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Resumen

RESUMEN

La presente tesis consiste en la agrupacién de trabajos publicados basados en el estudio de la
microbiota involucrada en los procesos depuradores para el tratamiento de aguas residuales
urbanas mediante sistemas de biorreactores de membranas (MBR), asi como de un reactor de
biopelicula (MBBR) para su posible incorporacién a los sistemas MBR.

Diferentes acercamientos a los dos tipos de MBR (aerobio y anaerobio) han sido realizados
centrandose en los puntos clave de estos sistemas para el tratamiento de agua residual
urbana. Se realizd en primer lugar una evaluacion de la estructura de la biopelicula taponante
formada en un sistema anaerobio MBR a escala piloto, mediante microscopia electrénica de
barrido y dispersion de rayos X. Para su comparacion, se realizaron controles con membranas
alimentadas tanto con efluente del reactor anaerobio (UASB) como con agua residual
procedente del decantador primario. La microbiota presente en las membranas taponadas fue
ademads analizada por electroforesis en gel con gradiente de temperatura (TGGE) y
secuenciaciéon parcial de genes codificantes del 16S rRNA. Se observaron diferencias
significativas en la estructura de la comunidad bacteriana entre las diferentes biopeliculas
taponantes analizadas en las membranas UASB, particularmente después de una limpieza
quimica efectuada con NaClO, mientras que las comunidades de arqueas fueron mas similares
en todas las muestras y mas resistentes a las limpiezas quimicas. Las comunidades
predominantes identificadas estuvieron relacionadas con Firmicutes y Alphaproteobacteria, asi
como Methanosarcinales y Methanospirillaceae.

Se analizaron también las caracteristicas biolégicas de un sistema aerobio MBR a escala piloto
utilizando oxigeno puro como fuente de aireacién, en comparacion con la aireacion
convencional por aire, para el estudio de su influencia sobre la comunidad bacteriana presente
en el fango del biorreactor y los niveles de sus actividades enzimaticas hidroliticas. Asi, se
empled el analisis de redundancia (RDA) para revelar la relacidon que existe entre los niveles
enzimaticos y la variacion de la fuente de aireacidon y otros parametros operacionales,
demostrandose un efecto significativo por el efecto de la concentracién de sdlidos
suspendidos volatiles (VSS) y la temperatura, mas no por la influencia del oxigeno puro
aplicado al fango del MBR. La estructura de la comunidad bacteriana fue examinada mediante
TGGE, y no se observaron diferencias significativas en la diversidad analizada por el indice de
Shannon-Wiener (H’) ni en la organizacién funcional de la comunidad determinada mediante el
indice Fo; sin embargo, los estudios de fingerprinting realizados muestran cambios
significativos de la estructura de la comunidad microbiana dependiendo de la fuente de
aireacion utilizada. En el global de los experimentos, se revela la presencia prevalente de
poblaciones evolutivamente relacionadas con Alphaproteobacteria en el fango del biorreactor.

Por ultimo, con la finalidad de realizar un estudio a escala piloto para una posible futura
incorporacién de los sistemas de soporte en suspension (MBBR) al fango de los reactores MBR,
se analizé la comunidad bacteriana desarrollada sobre tres diferentes materiales de soporte,
que fueron analizados bajo tres diferentes tiempos de retencion hidraulica (HRT) y porcentaje
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Resumen

de relleno (FR). Mediante analisis de redundancia (RDA) se determind la relacidon entre las
condiciones operacionales (tipo de soporte, HRT y FR) y la diversidad bacteriana de la
biopelicula, demostrando que el Unico parametro estadisticamente significativo es el FR,
siendo el 6ptimo el de 50%. En estos sistemas, la comunidad predominante de las biopeliculas
consiste de Betaproteobacterias, seguida de Alpha- y Gammaproteobacteria.
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Introduccion

La contaminacion ambiental, el constante incremento de desechos téxicos, el calentamiento
global y la disminucidn en las reservas de los combustibles fdsiles constituyen actualmente
problemas prioritarios para las autoridades y gobiernos correspondientes (Kalia et al., 2008).
Por ello, durante los ultimos afios se han adoptado politicas ambientales dirigidas al manejo de
los mismos.

En materia de agua, el mal uso y manejo aplicado por el hombre ha contribuido a que Ila
calidad de la misma sea cada vez menor. Asi, el aumento en el desarrollo de industrias, el
crecimiento de la poblacion, el uso de farmacos y productos de limpieza asi como las practicas
agricolas han sido unos de los principales factores para que los recursos hidricos sufran un
consumo desmesurado y estén actualmente tan deteriorados (Trapani et al., 2010).

El término “tratamiento de agua” es un concepto amplio que implica la combinacién de
procesos y operaciones unitarias para modificar la calidad de la misma hasta el grado
requerido para el uso o disposicién a la cual se destina (Jiménez-Cisneros, 2001). Ademas del
carbono, otros de los nutrientes en materia de remocién con mas interés en el tratamiento de
aguas, son el nitrogeno y el fésforo (Metcalf y Eddy, 2003). Dentro de los sistemas bioldgicos,
el de fangos activos resulta insuficiente para la remocidn de estos nutrientes asi como la de
microorganismos patogenos (Tackett et al., 2003). En este sentido, cabe resaltar que tanto el
fosforo como el nitrégeno en forma de amonio, resultan altamente toxicos para los
microorganismos acuaticos a causa de la eutrofizacidn, y por la oxidacién de amonio a nitrito
(Plattes et al., 2007).

