrographs of thin sections clearly showing the adsorption of Eu™ on a S. bentonitica cell

after 48 h growing aerobically on Eu' 30 uM. Scale bars: 500 nm.

Microbial processes such as biosorption may enable the metal removal from contaminated
aqueous solutions through the immobilization of bacterial biomass to inert supports (Gadd,
2004). The use of these devices in bioreactors is nowadays receiving attention for
bioremediation purposes. The immobilization of microorganisms in minerals from bentonites
and other materials through the formation of biofilms could lead in turn to the immobilization of
bioadsorbed or bioaccumulated radionuclides. Genes coding for the formation of biofilms such
as those involved in the formation of surface structures (fIh4, fIhB, fliR, fliQ, fliP, fliN, fliM)
(Niba et al., 2007) or those encoding outer-membrane lipoproteins (slp) (Prigent-Combaret et
al., 1999) have been reported to be present in the genome of S. bentonitica (Sanchez-Castro et
al., 2017b; GenBank accession number MKCZ00000000). In addition, the production of
flagella-like proteins by this bacterium, previously reported to influence the selenium
nanoparticle transformation through their aggregation (Ruiz-Fresneda et al., 2018; Capitulo II;
Capitulo III), could be involved in the formation of biofilms. Clark et al. (2007) demonstrated

the role of flagella-like filaments produced by Desulfovibrio vulgaris in the establishment and
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maintenance of biofilms between cells and silica oxide surfaces. Therefore, S. bentonitica could
positively influence the safety of repositories by inducing the immobilization of radionuclides
through the formation of biofilms. However, in the geodisposal context, biosorption could also
lead to the mobilization of radionuclides since bacterial cells could disperse through
groundwater. After biosorption, a long-term bioprecipitation process could be involved as
suggested by kinetic studies and the extracellular Eu precipitates observed by STEM-HAADF.
Bioprecipitation basically leads to the inmobilization of radionuclides since it is based on the
conversion from soluble to insoluble forms though their precipitation with released cell ligands
(carbonates, phosphates, etc.) (Rui et al., 2013; Shukla et al., 2017). Cell viability and metabolic
activity of S. bentonitica cells under aerobic conditions are not very affected by Eu" as

indicated flow cytometry technique. In the presence of Eu'

, approximately 99 and 98 % of the
cells were viable and active, repectively, similarly to those growing in the absence of Eu™ (data
not showed). This would allow the cells to release inorganic phosphate probably involved in the
Eu'™ bioprecipitation process due to their previously reported phosphatase activity (Sdnchez-
Castro et al., 2017a; Sanchez-Castro et al., 2017b). However, the study of the local structure by

means of X-ray absorption spectroscopy (XAS) is needed to confirm this hypothesis.

5. Conclusions

The present work demonstrated the interaction of Eu™/Cm" with functional groups from the
cell surface and extracellular released complexing agents of S. bentonitica under aerobic and
anaerobic conditions expected in future DGRs of radioactive waste. Carboxyl and phosphoryl
groups seem to be involved in the Eu"/Cm" interaction as revealed a combination of several
spectroscopic techniques and potentiometric titration. ATR-FTIR suggested carboxyl groups to

11

form bidentate bridging complexes with Eu™. Additionally, XPS analysis showed these groups

from organic acids like acetate to be probably involved in the Eu™

complexation. The formed
Eu"™ complexes were mainly located at the cell surface as indicated microscopic analysis,
indicating biosorption as the main interaction process. However, the presence of a few

intracellular and extracellular Eu'

precipitates suggested that other mechanisms could be
implicated such as bioaccumulation or bioprecipitation. The biphasic behaviour observed by
kinetics studies agrees with the possible role of more than one mechanism. Definitely, the
results here presented proposed S. bentonitica to play an important role in the immobilization of
trivalent actinides through their biosorption and the potential ability of the cells to form biofilms
within the DGR system. In addition, a possible bioprecipitation process carried out by the cells
of S. bentonitica would lead to the immobilization of the present actinides. However, the low

amount of intracellular Eu'™ precipitates, discarded intracellular accumulation as a relevant
precip

mechanism with a significant impact in the repositories. In any case, it is difficult to determine
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the influence of S. bentonitica since several interaction mechanisms with Eu™/Cm™ seem to be
involved and more evidences are necessary to demonstrate its specific role on the security of
geodisposal system of nuclear waste. Although the exact mechanisms are unclear, the fact that

S. bentonitica will impact the long-term safety case of these repositories is undoubtedly evident.
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Figure S1. Time dependence in the Eu" removal capacity of S. bentonitica cells under aerobic (A and B) and

1

anaerobic (C and D) conditions. The Eu™ removal is expressed as mg of Eu per g of dry biomass and percentage.
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Figure S2. Total organic carbon as a function of time of supernatants obtained after Eu''l-S. bentonitica interaction

under anaerobic conditions.
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Table S1. Main infrared absorption bands of the bacterial cell functional groups (Conley, 1972; Dittrich and Sibler,
2005; Jiang et al., 2004; Ojeda et al., 2008; Schmitt and Flemming, 1998; Yee et al., 2004).