Dada la problematica presente en materia de agua, es necesario buscar soluciones a los
procesos bioldgicos actuales para su tratamiento, que permitan cumplir no sélo con los limites
establecidos de vertido y calidad, sino también que se amolden a las necesidades de la
poblacién por las variaciones de carga del agua residual, espacios reducidos para la ubicacién
de la planta y la minima produccion de fango.

Innumerables esfuerzos se han realizado en materia de legislacion por las autoridades
correspondientes para resolver el problema, sin embargo, las diferentes tecnologias generadas
aun siguen presentando diversas limitaciones (Le-Minh et al., 2010; Le-Clech, 2010).

Una opcion avanzada para el tratamiento de aguas residuales urbanas son los sistemas de
membranas (Le-Clech, 2010; Dereli et al., 2012). Es por ello que para la realizacién de esta tesis
se optd por el estudio de los sistemas de biorreactores de membranas, tanto anaerobio
(AnMBR) como aerobio (MBR), y el sistema de biorreactor de membrana de lecho movil
(MBBR).
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Introduccion

1. Biorreactores de Membrana (MBR).
1.1 Fundamento de los MBR

Con la creciente necesidad de mejorar la eficiencia en los procesos de tratamiento de agua
residual tanto industrial como municipal, la tecnologia de biorreactores de membranas (MBR)
ha recibido considerable atencién. Después de unas cuantas décadas de su existencia, los MBR
pueden ahora considerarse como un sistema establecido para el tratamiento de agua residual
gue compite directamente con sistemas convencionales como el de lodos activos (Le-Clech,
2010).

Sin embargo, el proceso de MBR todavia sufre inconvenientes importantes, incluyendo los
altos costos de operacién debido al empleo de estrategias anti-taponamiento para mantener
las condiciones de filtracién requeridas en el sistema. Ademads, este uso especifico de
membranas no ha alcanzado su plena madurez todavia, pues tanto proveedores como
usuarios de MBR aun carecen de experiencia en cuanto al funcionamiento a largo plazo del
sistema. Mas aun, mejoras en el disefio y operacion de los MBR han sido desarrolladas en los
ultimos afios, haciendo de los MBR una opcién de elecciéon para el tratamiento de aguas
residuales y su reutilizacién (Le-Clech, 2010).

El proceso de biorreactor de membrana (MBR) es generalmente descrito como la combinacion
de un tratamiento de biodegradacién por fango activo y la separacion liquido/sélido por
membranas de filtraciéon. La presencia de membranas de micro o ultra-filtracién permite
significativas mejoras y ventajas cuando los MBR son comparados con el proceso de lodos
activos, los cuales requieren de pasos limitantes como la sedimentacion o la coagulacion
(Stephenson y Judd, 2000; Judd, 2006; Le-Clech, 2010). La utilizaciéon de membranas como
proceso de separacion hace que se incremente la calidad del efluente producido. Al haber una
retencién fisica completa de floculos de bacterias y la mayoria de los sélidos suspendidos, los
MBR pueden ofrecer una buena capacidad de desinfeccidén, ofreciendo una reduccién de
coliformes alrededor de un promedio de 10° (Hirani et al., 2010).

La retencidon total del lodo activo en el biorreactor también permite la operacion bajo alta
concentracion de sélidos suspendidos del licor mezcla (MLSS) y elevados tiempos de retencion
de sdlidos (SRT), que posibilita a su vez el lento crecimiento de los microorganismos
responsables de la degradacion de contaminantes organicos especificos (especialmente,
compuestos nitrogenados) y el bajo rendimiento de fango, resultando en una minimizacién de
la produccién del mismo. Por otra parte, las altas concentraciones de MLSS permiten asi la
reduccion del tamafio del biorreactor (Rosenberger et al., 2002; Le-Clech, 2010), lo que unido a
la ausencia de los decantadores permite la instalacidén y operacién de las plantas en pequefios
espacios.

La figura 1.1 muestra la operacidn general de los MBR comparada con la de lodos activos. El
influente entra en el biorreactor, donde la biomasa microbiana, al igual que en el caso de los
lodos activos, permite la degradacidn biolégica de la materia orgdnica. Posteriormente, la
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Introduccion

mezcla es bombeada del biorreactor y, bajo presidn, filtrada a través de la membrana. El agua
filtrada es descargada del sistema, mientras que la biomasa microbiana es retenida en el
biorreactor. De manera periddica el exceso de lodo se purga con el fin evitar que madure. Las
membranas se limpian periddicamente, generalmente mediante lavado a contracorriente o
retrolavado, y en algunas ocasiones mediante lavado quimico o ambos.

Cubeta de aireacién Tratamiento

terciario

» Desecho

(tratamiento primario) RFA
agua residual

3 efluente
terciario

Desecho

Fig. 1.1 Comparacidon entre el proceso convencional de fango activo y MBR. (Modificado de Le-Clech,
2010).

1.2 Disefio y tipo de MBR

Desde 1980 con la primera generacién de los MBR, el disefio de los mismos ha sido crucial y
esta fundamentalmente basado en la configuracién de la membrana. De esta manera los MBR
se pueden clasificar en dos tipos;

a) Biorreactor de membrana inmersa o sumergida (sMBR). La unidad de membrana
que realiza la separacion fisica estda inmersa en el tanque bioldgico. La fuerza
impulsora a través de la membrana es alcanzada presurizando el biorreactor o creando
presiéon negativa en el lado permeado de la membrana, que es lo mas comun
(Rosenberger et al., 2002). Generalmente, se coloca un difusor de aire justo debajo del
moddulo de membrana para suministrar el aire necesario para homogeneizar el licor
mezcla. Con esto también se consigue crear un régimen turbulento de aire en la capa
limite de la membrana, que evita la formacién de biopelicula que acaba por obstruir la
membrana. En la figura 1.2 (a) se muestra un esquema de este tipo de biorreactor de
membrana (Metcalf y Eddy, 2003).
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b) Biorreactor de membrana externa o de recirculacion. En este tipo de MBR la
membrana se encuentra fuera del reactor bioldgico, y el licor de mezcla se recircula
desde el biorreactor hasta el médulo de membrana por medio de una bomba capaz de
generar cierta presion, aproximadamente 30 kPa (Manem y Sanderson, 1998) Fig. 1.2
(b). Este tipo de sistemas son raramente desarrollados a escala real principalmente por
el alto consumo de energia que requiere la bomba de recirculacidn (Le-Clech, 2010).