Wavenumber (cm™) Functional group assignment

Stretching C=0 of ester functional groups from membrmane lipids and fatty acids; stretching C=O of

1745
carboxylic acids.
1635 Stretching C=0 in amides (amide I band)
1531 N-H bending and C-N stretching in amides (amide II band). Asymmetric stretching for deprotonated
5
COO- groups.
1404 Symmetric stretching for deprotonated COO- group.
1455 Bending CH,/CH3 (scissoring)
1308 Bending CH,/CHj3
1300-1250 Vibrations of C-O from esters or carboxylic acids
Vibrations of -COOH and C-O-H; Double bond stretching of >P=0 of general phosphoryl groups and
1240
phosphodiester of nucleic acids.
1225 Stretching of P=O in phosphates.
1200950 Asymmetric and symmetric stretching of PO,” and P(OH ), in phosphates; vibrations of C-OH, C-O-C and
-95
C-C of polysaccharides.
1070 Stretching P=O of phosphodiester, phosphorilated proteins or polyphosphate products.
933 Symmetric stretching vibration of phosphoryl groups.
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DISCUSION GENERAL

Hoy dia es bien conocida la elevada diversidad microbiana existente en los diferentes
componentes del sistema de almacenamiento geoldgico profundo (AGP) de residuos
radiactivos, tales como la formacion geoldgica hospedante y los materiales de sellado (ej.
bentonitas) (Bachran et al., 2018; Itdvaara et al., 2011; Lopez-Fernandez et al., 2015). Esta
biodiversidad puede proceder tanto de las comunidades microbianas autdctonas presentes como
de las introducidas durante la construccién, operacion y mantenimiento de los AGPs. Los
procesos microbianos llevados a cabo por estas comunidades pueden ejercer un notable impacto
sobre la seguridad de los AGPs mediante: i) biocorrosion de contenedores metalicos, ii)
produccion de gases, iii) transformacion de minerales de bentonita y iv) movilizaciéon o
inmovilizaciéon de los radionuclidos presentes en los residuos radiactivos. La produccion
microbiana de gases (Hz, CO,, CH4) por parte de microorganismos metandgenos y sulfato-
reductores, entre otros, podria afectar gravemente la integridad de las barreras mediante el
aumento de la presion, asi como dar lugar a la corrosion de los contenedores que protegen los
residuos mediante la formacion de H>S (Bagnoud et al., 2016a; 2016b). Por otro lado, es bien
sabido el efecto que pueden ejercer determinados microorganismos sobre la solubilidad, y por
tanto sobre la movilidad, de los radionuclidos a través de procesos como bioacumulacion
intracelular, biotransformacion, biosorcion, biomineralizacion o quelacion (Shukla et al., 2017).
Estos procesos podrian ser beneficiosos o perjudiciales para la seguridad de los AGPs, segiin
tenga lugar la movilizacion o la inmovilizacion del radiontclido en cuestion. Sin embargo, hasta
la fecha, no son muchos los estudios realizados acerca del posible impacto de microorganismos
aislados de materiales de referencia para los AGPs sobre la movilizacion de radionuclidos

caracteristicos de residuos radiactivos.

En esta tesis doctoral se estudido por primera vez la influencia que ejerce la cepa bacteriana
Stenotrophomonas bentonitica BII-R7 sobre la movilidad de elementos caracteristicos de
residuos radiactivos como el selenio (Se) y el curio (Cm), y de representantes de actinidos

trivalentes (An"

) como el europio (Eu), simulando las condiciones presentes en los AGPs. Para
ello se empled una metodologia multidisciplinar que consistié principalmente en el uso de

técnicas espectroscopicas, microscopicas, microbioldgicas, radioquimicas y de quimica hiimeda.

La caracterizacion a nivel molecular, fisiologico y bioquimico de la cepa de estudio permitio su
clasificacion como nueva especie bacteriana dentro del género Stenotrophomonas. El nombre
Stenotrophomonas bentonitica BII-R7 fue finalmente escogido en referencia al tipo de arcilla de

donde fue aislada. La identificacion en el genoma de la cepa de estudio de genes que codifican
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para enzimas implicadas en la interaccion con elementos caracteristicos de residuos radiactivos,
tales como el Se (ej. glutation reductasa, tiorredoxina reductasa, etc.), y algunos actinidos como
el uranio (U) (ej. fosfatasas), indic6 su enorme potencial de interaccion con los mismos
(Sanchez-Castro et al., 2017b). De hecho, estudios previos realizados mostraron la capacidad de
S. bentonitica para tolerar concentraciones de U de hasta 6 mM (Lopez-Fernandez et al., 2014).
Se han descrito otras especies dentro del género Stenotrophomonas por su capacidad para
interaccionar con metales pesados y otros elementos toxicos, afectando a su especiacion
quimica y por tanto a su solubilidad y movilidad por el medio ambiente. Por ejemplo, la cepa S.
maltophilia Sm777 tolera una amplia gama de elementos conocidos por su peligrosidad para el
medio ambiente como son el selenio, el cadmio, el telurio, el cobre, la plata, el uranio y el
plomo, entre otros (Pages et al., 2008). Otra cepa dentro de esta especie, S. maltophilia
SeITE02, presenta una elevada resistencia al selenito (Se'") a través de su reduccion a selenio
elemental (Se”) de menor movilidad (Lampis et al., 2017). Por todo lo citado anteriormente, se
estudio la influencia ejercida por S. bentonitica sobre la movilidad de Se, Cm y Eu utilizando

condiciones semejantes a las que tendran lugar en los futuros AGPs.

Los primeros estudios demostraron la capacidad de S. bentonitica de reducir Se'" a Se” bajo
condiciones aerobias y a temperatura ambiente, tal y como reflejo la produccion de precipitados
de color rojizo en los cultivos. Esta bioreduccion es posible gracias a los elevados niveles de
tolerancia al Se" que present6 la cepa de estudio, siendo 400 mM la concentracién minima
inhibitoria (CMI). Estos resultados indicaron una resistencia al Se'¥ muy elevada en
comparacion con otras especies bacterianas dentro del género Stenotrophomonas, como S.
maltophilia SeITE02 y S. maltophilia Sm777, capaces de tolerar Se' hasta una concentracién
de 50 mM (Di Gregorio et al., 2005; Pages et al., 2008). El crecimiento bacteriano de S.
bentonitica en presencia de Se'" presentd una prolongacion en la fase de adaptacion de unas 48
horas, cuando alrededor del 50% del Se'" estaba presente en solucion. Este hecho sugirié que
durante este periodo probablemente se lleva a cabo una expresion diferencial de genes que
codifican para enzimas implicadas en la tolerancia al Se'¥. Después de la fase de adaptacion, el
crecimiento se vio negativamente afectado en comparacion con cultivos bacterianos en ausencia
de Se'". El crecimiento éptimo de los cultivos tratados con Se'" (0.1-2 mM) se alcanzo6 una vez
el 100% de Se'v ha sido reducido, tal y como reflejaron los resultados obtenidos mediante
cromatografia liquida (HPLC-high-performance liquid chromatography) acoplada a
espectrometria de masas (ICP-MS- inductively coupled plasm-mass spectometry). Se trata, por
tanto, de un proceso tremendamente eficaz con unos porcentajes de eliminacion superiores a los
de otras bacterias como S. maltophilia SeITE02, la cual reduce el 86% de Se'" presente tras 192
horas de incubacién con una concentracién inicial de 2 mM de Se' (Lampis et al., 2017). De la