a) v
Influente
== . . | [|=Efluente
PU o o 5 B
ol . o
o b)
O) Cl
oI 5
o o
e Membranas Influente
sl o = Efluente
5} - 5] 5., .0
o i) ol Membranas
[a' : 5 0 R =
o 2 *) 9 Qs
o 29 o o
N —_ &
S bo o
[&] ',
(1]
s ot
X rr |
A
i
. A
= i
:
e

Fig. 1.2 Esquemas que representan las dos configuraciones de biorreactores de membrana. a) MBR
integrado o sumergido y b) MBR externa o de recirculacion.

Por otra parte, los MBR pueden subclasificarse como aerobios o anaerobios (AnMBR). Sobre
estos ultimos se tienen pocos estudios y la mayoria de ellos es sobre su empleo para
tratamiento de agua residual industrial asi como de la proveniente de destilerias de alcohol.
Los AnMBR se definen como una combinacién entre un reactor anaerobio acoplado a una
unidad de membrana (Baek y Pagilla, 2003).

Estudios realizados por Harada et al., (1994) y Baek y Pagilla, (2003) sugieren que los AnMBR
son adecuados para el tratamiento de agua residual que contiene alta carga orgdnica. Las
principales ventajas de los AnMBR son la posibilidad de recuperar energia gracias al biogas
generado (metano) y la baja produccion de lodos y bajos requerimientos nutricionales (Huang
et al.,, 2010). Ademas, la remocidn de nitrégeno, fosforo y amonio puede esperarse del
proceso realizado con un AnMBR (Baek y Pagilla, 2003).

El principal problema de los sistemas es el taponamiento (fouling) generado por las sustancias
organicas e inorganicas y que no ha logrado ser completamente controlado. Este problema se
presenta en los dos tipos de MBRs, pero por estudios realizados se ha observado que es
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considerablemente mayor en los sistemas anaerobios por las altas concentraciones de materia
coloidal final y precipitacion inorganica (Saddoud y Sayadi, 2007). Para tratar de controlar el
taponamiento, la mayoria de los MBR aerobios trabajan con membranas sumergidas, sin
embargo, son procesos mas costosos en su operacion debido a la alta energia necesaria para
promover la aireacion (Berube y Soucy, 2004).

2. Taponamiento y control de taponamiento en los sistemas MBR

Uno de los principales inconvenientes de los MBR reside en el indeseable depdsito de
materiales en la superficie de las membranas. Este fendmeno de taponamiento o fouling ha
sido estudiado por diferentes grupos durante las Ultimas décadas.

Fouling o taponamiento es el término dado a la disminucidn de la capacidad de filtracion en la
membrana debido a la acumulacion sobre su superficie de particulas coloidales, sélidos
suspendidos (fléculos de materia organica, microorganismos y particulas inertes) y material
soluble (materiales disueltos provenientes del agua residual y productos microbianos solubles
(SMP) excretados por la biomasa activa) (Le-Clech et al. 2006; Miura et al., 2007; Drews,
2010).

Una primera disminucién del flujo de permeado viene causada por la concentracion-
polarizacidn. Este término se utiliza para describir la tendencia del soluto a acumularse en la
membrana. A medida que el permeado atraviesa la membrana, los solutos que contenia se
quedan en las proximidades de su superficie, este soluto forma una capa de liquido estancado
cuya velocidad tiende a cero. Por otro lado, los sélidos en suspensidn son transportados hacia
la superficie de la membrana, formando una capa que reducira la permeabilidad hidraulica y el
flujo de permeado y al mismo tiempo incrementara la presién transmembrana (TMP) (Herrera-
Robledo, 2007; Meng et al., 2009).

El fendmeno de taponamiento puede caracterizarse por el siguiente mecanismo: (1) la
adsorcién de solutos o coloides dentro de, o sobre las membranas y el acercamiento de los
microorganismos a la superficie taponante; (2) la deposicién de los fléculos del fango en la
superficie de la membrana; (3) la formacidon de la capa taponante en la superficie de la
membrana; (4) el desprendimiento de la materia taponante atribuida principalmente a las
fuerzas de corte donde estan involucradas fuerzas de Van der Waals y electrostaticas, asi como
el oxigeno disuelto; (5) cambios espaciales y temporales de la composicion de la materia
taponante durante largos periodos de operacién (e.g., el cambio de la comunidad bacteriana y
componentes biopoliméricos en la capa taponante) (Ridgway y Flemming, 1996; Marselina et
al. 2008; Meng et al., 2009) Fig. 1.3.

Los tres factores principales que afectan al taponamiento por las caracteristicas de la
membrana, la biomasa y las condiciones de operacién son (Le-Clech, 2010):
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a m
o - o Particulas defango
@ % A Coloides
uﬁ 3'0 % \% Solutos

Fig. 1.3 Proceso de taponamiento de membranas en MBRs; (a) bloqueo de poro y (b) capa taponante
(Meng et al., 2009)

* La configuracion, el material, la hidrofobicidad, la porosidad y el tamafio del poro de la
membrana.

* Los sélidos suspendidos del licor mezcla (MLSS), las sustancias poliméricas extracelulares
(EPS), el tamafio de los floculos, y la materia disuelta.

* Las condiciones de operacidn; el flujo, la aireacién, el tiempo de retencidn celular (SRT), el
tiempo de retencién hidraulico (HRT), y la presidon transmembrana (TMP).

El taponamiento puede ser reversible e irreversible. El irreversible es el producido por las
particulas que penetran en la membrana y quedan retenidas en ella, produciendo una
disminucién del flujo que no es posible aumentar con lavados fisicos de la membrana, y
generalmente es parcialmente eliminado bajo regimenes de limpieza con agentes quimicos.
Mientras que el reversible es el formado por la deposicidn de particulas sobre la superficie de
la membrana, pudiendo ser eliminado mediante protocolos de limpieza fisicos (Metcalf &
Eddy, 2003).

| Biomasa

Particulas

| Fango activo
taponantes
| Determinanel
L o — Y — — — laponamiente. . — —— - -
Controlanel Madificanel
taponamiento fango

SRT, HRT,
F/M, DO

Aireacion,
limpieza

Condiciones de

Fig. 1.4 Esquematizacion de los factores que afectan el taponamiento y su control (modificada de
Meng et al., 2009)
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Para prevenir la continua acumulacion de sdlidos sobre la superficie de las membranas, se
lleva a cabo el retrolavado (o backwashing) de las mismas. La frecuencia de limpieza
dependerd de las condiciones de operacién (tiempo de operacién, caracteristicas del agua de
alimentacién, del flujo de permeado, entre otros). Por lo tanto, el retrolavado es un proceso
completamente autocritico, es decir, que depende de lo que el sistema tarda para bajar en
rendimiento o taponarse. Para la mayoria de los casos, el retrolavado tiene lugar cada 30-60
minutos de trabajo y dura un tiempo de 1 a 3 minutos (Buckley y Jacangelo, 1998) cuando el
sistema se encuentra en funcionamiento. Si el retrolavado es insuficiente para restaurar el
caudal, entonces se lleva a cabo la limpieza quimica de las membranas. Después de la limpieza
guimica, se alcanza una parcial o plena restauracién del caudal a través de la membrana. La
limpieza quimica de las membranas es requerida cada vez que el flujo de permeado disminuye
un 20% respecto al original (Mulder, 2003), esto viene a ser en la mayoria de los casos una vez
cada 3-6 meses (Till y Mallia, 2001). Se utiliza normalmente hipoclorito de sodio (NaClO en una
concentracién hasta 0.3%), aunque es comun que se utilicen limpiadores alcalinos para la
eliminacién del taponamiento organico, mientras que la limpieza acida (como el acido citrico)
se requiere para asegurar la eliminacion de precipitados inorganicos. La limpieza quimica de
las membranas se realiza parando el flujo de alimentacion.

Por otra parte, el aire administrado a los sistemas MBR aerdbicos, es generalmente usado para
controlar el taponamiento. A pesar de que pocos estudios han indicado muy buenos
resultados con un burbujeo de pequefio tamario, la mayoria de la literatura hace referencia a
burbujas de gran tamafo que crean relativamente mayor turbulencia y por lo tanto, presentan
una mejor opcién anti-taponamiento (Prieske et al., 2008).

2.1 Aireacion y transferencia de oxigeno

Como cualquier sistema de tratamiento aerdbico, el oxigeno es requerido en el proceso de
MBR para mantener la existencia de la biomasa viva y degradar contaminantes y otros
compuestos nitrogenados. El tamafio del fléculo y la concentracion de biomasa son dos de los
factores mas importantes que influyen en la cantidad de oxigeno que puede ser transferida
para la degradacién bioldgica.

La eficiente remocién de contaminantes organicos es fuertemente afectada por Ia
transferencia de oxigeno entre la burbuja y la solucidn; y el factor a (i.e. velocidad de oxigeno
transferido en agua limpia, dividida entre la velocidad transferida en licor mezcla) es
generalmente utilizada para referir el nivel de oxigeno transferido en los MBR. Es ampliamente
reportado que la concentracidn de MLSS tiene un efecto negativo en el factor a, limitando la
operacion del MBR bajo elevados SRT (i.e. una alta concentracién que resulta en una alta
viscosidad del licor mezcla) (Judd, 2006).

3. MBR con incorporacion de lecho mévil (MBBR).

Con la finalidad de mejorar la calidad del agua residual tratada y cumplir con lo establecido por
las regulaciones ambientales, es necesario implementar tecnologias avanzadas para el
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tratamiento que se requiere (Trapani et al., 2010). Los procesos bioldgicos basados en
biopeliculas han demostrado ofrecer soluciones satisfactorias para la remociéon de compuestos
organicos y nitrogeno del agua residual, evitando algunos de los problemas asociados al
proceso de fangos activos, como reactores de gran tamano, la necesidad de tanques de
sedimentacion y recirculaciéon de la biomasa (Luostarinen et al., 2006; McQuarrie y Boltz,
2011). Los reactores de biopelicula en lecho mévil (MBBRs) han sido ampliamente utilizados
para tratar agua residual tanto municipal como industrial. Esta tecnologia permite alcanzar
tasas de remocién de demanda bioquimica de oxigeno (DBOs) y nitrogeno similares a las
alcanzadas por los procesos basados en fangos activos, con la ventaja de utilizar un tanque de
menor volumen (Andreottola et al., 2000). Los MBBRs pueden ser operados en fase andxica o
aerobia con el libre movimiento de flotacion de soportes plasticos con biopelicula. Estos
sistemas incluyen un reactor de biopelicula sumergida y una unidad de separacion liquido-
sélido.

a)reactor aerdbico b) reactor andxico

Fig. 1.5 Esquema de un MBBR aerobio (a) y un MBBR andxico (b).