misma forma que el crecimiento bacteriano, la viabilidad y la actividad metabdlica se vieron
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afectadas negativamente tal y como indicaron los resultados de citometria de flujo. A pesar de

ello, las células de S. bentonitica se mantuvieron viables y activas en presencia de Se'".

El Se” producido como consecuencia de la reduccién se acumuld en forma de nanoparticulas.
Mediante el uso de microscopia electronica y de varias técnicas espectroscopicas, se observo
que estas nanoparticulas presentaron diferentes morfologias (esferas, hexagonos, poligonos y
nanofibras/nanohilos-del inglés nanowires) y propiedades cristalinas (amorfas y trigonales). La
produccion de nanoesferas de Se como consecuencia de la actividad reductora bacteriana a
temperatura ambiente se ha estudiado previamente en numerosas cepas bacterianas como
Rhodopseudomonas palustris N, S. maltophilia, Methylococcus capsulatus, o Methylosinus
trichosporium OB3b (Dungan et al., 2003; Eswayah et al., 2017; Lampis et al., 2017; Li et al.,
2014b). Sin embargo, la formacion bioldgica de estructuras cristalinas en forma de nanowires,
hexagonos o poligonos no se ha descrito en amplitud. Por lo que sabemos, tan so6lo los estudios
de Wang et al. (2010) demostraron la produccion de nanoesferas y nanowires de Se a
temperatura ambiente por la bacteria Bacillus subtilis. Mas comunmente si se ha observado la
formacion de cristales de Se (nanowires, hexagonos) través de procesos quimicos que incluyen
elevadas temperaturas (Chen et al., 2010; Ho et al., 2010). Es bien sabido que, desde un punto
de vista termodindmico, las altas temperaturas pueden dar lugar a la formacion de cristales de Se
a partir de Se de naturaleza amorfa (Minaev et al., 2005). Por ello, este estudio proporciona un
método sencillo, barato y respetuoso con el medio ambiente para la formacion de nanoparticulas
de selenio (SeNPs) tanto cristalinas como amorfas, conocidas por su uso en numerosas

aplicaciones tanto médicas como industriales (Wadhwani et al., 2016).

Durante las primeras 24 horas de incubacion tiene lugar la produccion, mayoritariamente a nivel
intracelular, de nanoparticulas esféricas de naturaleza amorfa (a-Se) por parte de las células de
S. bentonitica. Tras 48-72 horas estas nanoesferas son liberadas por las células a nivel
extracelular, probablemente a través de procesos de lisis celular, donde se empiezan a acumular
formando grandes agregados. El analisis con espectroscopia de Raman de estos agregados
sugirieron que un proceso de cristalizacion tiene lugar en los mismos, al detectarse la presencia
de estructuras cristalinas. Finalmente, tras 144 horas de incubacion, diferentes tipos de SeNPs
cristalinas se empezaron a observar. El analisis estructural de estos cristales se realiz6 mediante
una combinacion de técnicas como difraccion de rayos X (XRD-X-ray diffraction),
espectroscopia de Raman, transformada rapida de Fourier (FFT-Fast Fourier Transform) y
difraccion de electrones (SAED-selected-area electron diffraction), los cuales indicaron su
estructura trigonal (t-Se). Estas nanoestructuras cristalinas se observaron formando hexagonos,
estructuras poligonales y nanowires. Es bien sabido que la forma de las nanoestructuras afecta a

su estabilidad coloidal y a su carga superficial, lo que a su vez influye a su movilidad. Jain et al.
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(2017) demostraron la menor estabilidad coloidal y movilidad de nanowires de Se en
comparacion con nanoesferas de Se, ambos producidos bioldgicamente por lodos granulares
anaerobicos. Ademas, se ha descrito con anterioridad que la cristalizacion de SeNPs aumenta su
sedimentacion, y por tanto, su inmovilizacion a través del ambiente (Lenz et al., 2009). Por todo
lo citado anteriormente, la formacion de nanowires cristalinos de t-Se por las células de S.
bentonitica podria ser beneficiosa en cuanto a la seguridad de los AGPs de residuos radiactivos

debido a su bajo grado de movilidad.