El objetivo de los sistemas MBBR es alcanzar el crecimiento de la biomasa como una
biopelicula sobre pequefios soportes que tienen menor densidad que el agua. Estos se
mantienen constantemente en el tanque y tienen la capacidad de moverse libremente en el
reactor sin recirculacion de fango (@degaard, 2008; Jaroszynski et al., 2012). Los soportes de la
biopelicula son fabricados en diferentes materiales y disefios y son accesibles comercialmente.
El principio de los sistemas MBBR tiene la posibilidad de incorporar los soportes al tanque del
biorreactor en los sistemas MBR para ofrecer una tecnologia conjunta.

Existen diversos estudios en este tipo de sistemas basados en su mecanismo y remocion desde
el punto de vista técnico. Sin embargo, son escasos los estudios basados en investigar la
composicion de la microbiota involucrada en la biopelicula, y el mecanismo por el cual las
variaciones operacionales pueden influir en su estructura esta poco descrito aunque resulta
crucial para la optimizacion de estos sistemas (Ciesielski et al., 2010; McQuarrie y Boltz, 2011;
Calderdn et al., 2012b).

4. Importancia del estudio de la dindamica de comunidades microbianas.

El tratamiento bioldgico de aguas residuales es una industria multibillonaria en délares que
tiene gran aplicacidn biotecnoldgica a nivel mundial. La eficiencia de los procesos bioldgicos de
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tratamiento de aguas residuales estda basicamente condicionada por la aclimatacion vy
estabilidad del consorcio microbiano presente. Por ello, la falta de control en el rendimiento
del proceso o la calidad del producto final suele ser consecuencia del escaso conocimiento
sobre la influencia que tienen los factores ambientales o biolégicos en la estructura y dindmica
de las comunidades microbianas responsables de llevar a cabo las diferentes reacciones de
depuracion (Wang et al., 2012).

La estabilidad de un consorcio microbiano abarca un amplio espectro de definiciones. Estas se
dividen en dos componentes: las propiedades funcionales del consorcio y el cambio a través
del tiempo de la composicidn de la comunidad (dindmica). Frecuentemente sélo se evaltan los
parametros funcionales, pero recientemente se han hecho intentos para relacionar la
funcionalidad del proceso de ingenieria con la estructura de la comunidad microbiana
(Wittebolle et al., 2008; Marzorati et al., 2008; Fernandez et al., 1999).

Los métodos dependientes de cultivo utilizados tradicionalmente para caracterizar la
estructura de las comunidades microbianas en el tratamiento de desechos residuales han sido
con el paso del tiempo cada vez mas rezagados. Esto en parte se debe a que la diversidad
microbiana en estos sistemas es tan compleja y viable pero no cultivable, que sélo se permite
conocer alrededor del 2% de la totalidad de la comunidad (Forney et al., 2004; Sanz J.L y
Kochling T, 2007). En este sentido, la diversidad Procariota conocida representa sélo la punta
de un iceberg, y en las ultimas dos décadas se ha hecho manifiesta la necesidad de introducir
nuevas técnicas, llamadas herramientas moleculares independientes de cultivo, que
proporcionen el complemento necesario a los métodos microbioldgicos tradicionales para
poder obtener informacidon mas precisa sobre la importancia de la diversidad microbiana en el
mantenimiento de los ecosistemas (Molina-Mufioz et al., 2007).

Las técnicas moleculares de desarrollo relativamente reciente han sido aplicadas en las ultimas
décadas a la identificacidn de los grupos microbianos especificos en las comunidades mixtas, a
diferentes niveles filogenéticos, lo cual reduce el tiempo y simplifica el experimento (Liu et al.,
2002). Aun mas recientemente, la nueva era de la metagendmica ha permitido comprender la
composicion genética y funciones de las comunidades microbianas complejas. Dichas técnicas
aplicadas al analisis de comunidades microbianas se pueden englobar en tres grandes grupos;

a) El primero incluye aquellos métodos que se basan en la amplificacion de genes
concretos (normalmente el gen codificante del ARNr 16S en el caso de Bacteria y
Archaea), seguido de su clonacidon y secuenciacion, de forma que se consiga la
identificacion de la mayoria de los microorganismos o filotipos presentes en una
determinada comunidad. En este grupo quedaria incluido también el analisis del
metagenoma o biblioteca gendmica cuasi completa de toda la comunidad.

b)El segundo grupo abarca las técnicas basadas en la amplificacion del acido
desoxirribonucleico (ADN), tanto de forma dirigida (SSCP, Single strand conformation
polymorphism; TGGE y DGGE, temperature/denaturing gradient gel electrophoresis)
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como “aleatoria” (RAPD, Random amplified polymorphic DNA), y su posterior
evaluacion. Normalmente, con esta estrategia se pretende conseguir un perfil o
“huella genética” comparable entre distintos estadios del proceso o entre diferentes
condiciones.

c) El tercer grupo incluye todas las técnicas basadas en la hibridacidon de acidos nucléicos
debido a su similitud.

Por lo tanto, los tres grupos de técnicas moleculares descritas no son mutuamente
excluyentes, sino que son y deben ser consideradas como complementarias (Dabert et al.,
2002; Sanz J.Ly Kéchling T., 2007).

En 1993 nuevas metodologias de huella genética fueron integradas a la microbiologia
ambiental por Muyzer, la electroforesis en gel con gradiente de desnaturalizacion (DGGE) y su
homdlogo, la electroforesis en gel con gradiente de temperatura (TGGE). Estas técnicas
permiten la separacién de los fragmentos de ADN de tamafio similar pero con distinta
secuencia de pares de bases (Gémez-Villalba et al., 2006). El TGGE se utiliza para obtener un
perfil que representa la estructura genética y la diversidad de una comunidad microbiana en
un ambiente especifico con una alta versatilidad, fiabilidad y reproducibilidad (Muyzer y
Smalla, 1998). En general, la intensidad relativa de cada banda y su posicién en el perfil de
TGGE representan la abundancia relativa de una poblacién dominante en particular. Por lo que
se puede monitorear temporal y espacialmente los cambios en las comunidades microbianas y
asi pueden ser calculadas la diversidad y dinamica de las mismas (Mertens et al., 2005;
Wittebole et al., 2005).

Sin embargo, hay algunas desventajas asociadas a las técnicas moleculares que deben ser
tomadas en cuenta para proveer una interpretaciéon valida de los resultados (Head et al.,
1998). La mayor limitacion esta relacionada con el muestreo, la recuperacion de acidos
nucleicos y la eleccién del método de extraccién de ADN, la cual tiene una influencia
significativa en la generacién de perfiles de comunidades microbianas, en términos de la
deteccién de ribotipos.

La amplificacién de los genes codificantes del ARNr 16S por PCR es otra fuente de sesgo, que
puede afectar a los resultados de la cuantificacidon de diversidad; diferencias pequefias en las
secuencias de regiones conservadas pueden resultar en la amplificacién selectiva de algunas
secuencias, también considerando que la llamada universalidad de los cebadores utilizados
comunmente no es absoluta (Ben-Dov et al., 2006). Para el TGGE, el numero e intensidad de
las bandas en un gel, no necesariamente da una imagen exacta de la comunidad microbiana,
debido a que un organismo puede producir mas de una banda por los multiples y
heterogéneos operones codificantes del ARNr (el nimero de copias de genes del ARNr en el
genoma de diferentes organismos puede variar entre 1 y 14) (Head et al., 1998). Ademas, las
secuencias parciales del gen codificante del ARNr 16S no siempre permiten la discriminacion
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entre especies y una banda puede representar dos o mas especies, con secuencias parciales
idénticas.

También, si los genes codificantes del ARNr 16S de una mezcla se presentan en
concentraciones muy diferentes, las secuencias menos abundantes no son amplificadas lo
suficiente para ser visualizadas como bandas en un gel de TGGE. De igual forma, se ha
demostrado que secuencias heteroduplex, originadas por la recombinacién de hebras
individuales complementarias, derivadas de diferentes fuentes y normalmente generadas
durante los ultimos ciclos del PCR, no migran tanto como los fragmentos normales porque
éstos se desnaturalizan a diferentes temperaturas, alterando la fiabilidad del patrén (Boon et
al., 2002; Muyzer y Smalla, 1998).

Es por estas deficiencias, inherentes a todas las técnicas moleculares, que los parametros
calculados de las huellas genéticas deben ser interpretados como un indicador y no como una
medida absoluta del grado de diversidad de una comunidad microbiana (Marzorati et al.,
2008). Ademds debe considerarse que las huellas genéticas basadas en ADN solo nos dan una
idea de las células mas abundantes, ya sean activas, dominantes, atenuadas o muertas, por lo
gue con este tipo de estudio es imposible conocer la funcionalidad de cada grupo microbiano
(Boon et al., 2002).

4.1 Diversidad procariota en aguas residuales

Hace mas de una década, Hugenholtz et al. (1998) publicaron un estudio de la diversidad
procariota en aguas residuales encontrando que ciertos grupos filogenéticos bacterianos
tienden a predominar en determinados ambientes, e incluso se puede hablar de
microorganismos o grupos filogenéticos caracteristicos de un ambiente concreto.

En este sentido, dentro del tratamiento de aguas residuales basadas en fangos, estudios
realizados por Witzig et al. (2002) revelaron que el grupo predominante en la comunidad de
fangos de los sSMBR pertenece a la clase B-Proteobacteria. Este grupo es frecuente en habitats
naturales y artificiales tales como fangos activos (Manz et al., 1994; Wagner y Loy, 2002). Otros
estudios indican que, en cambio, aparecen en muy baja representaciéon las bacterias Gram-
positivas con alto contenido en G+C, las clases 6-Proteobacteria y e-Proteobacteria, y
miembros del cluster Cytophaga-Flavobacterium (Ahmed et al.,, 2007). El grupo mas
representativo tras las B-Proteobacterias son las a-Proteobacterias y las y- Proteobacteria
(Luxmy et al., 2000).

Por otra parte, las bacterias oxidadoras de amonio (Nitrosomonas y Nitrosospira), bacterias
nitrificantes de fase |, no aparecen altamente representadas y son bastante comunes en los
sistemas de lodos activos con actividad nitrificante (Wagner y Loy, 2002). Las especies de
Nitrospira (nitrificante de fase Il) estan representadas en mayor nimero que Nitrobacter, por
lo que se considera que Nitrospira spp. es mds importante en el proceso de la oxidacién del
nitrito de los MBR (Schramm et al., 1998; Witzig et al., 2002).
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Mas recientemente, en un trabajo publicado por Wang et al. (2012), se analizé la diversidad
bacteriana en 14 sistemas de tratamiento de agua residual para identificar si es que hay un
“core” microbiano comun en estos sistemas empleando herramientas mds sensibles, como la
secuenciacién masiva en paralelo. Los grupos filogenéticos bacterianos encontrados en mayor
abundancia fueron: Proteobacteria en la clase B predominantemente (21-52%), seguido de las
clases a-Proteobacteria (7-48%), y-Proteobacteria (8-34%) y 6-Proteobacteria (2-18%).