Estos resultados sugirieron que un proceso de transformacion desde nanoesferas de Se amorfas
a estructuras de Se cristalinas (trigonales) con respecto del tiempo tiene lugar. Wang et al.
(2010) indicaron previamente un mecanismo de transformacion de nanoesferas de Se
monoclinico (m-Se) a nanowires de t-Se dependiente del tiempo por la bacteria B. subtillis.
Segtin ellos, las proteinas celulares sintetizadas por esta bacteria juegan un papel crucial durante
este proceso. Ademds de intervenir en la captura y reduccion de los iones de Se', las proteinas
excretadas por B. subtilis parecen servir como punto de anclaje, permitiendo la acumulacion y
agregacion de las nanoparticulas producidas. Esta agregacion podria ser una fase esencial para
la formacion de nanowires de t-Se segun el modelo presentado por Wang et al. (2010).
Mediante microscopia electronica se observo que las SeNPs producidas por S. bentonitica se
encuentran envueltas en una matriz de materia organica e incluso parecen acumularse en torno a
unos filamentos que podrian tratarse de proteinas tipo flagelo. Estos hechos sugieren el posible
rol de la materia organica, incluyendo proteinas y filamentos tipo flagelo, en la agregacion de
nanoparticulas y por tanto en el proceso de transformacion. El analisis mediante espectroscopia
infrarroja (ATR-FTIR-attenuated total reflectance-Fourier transform infrared spectroscopy) y
de fotoelectrones emitidos por rayos X (XPS-X-ray photoelectron spectroscopy) de las SeNPs
purificadas permiti6 la deteccion de altas concentraciones de grupos amino y de aminoacidos,
confirmando la presencia de proteinas en la matriz organica que las rodea. De forma similar a
los estudios de Wang et al. (2010), otros trabajos indicaron la importante funcion de las
proteinas en la nucleacion y ensamblado de las SeNPs producidas por las especies bacterianas
Thauera selenatis y Bacillus oryziterrae (Bao et al., 2016; Debieux et al., 2011). En este
sentido, la agregacion de nanoesferas de Se sintetizadas por S. bentonitica, junto con su
transformacion y cristalizacion, podrian permitir su inmovilizacion en los alrededores de los
sistemas de almacenamiento de residuos radiactivos. Estudios protedomicos sobre esta
interaccion selenio-bacteria aportarian gran informacion sobre los mecanismos implicados en la
sintesis y transformacion de estas nanoparticulas y, finalmente, sobre el efecto que S.

bentonitica podria tener sobre la movilizacion de Se en el concepto de los AGPs.
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La especiacion y la estructura local de las nanoparticulas producidas tras la reduccion de Se'" se
caracterizaron mediante espectroscopia de absorcion de rayos X (XAS-X-ray absorption
spectroscopy). En base a las energias de ionizacion del electron K de Se obtenidas en la region
XANES (X-ray absorption near-edge structure) se identifico el estado de oxidacion 0 (Se°) de
los productos de Se reducidos, tal y como sugirido previamente la coloracion rojiza de los
cultivos bacterianos. Por otra parte, los parametros estructurales obtenidos en la region EXAFS
(extended X-ray absorption fine-structure) indicaron la presencia de dos esferas de coordinacion
con una distancia radial de enlace de 2.34-2.35 + 0.02 A, para la primera esfera (Se-Sei), y de
3.63- 3.70+ 0.02 A, para la segunda (Se-Se»). Es bien sabido que las distancias de enlace de la
esfera Se-Se; estan intimamente relacionadas con aspectos estructurales de nanoparticulas. Las
distancias de enlace de la esfera Se-Se; que oscilan entre 2.32-2.34+ 0.02 A corresponden con
una estructura de Se amorfa o monoclinica (Minaev et al., 2005; Zhao et al., 1999), mientras
que aquellas distancias sobre 2.37 + 0.02 A estan relacionadas con Se trigonal (Popov, 1976).
Por tanto, las distancias de enlace oscilantes entre 2.34-2.35 + 0.02 obtenidas en nuestras
muestras para la esfera Se-Se; podria corresponder a una distancia media procedente de las tres
estructuras mencionadas (amorfo, monoclinico y trigonal). Esta hipdtesis se encuentra apoyada
por la presencia de a-Se y t-Se detectados previamente mediante los analisis con microscopia
(HAADF/STEM-high angle annular dark field scanning transmission electron microscopy y
VP-FESEM-variable pressure field emission scanning electron microscopy) (Ruiz-Fresneda et
al., 2018; Capitulo II; Capitulo III). Las distancias de enlace obtenidas para la esfera Se-Se,
oscilantes entre 3.63- 3.70+ 0.02 A podrian corresponder a Se cristalino de acuerdo con los
estudios de Eswayah et al. (2017), cuyos resultados indicaron la presencia de cristales de Se
producidos por las bacterias M. capsulatus y M. Trichosporium con una distancia de enlace en
la esfera Se-Se> de 3.69 A. Por otro lado, Scheinost y Charlet (2008) indicaron que la distancia
de enlace 3.67-3.69 A encontrada en Se reducido por minerales de Mackinawita corresponde a
una estructura monoclinica. En definitiva, los resultados obtenidos con EXAFS parecen indicar
la presencia de Se amorfo, monoclinico y/o trigonal en las nanoestructuras producidas por S.
bentonitica. Este hecho, junto con los altos valores obtenidos del factor Debye-Waller (%) en
las nanoestructuras producidas a tiempos menores (24 h), en comparacion con las producidas
tras 72 y 144 h, concuerdan muy bien con el proceso de transformacion y cristalizacion

propuesto.

La produccion de seleniuros volatiles metilados tales como DMDSe (dimethyl diselenide) y
DMSeS (dimethyl selenenyl sulphide) por S. bentonitica proporciond una nueva via para la
eliminacion de Se'¥ debido a la menor solubilidad y biodisponibilidad de los mismos (Ranjard
et al., 2003). Estos resultados confirmaron la transformacion del Se reducido por S. bentonitica

a Se en el estado de oxidacion —II. La biometilacion es un proceso que implica reacciones de
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reduccion cuando la forma inicial es Se"’, Se'" o Se” (Eswayah et al., 2016). Tanto la reducciéon
como la biometilacion son procesos considerados de detoxificacion para los microorganismos,
ya que los compuestos de Se metilados son entre 500 y 700 veces menos toxicos que los
oxoaniones de Se (Ranjard et al., 2003). Por este motivo, S. bentonitica podria tener una
influencia potencialmente positiva sobre la seguridad de los AGPs mediante la conversion del

Se toxico en especies metiladas con una menor solubilidad y toxicidad.