Asi mismo, Hu et al. (2012), analizaron la comunidad microbiana de 12 plantas de tratamiento
de agua municipal con diferentes procesos y la tendencia encontrada fue que el Phylum
dominante resultd ser Proteobacteria para algunas muestras y para otras los Bacteroidetes.

Por todo lo anterior cabe resaltar que desde los estudios iniciales en el ambito del tratamiento
de las aguas residuales, ya se mostraban ciertas tendencias en el predominio de grupos
bacterianos. Sin embargo, a pesar de que haya dominio de una poblacién caracteristica, la
estructura de la comunidad microbiana de los sistemas de tratamiento de agua puede variar
bastante dependiendo de las condiciones operacionales, sobre todo cuando éstas se modifican
por la limitacién de nutrientes presentes (Stamper et al., 2003; Zhang et al., 2011; Wang et al.,
2012).

4.2 Diversidad microbiana en biopeliculas para el tratamiento de agua residual

Las biopeliculas son comunidades microbianas formadas por grupos de células retenidas en
una matriz de sustancias poliméricas extracelulares (EPS), que ha sido producida por los
propios microorganismos, hidratada y de densidad variable, que es continuamente permeada
por canales de diversos tamafios (Costerton et al., 1999). Como se ha descrito anteriormente,
la formacidn de las biopeliculas esta dada en una secuencia de pasos.

Las biopeliculas desempenan un papel muy importante en el tratamiento de agua residual, ya
qgue forman la base de diversos tratamientos tanto aerobios como anaerobios y se caracterizan
por su gran eficiencia y viabilidad (Fernandez et al., 2007). Consecuentemente, la eficiencia del
proceso es el resultado de la diversidad microbiana presente en la biopelicula. Es por esto que
existe gran variedad de estudios respecto al crecimiento de biopeliculas y su consolidacion en
sistemas de tratamiento de aguas, enfocado siempre a los pardmetros operacionales, factores
fisicoquimicos y propiedades del soporte (Choo y Lee, 1996). Los reportes de actividad,
adhesién y biomasa de los microorganismos en biopeliculas basados en técnicas de ecologia
microbiana siguen siendo aun escasos (Fernandez et al., 2007; Ciesielski et al., 2010).

5. Biodiversidad de las actividades enzimaticas en los sistemas de tratamiento de agua
residual

El agua residual de cualquier naturaleza, contiene aproximadamente entre el 40% al 60% de
materia organica particulada. Considerando estos altos niveles de particulas organicas, el
proceso de hidrdlisis enzimatica en los tratamientos biolégicos de aguas residuales es muy
importante para completar la mineralizacion de la misma (Goel et al., 1998).
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Para hidrolizar las particulas orgdnicas que en su mayoria son proteinas, carbohidratos y
lipidos (Nielsen et al., 1992, Raunkjeer et al., 1994), los microorganismos sintetizan y secretan
diferentes enzimas hidroliticas. De este modo, dependiendo del sistema (i.e., anaerobio,
aerobio, andxico), la tasa de hidrdlisis bajo diferentes condiciones de aceptor de electrones
puede afectar a la distribucién de productos hidrolizables disponibles bajo estas fases,
afectando el rendimiento de remocién de nutrientes (Henze et al., 1995; Goel et al., 1998).

La literatura reportada en este aspecto indica que hay tres diferentes puntos basados en los
diferentes aceptores de electrones para que se lleve a cabo la hidrélisis.

1.Hay una falta de consenso en cuanto a la velocidad de hidrdlisis bajo diferentes
condiciones de aceptores de electrones.

2. La mayoria de los estudios se han centrado en sistemas Unicos enzimaticos.

3. Hay pocos estudios realizados para entender la razén de fondo para que haya o no
cambios en la tasa de hidrélisis bajo condiciones diferentes de aceptores de
electrones.

La comprensién y conocimiento de las actividades bioquimicas y de la comunidad microbiana
gue componen el fango activo es de vital importancia para entender el funcionamiento de los
sistemas de MBR y mejorarlos.

El fango activo del biorreactor se caracteriza por la formacién de fléculos de microorganismos
procariotas, eucariotas, protozoos, nematodos, rotiferos y bacteriéfagos (Rittmann y McCarty,
2001). Estos fléculos se mantienen en suspension por aireacion haciendo que el licor mezcla
sea homogéneo. Para el estudio bioldgico de un sistema concreto y establecer cémo
determinados factores modifican la eficiencia del mismo, el conocimiento de las comunidades
microbianas que integran el sistema, asi como los procesos bioldgicos que se dan en este
ambiente, son necesarios y fundamentales. En este sentido, el estudio de las modificaciones
en las actividades enzimaticas, resulta muy util porque son un indicador para evaluar la
fisiologia de las especies de la comunidad en el fango (Molina-Mufioz et al.,, 2007, 2010;
Calderdn et al., 2012a).

La localizacién de las enzimas extracelulares aun no estd clara, sin embargo, algunos estudios
han demostrado que estas enzimas extracelulares estan asociadas a las sustancias poliméricas
extracelulares (EPS) (Conrad et al., 2000; Guellil et al., 2001; Gessesse et al., 2003,).