La reduccién de Se'¥ mediada por S. bentonitica también se estudié en condiciones anaerdbicas,
alcalinas y en presencia de determinados nutrientes y fuentes de electrones con el fin de simular
las condiciones que estaran presentes en los sistemas de AGP. La produccion de precipitados
rojos en los cultivos de S. bentonitica revelaron la capacidad de esta bacteria en reducir Se'" a
Se” anaerdbicamente. De entre las diferentes fuentes utilizadas como donador y aceptor de
electrones, fue en presencia de acetato y nitrato cuando se observaron las mayores tasas de
reduccién. Bajo estas condiciones también se observo que la reduccion de Se' tiene lugar desde
pH neutro hasta pH 10. Estos resultados sugirieron que la reduccion de Se'¥ podria ocurrir en
los sistemas de AGP una vez domine un ambiente anaerobio y alcalino tras el cierre de los
mismos. Ademas, la presencia de productos de degradacion, nutrientes y fuentes de electrones
en estos sistemas (Abrahamsen et al., 2015) podria aumentar la eficiencia de reduccion. Sin
embargo, estas condiciones fueron realmente desfavorables para las células ya que no se
observd crecimiento bacteriano. Los resultados de citometria de flujo indicaron una menor
viabilidad y actividad celular en comparacion con los datos obtenidos en aerobiosis (Capitulo
III), especialmente tras 144 horas de incubacion cuando la transformacion de las nanoesferas de
Se tiene lugar. De forma similar a los experimentos realizados bajo condiciones aerobias, los
productos de la reduccion de Se se acumularon alrededor de filamentos y materia de origen
organico en forma de nanoesferas (distribuidas individualmente y formando agregados),
nanowires y otros tipos de nanoestructuras, tras 144 horas de incubacion. La presencia de
nanowires cristalinos (t-Se), asi como de fases termodinamicas de Se intermedias (a-Se y m-Se)
de las nanoesferas, confirmaron que tiene lugar un proceso de transformacion similar al
previamente descrito en Ruiz-Fresneda et al. (2018) (Capitulo II). La menor cantidad de
nanoestructuras cristalinas observadas en anaerobiosis y alcalinosis, sugirid que S. bentonitica
requiere mayores tiempos de incubacion para la formacion de cristales de Se bajo estas
condiciones. Analisis previos realizados mediante HAADF/STEM sobre muestras incubadas en
aerobiosis durante 15 y 30 dias apoyaron esta hipotesis, al mostrar una mayor cantidad de
cristales de Se con el tiempo. Por ello, un proceso de transformacion con mayor lentitud parece
tener lugar, probablemente debido al menor crecimiento, viabilidad y actividad celular

existentes bajo estas condiciones de mayor estrés.
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En definitiva, la reduccion a Se’ podria tener una influencia positiva en cuanto a la seguridad de
los futuros almacenamientos de residuos, debido a la menor movilidad del Se en este estado de
oxidacion. Sin embargo, también hay que tener en cuenta la toxicidad segun la forma y
cristalinidad de los productos de reduccion. Benko et al. (2012) demostraron que las nanoesferas
de Se son menos toxicas que los oxoaniones SeY' y Se'V. Otros estudios indicaron que la
toxicidad depende de la especie que se utilice como referencia. Por ejemplo, los experimentos
llevados a cabo en el pez Oryzias latipes parecen indicar la mayor toxicidad de SeNPs en
comparaciéon con Se'v (Li et al., 2008). Por ello, estudios en mayor profundidad sobre la
movilidad y toxicidad de nanoesferas de Se deben realizarse para determinar el papel de esta
bacteria en estos sistemas. Por el contrario, tal y como se ha discutido anteriormente, se ha
descrito la menor movilidad de las nanoestructuras de Se cristalinas y en forma de nanowires
producidas biologicamente (Jain et al., 2017; Lenz et al., 2009). Por esta razon, S. bentonitica
podria tener una influencia positiva sobre la seguridad de los AGPs.

11

Ademas de elementos como el Se, una gran diversidad de An", como por ejemplo el Cm",

estan presentes en los residuos radiactivos. La bacteria de estudio de esta Tesis Doctoral

1II 11

demostrd su habilidad para interaccionar con el Cm"™, conocido representante de An', y el Eu",

conocido representante inactivo de An"

, mediante una combinacion de numerosas técnicas
espectroscopicas y microscopicas que proporcionaron uno de los estudios mas completos
realizados hasta la fecha. Debido a su inactividad y menor peligrosidad, desde un punto de vista
radiactivo, el Eu' se utilizé principalmente para la realizacion de los experimentos, tanto en
condiciones aerobias como anaerobias relevantes en el ambito de los AGPs. Estudios
potenciométricos revelaron la presencia de grupos funcionales en la superficie celular de S.
bentonitica que podrian servir como sitios de unién para el Eu': grupos carboxilo (pKa 3-5),
grupos fosfato (pKa 6-7), grupos hidroxilo y grupos amino (pKa>8). Trabajos anteriores ya
indicaron la capacidad de sorcion de Eu, Cm, y U por grupos carboxilo y fosfato de superficies
celulares bacterianas como B. subtilis, P. fluorescens, S. putrefaciens (Haas et al., 2001; Moll et
al., 2013; Yao et al., 2016). La concentracion de grupos carboxilo, amino e hidroxilo obtenidas
mediante el uso de ProtoFit 2.1 fueron similares en presencia y en ausencia de Eu'". Es probable
que el proceso de sorcién de Eu™ por estos grupos sea reversible a pHs bajos o que la cantidad

de grupos involucrados en la union sea demasiado pequefia para ser detectada mediante este

método. Sin embargo, la concentracion de grupos fosfato fue considerablemente menor en

1T I

presencia de Eu™". Esto sugiri6 una fuerte union del Eu™ a los fosfatos de la superficie celular de
S. bentonitica, haciéndolos inaccesibles a la reaccion protonacion/desprotonacion y por tanto a
su medida. La concentracion de grupos fosfato en la superficie celular de S. bentonitica (10.78 +
0.31 x 10™* mol/g) fue considerablemente mayor que en otras bacterias como Sphingomonas sp.

S15-S1 (3.16 £ 0.56 x 10* mol/g) y B. sphaericus JG-7B (2.19 £ 0.25 x 10* mol/g) (Merroun et
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al., 2011). Este hecho destaco la potencial alta capacidad de unioén a metales y otros elementos

toxicos de S. bentonitica.

La técnica de ATR-FTIR aporté mas informacion sobre la naturaleza de los grupos funcionales

1

bacterianos implicados en la interaccion con Eu . Los espectros de S. bentonitica en contacto

1

con Eu™ mostraron un desplazamiento en la banda de tension simétrica correspondiente a

grupos carboxilato (1400 cm™ aproximadamente) hacia frecuencias mas bajas en comparacion

" Numerosos estudios han

con los espectros control de S. bentonitica en ausencia de Eu
establecido una relacion empirica entre la posicion de las bandas de tension simétricas y
asimétricas de los grupos carboxilato (Vsym coo’, Vasym coo’) y la diferencia de frecuencia entre
ellas (Av) (Chu et al., 2004; Deacon y Phillips, 1980; Nakamoto, 2008; Tackett, 1989). Segin
estos trabajos, los valores de diferencia de frecuencia (Av) varian de forma descendente segun el
tipo de complejo formado de la siguiente manera: Avunidentado > AVpuente ~ AVién tibre > AVquelante
(bidentado). 1Tas examinar cuidadosamente los espectros infrarrojos de muchos acetatos con

estructuras cristalinas de rayos X conocidas, Chu et al. (2004) y Deacon y Phillips (1980)

llegaron a la conclusion de que:

» Para los complejos unidentados, la diferencia de frecuencia es superior a 200 cm™ (Av
>200 cm™) y la posicion de las bandas de tensién de COO™ simétrico (Vsym coo’)

generalmente se desplaza hacia frecuencias menores.

= Para los complejos quelantes bidentados, la diferencia de frecuencia es inferior a 100
cm™ (Av <100 cm™) y la posicion de las bandas de tension de COO™ simétrico (Vsym coo’)
y del asimétrico (Vasym coo’) se desplazan hacia frecuencias mayores y menores,

respectivamente.

* Para los complejos puente, la diferencia de frecuencia es aproximadamente 160 cm™ (Av
~ 160 cm™) y la posicion de las bandas de tensién de COO™ simétrico (Vsym coo’) y del

asimétrico (Vasym coo’) pueden desplazarse en cualquier direccion (Chu et al., 2004).

En presencia de Eu", la tension asimétrica de los grupos carboxilato (Vasym coo’) no se puede
observar por superposicion con la banda de las amidas secundarias (Amida II), por lo que es
dificil determinar si hay un desplazamiento de esta banda hacia otras frecuencias. Lo que si
parece seguro es que no muestra un desplazamiento significativo, ya que sobrepasaria el pico de
las amidas II. Por otro lado, en presencia de Eu'", la tension simétrica de los grupos carboxilato
(Vsym coo’) se desplaza unos 15 cm™ hacia frecuencias menores. Todo ello parece indicar que la

diferencia de frecuencia entre la tension simétrica y la asimétrica debe estar sobre los 150 cm™,
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sugiriendo que los grupos carboxilo de las macromoléculas presentes en la superficie celular de

M Ademas, la menor intensidad de

las células de S. bentonitica forman complejos puente con Eu
la banda a 933 cm™ correspondiente a bandas de tension de O-P-O asimétrico (Dittrich y Sibler,
2005; Jiang et al., 2004; Yee et al., 2004) en los espectros de células expuestas a Eu', indicé la
posible interaccion de los grupos fosfato con este elemento. Al igual que las técnicas anteriores,
el analisis de la composiciéon elemental a nivel superficial de estas muestras mediante XPS
también indic6 la presencia de grupos fosfato. Ademas, el pico correspondiente a Eusq (1135

eV) fue atribuido a la unién de Eu™

con grupos carboxilo procedentes de moléculas organicas,
tales como acetato (Mercier et al., 2006). Este hecho sugirié el importante papel de los grupos
carboxilo de aminos acidos (ej. acido glutamico) presentes en las paredes celulares de S.

bentonitica en la acomplejacion de Eu™

, tal y como indicaron los resultados obtenidos por
Merroun et al. (2005) en la interaccion de paladio con la capa S de B. sphaericus. En definitiva,
los estudios potenciométricos, junto con las técnicas de espectroscopia (ATR-FTIR y XPS)
demostraron que los grupos fosfatos y carboxilo presentes en las superficies celulares de S.

bentonitica parecen intervenir en la complejacion de Eu'™.

Con el fin de confirmar estos resultados y aportar una caracterizacion mas completa, se utilizo la
espectroscopia de  fluorescencia  (TRLFS-time-resolved  laser-induced  fluorescence
spectroscopy). Mediante esta técnica se compard la complejacion de Eu™ y de Cm", como

analogo activo de Eu™

, por la bacteria S. bentonitica en condiciones aerobias y anaerobias
relevantes para los sistemas de AGP. Los parametros obtenidos mediante esta técnica (energia
de las bandas de emision y tiempos de vida de fluorescencia de los complejos formados)
indicaron la complejacion de Eu™/Cm™ con grupos fosforilo y carboxilo de la superficie celular
y de sustancias liberadas por la bacteria. De acuerdo con estos resultados, procesos microbianos
como la biosorcion y la bioprecipitacion podrian estar implicados en la interaccion.
Comparando nuestros resultados con estudios previos, probablemente los complejos formados
se encuentren en forma de R-O-POs-Eu?* y R-COO-Eu** (Moll et al., 2014; Texier et al., 2000).

I

Los complejos de Eu™ formados por S. bentonitica parecen presentar propiedades similares a

los complejos R-O-PO;H-Eu** observados en las envueltas celulares de la bacteria Sporomusa
sp. MT-2.99 (Moll et al., 2014) tal y como revelaron los tiempos de vida largos obtenidos. Por
otro lado, los sitios de union caracterizados por los tiempos de vida cortos parecen interaccionar

1T

con Eu™ de forma semejante a los complejos R-COO-Eu*" observados en la superficie celular

de Sporomusa sp. MT-2.99 y P. fluorescence (Moll et al., 2014). Resultados similares se
obtuvieron por Lopez-Fernandez et al. (2018b) con la levadura Rhodotorula mucilaginosa,

1II

capaz de interaccionar con Eu'™ y Cm™ a través de grupos carboxilo y fosfato.

179



Finalmente, los analisis de microscopia electronica (HAADF/STEM) revelaron la presencia de
acimulos de Eu" principalmente alrededor de la superficie bacteriana de S. bentonitica. En

menor medida, los complejos de Eu™ formados se localizaron extra e intracelularmente. La

I

deteccion de fosforo (P) en los precipitados de Eu™ coincide con los resultados que indicaron la

1T

implicacion de los grupos fosfato en la complejacion de Eu™ y Cm'. Por consiguiente, la

interaccion de S. bentonitica con Eu'

ocurre principalmente mediante un proceso de biosorcion
a través de las superficie bacteriana. Sin embargo, la presencia de actimulos extra e
intracelulares sugirid que otros procesos como la bioacumulacion o la bioprecipitacion podrian
estar involucrados. Este hecho concuerda con los estudios cinéticos de adsorcion de Eu™ por
esta bacteria, que también indicaron la posible participacion de varios mecanismos de
interaccion. Las micrografias de HAADF/STEM también mostraron la formacion de vesiculas

de membrana externa en células expuestas a Eu'

. Este proceso podria estar implicado en el
mecanismo de interaccion con este elemento. Algunas bacterias Gram-negativas producen estas
vesiculas en respuesta a agentes de estrés como mecanismo de proteccion mediante su
acumulacion y liberacion al espacio extracelular (Jan, 2017; Klimentova y Stulik, 2015;
Toyofuku et al., 2019). Por tanto, la presencia de acimulos de Eu' extracelulares podria ser
consecuencia de su liberacion desde el interior celular a través de la formacion de vesiculas. Por
lo que sabemos, esta es la primera vez que se describe este mecanismo de formacion de

vesiculas por bacterias Gram-negativas en respuesta a estrés inducido por Eu™

. Este proceso es
completamente diferente del presentado anteriormente en respuesta al Se'Y, donde las
nanoesferas de Se reducido localizadas intracelularmente podrian liberarse tras la lisis celular.
Este hecho destaca la versatilidad de S. bentonitica a la hora de responder frente a diferentes

agentes estresantes.

Procesos microbianos como la biosorcion pueden dar lugar a la eliminacion de metales y
compuestos contaminantes de soluciones acuosas a través de la inmovilizacion de la biomasa
microbiana en soportes inertes (Gadd, 2004). De hecho, el uso de estos dispositivos en
biorreactores esta actualmente adquiriendo una gran atencion para fines en biorremediacion. La
inmovilizacion de microorganismos a través de la formacion de biopeliculas en ciertos
minerales de las bentonitas u otros materiales presentes podria dar lugar, a su vez, a la
inmovilizacion de radiontclidos bioadsorbidos dentro del marco de los AGPs. Genes
implicados en la formacion de biopeliculas como flhA, fIhB, fliR, fliQ, fliP, fliN, fliM
(involucrados en la formacion de estructuras de superficie para la adhesion celular durante la
formacion de biopeliculas) (Niba et al., 2007), y slp (codificante para lipoproteinas estructurales
de membrana externa relevantes en las fases iniciales de la formacion de biopeliculas) (Prigent-
Combaret et al., 1999) han sido descritos en el genoma de S. bentonitica (Sanchez-Castro et al.,

2017b; GenBank accession number MKCZ00000000). Como consecuencia de ello, esta cepa
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podria influir positivamente en la seguridad de estos almacenamientos. Sin embargo, la
biosorcion también podria dar lugar a la movilizacion de radionuclidos, ya que los
microorganismos podrian dispersarse a través de aguas subterraneas. Después de la biosorcion,
un proceso generalmente rapido (Gadd, 2009), procesos de bioprecipitacion a largo plazo
podrian tener lugar, tal y como sugirieron los resultados obtenidos mediante los estudios
cinéticos y los precipitados de Eu extracelulares observados con HAADF/STEM. La
bioprecipitacion induciria la inmovilizacion de radionuclidos ya que da lugar a la formacion de
precipitados insolubles a partir de elementos solubles que precipitan con ligandos liberados por
la célula (fosfatos, etc.) (Rui et al., 2013; Shukla et al., 2017). La viabilidad y actividad
metabolica de S. bentonitica bajo condiciones aerdbicas apenas se vio afectada por la presencia
de Eu", donde practicamente el 99% de las células se mantuvieron viables y activas. Esto

" debido a su

permitiria a las células liberar fosfatos inorganicos que podrian precipitar con Eu
actividad fosfatasa previamente descrita (Sanchez-Castro et al., 2017a; Sanchez-Castro et al.,
2017b). Sin embargo, el estudio de la estructura local de estos complejos a través de XAS seria
necesario para confirmar la bioprecipitacion. Por todo lo indicado anteriormente, S. bentonitica
podria afectar positivamente la seguridad de los futuros almacenamientos mediante la

inmovilizacion de An'

a través de su biosorcion y de su potencial habilidad para formar
biopeliculas dentro del sistema de AGP. Por otro lado, la bioprecipitacion de actinidos presentes
en los alrededores de los AGPs podria conducir a su inmovilizacion, afectando positivamente a
la seguridad de los mismos. Finalmente, la poca cantidad de precipitados de Eu intracelulares,
descarta la bioacumulacién como un proceso con un impacto significativo en la seguridad de los
AGPs. En cualquier caso, es dificil determinar la influencia de S. bentonitica, ya que diferentes

mecanismos de interaccion con Cm™ y Eu™

podrian llevarse a cabo. En este sentido, serian
necesarias mas evidencias para demostrar el papel especifico que esta bacteria tendra en la

seguridad de los almacenamientos de residuos radiactivos.
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CONCLUSIONES

Los resultados obtenidos durante el desarrollo de esta Tesis Doctoral nos permiten establecer las

siguientes conclusiones:

1. Los analisis moleculares y fenotipicos confirmaron de manera inequivoca que la cepa de
estudio de esta Tesis Doctoral (Stenotrophomonas sp. BII-R7) representa una nueva especie
bacteriana dentro del género Stenotrophomonas, para la cual el nombre Stenotrophomonas

bentonitica fue propuesto.

2. S. bentonitica es capaz de reducir Se'¥ a Se” bajo condiciones aerobias, anaerobias y alcalinas
de relevancia en los futuros sistemas de almacenamiento de residuos radiactivos dando lugar a
la formacion de nanoparticulas de Se con diferente morfologia (esferas, hexagonos, poligonos y

nanofibras/nanohilos) y estructura (amorfa y cristalina).

3. Un proceso de transformacion dependiente del tiempo desde nanoesferas de Se amorfo (a-Se)
a nanoestructuras de Se trigonal (t-Se) cristalino, mediante la formacion de Se monoclinico (m-
Se) cristalino como fase intermedia, parece tener lugar. Esta transformacion sucede mas
lentamente bajo un ambiente andxico y alcalino en comparacion con un ambiente aerdbico,
probablemente debido a la menor proliferacion celular, viabilidad y actividad metabdlica de S.

bentonica ante estas condiciones de mayor estrés.

4. El material proteico que envuelve las nanoparticulas de Se, junto con los filamentos proteicos
tipo flagelo caracteristicos de este género bacteriano, parecen tener un papel primordial en el

proceso de transformacion al permitir la agregacion de las nanoesferas.

5. La produccién de compuestos volatiles metilados de Se (DMDSe y DMSeS) por las células
de S. bentonitica reveld la volatilizacion como otro de los mecanismos implicados en la

interaccion con Se.

6. Los resultados obtenidos sobre las interacciones con Se sugieren una potencial influencia
positiva de las células de S. bentonitica sobre la seguridad de los almacenamiento de residuos
radiactivos, debido a la conocida menor movilidad y toxicidad de los productos de reduccion de

Se obtenidos.
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7. La combinacion de una amplia variedad de técnicas espectroscopicas (TRLFS, XPS, FTIR,

My Cm"™ mediante un proceso de

etc.) demostrd la interaccion de S. bentonitica con Eu
biosorcion. Los grupos carboxilo y fosforilo presentes en las superficies celulares y en agentes
acomplejantes liberados al medio extracelular parecen intervenir en la interaccion,

probablemente en forma de complejos R-COO-Eu**y R-O-PO;-Eu?".

8. La presencia de precipitados de Eu™ observados mediante microscopia (STEM-HAADF)
tanto a nivel de superficie como extracelular e intracelularmente sugirié que otros mecanismos
de interaccion, ademas de la biosorcion, como la bioacumulacién y la bioprecipitacion podrian
estar involucrados.

'y Cm™ sugieren el potencial efecto

9. Los resultados obtenidos sobre las interacciones con Eu
positivo de S. bentonitica sobre la seguridad de los futuros almacenamientos de residuos
radiactivos mediante la inmovilizacién de actinidos trivalentes, principalmente a través de su

biosorcion y posible bioprecipitacion.
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CONCLUSIONS

The results obtained in the present Doctoral Thesis allow us to establish the following

conclusions:

1. The molecular and phenotypic analysis confirmed unequivocally that the strain of study of
this Doctoral Thesis (Stenotrophomonas sp. BII-R7) represents a new bacterial species within

the genus Stenotrophomonas, for which the name Stenotrophomonas bentonitica was proposed.

2. S. bentonitica is able to reduce Se' to Se” under aerobic, anaerobic, and alkaline conditions
of relevance in the future repository system of radioactive wastes, producing Se nanoparticles
with different morphology (nanospheres, hexagons, polygons, and nanowires)) and structure

(amorphous and crystalline).

3. A time-dependent transformation process of amorphous Se (a-Se) nanospheres to crystalline
trigonal Se (t-Se) nanostructures through the formation of monoclinic Se (m-Se) as intermediate
phase seem to occur. This transformation is slower under anoxic and alkaline environments
comparing with aerobic conditions, probably due to the lower cellular proliferation, viability,

and activity of S. bentonitica under these more stressful conditions.

4. The protein material capping the Se nanoparticles and flagella-like proteins characteristic of
this bacterial genus, seem to play an important role in the transformation process enabling the

aggregation of the nanospheres.

5. The production of volatile methylated compounds of Se (DMDSe y DMSeS) by the cells of
S. bentonitica pointed out volatilization as another of the mechanisms involved in the

interaction with Se.

6. The results obtained on the interactions with Se suggest a potential positive impact of S.
bentonitica cells on the safety of the repository system of radioactive waste, due to the well-

known lower mobility and toxicity of the Se reduction products.

7. The combination of a wide variety of spectroscopic techniques (TRLFS, XPS, FTIR, etc.)

11

demonstrated the interaction of S. bentonitica with Eu m

y Cm™ through a biosorption process.

Carboxyl and phosphoryl groups from cell envelopes and complexing agents released to the
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extracellular matrix seem to play an important role in the interaction most probably in the form

of R-COO-Eu*" and R-O-PO;-Eu?* complexes.

8. The presence of Eu'" precipitates observed extracellularly, intracellularly, and attached to the
cell surface by microscopy (STEM-HAADF) suggested that other interaction mechanisms, in
addition to biosorption, such as bioaccumulation and bioprecipitation, could be involved.

11

9. The results obtained on the interactions with Eu 1

y Cm™ suggested the potential positive
effect of S. bentonitica on the safety of future repositories of radioactive waste by the
immobilization of trivalent actinides, mainly through their biosorption and possible

bioprecipitation.
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