Algunas de las actividades enzimdaticas mds importantes y aplicadas en los procesos bioldgicos
de depuracién son: fosfatasas, glucosidasas, proteasas y esterasas, debido a que la
composicion quimica del agua residual presenta una fraccion organica mayoritariamente
formada por carbohidratos y proteinas, en cuya hidrdlisis juegan un papel muy importante las
actividades enzimaticas descritas. Los valores de ciertas actividades enzimaticas pueden ser
aplicados como indicadores de poblaciones especificas, como medida de biomasa activa e

33



Introduccion

indicadores de procesos especificos en el fango activo, como la eliminacion de materia
organica, nitrégeno y fésforo (Nybroe et al., 1992; Goel et al., 1998).

Asi, las fosfatasas son enzimas que hidrolizan ésteres de fosfato, liberando grupos fosfato al
medio. Existen dos tipos de fosfatasas que presentan diferencias en lo referente al valor de pH
o6ptimo de accidn y en cuanto a la preferencia frente a determinados sustratos; las fosfatasas
acidas y alcalinas (Goel et al., 1998).

Las glucosidasas (a-glucosidasas y B-glucosidasas) hidrolizan disacaridos procedentes de la
degradacion de polisacaridos. La primera de ellas hidroliza el enlace a-1,4 glicosidico en
maltosa y glucosa, mientras que la segunda hidroliza la celobiosa (Goel et al., 1998).

Las proteasas rompen enlaces peptidicos de proteinas dando lugar a péptidos de distinto
tamafio.

Las esterasas son enzimas bastante inespecificas involucradas en la degradacién de polimeros.
Esta actividad se utiliza para determinar la degradacion heterotrdéfica existente en el fango. Se
pueden obtener distintas fracciones de esta enzima (esterasa extracelular, periplasmica y
particulada) (Boczar et al., 2001).
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Objetivos

El incremento en la demanda de recursos hidricos, principalmente causado por un crecimiento
desmesurado en la poblacién, ha llevado a la necesidad de considerar y ejecutar alternativas
para su reutilizacién. La necesidad principal manifestada a nivel mundial, sobre todo por paises
que sufren sequia, estd incrementando la eficiente remocidon de contaminantes del agua
residual que permitan su reuso directo cumpliendo con la calidad exigida por las normativas
establecidas, evitando asi causar dafios a la salud publica y al medio ambiente. Por ello, en los
ultimos 40 afios se ha producido un aumento considerable en el desarrollo de las tecnologias
aplicadas para el tratamiento de aguas residuales.

En este contexto, y como objetivo principal de este trabajo, se ha realizado una serie de
estudios dirigidos a analizar, evaluar y comparar la diversidad de las comunidades microbianas
en distintos sistemas para el tratamiento de agua residual urbana, con especial atencién a la
relacidn entre los cambios observados en las comunidades microbianas y las condiciones de
trabajo (parametros operacionales y otras variables que influyen sobre el proceso). Se han
estudiado plantas de tratamiento basadas en la tecnologia MBR, operadas bajo condiciones
aerobias y anaerobias respectivamente, asi como variantes de lecho en suspensién y lecho
fluidificado.

Esta tesis pretende responder a tres hipdtesis fundamentalmente:

Si se asume que las biopeliculas son el principal causante de taponamiento de las membranas
en la tecnologia MBR, écomo esta compuesta la comunidad procariota en un sistema AnMBR?

Si el oxigeno puro al ser utilizado como fuente de aireacidon en un sistema sMBR para el
tratamiento de agua residual urbana, ¢tiene implicacién sobre la actividad hidrolitica,
estructura y dindmica de la comunidad bacteriana presente en el fango del reactor bioldgico?

Si los pardmetros operacionales son cruciales para el funcionamiento de un sistema MBBR,
écémo es la relacion entre dichos pardmetros y la estructura de la comunidad bacteriana en la
biopelicula responsable de la remocién?

Para su desarrollo hemos marcado los siguientes objetivos:

1. Analizar la estructura de la comunidad procariota en las biopeliculas taponantes en un
sistema AnMBR de membranas acopladas a escala piloto.

2. Analizar la influencia del oxigeno puro aplicado como fuente de aireacidon en un
sistema sMBR convencional (biorreactor de lecho en suspensién) a escala piloto para
el tratamiento de agua residual municipal, basado en el estudio de la estructura y
dindmica de la comunidad bacteriana presente en el fango del biorreactor.

3. Estudiar la evolucion de las actividades enzimaticas hidroliticas extracelulares en el
sistema sMBR convencional y sus variaciones segun las condiciones de trabajo (carga
organica, TRH y temperatura) y la influencia del oxigeno puro aplicado al tratamiento.
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Objetivos

4. Estudiar la diversidad bacteriana y su eficiencia en el proceso depurador de un sistema
de lecho mdévil (MBBR) bajo la influencia de diferentes pardmetros operacionales como
tipo de relleno, TRH y porcentaje de relleno, para su posible integraciéon a sistemas

MBR.
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The structure of the biofouling layers formed on a pilot-scale membrane-coupled upflow anaerobic
sludge blanket bioreactor (UASB) used to treat urban wastewater was analyzed by scanning electron
microscopy and electron-dispersive X-ray microanalysis. For comparison, control samples of the mem-
branes were fed either UASB effluent or raw wastewater in a laboratory-scale experiment. Microbial
diversity in the fouling materials was analyzed by temperature gradient gel electrophoresis (TGGE) com-
bined with sequence analysis of partial 16S rRNA. Significant differences in structure of the Bacteria com-

ﬁ{l ":ﬁ)rgfc membrane bioreactors munities were observed amongst the different fouling layers analyzed in the UASB membranes,
Biofouling particularly following a chemical cleaning step (NaClO), while the Archaea communities retained more

similarity in all samples. The main Bacteria populations identified were evolutively close to Firmicutes
(42.3%) and Alphaproteobacteria (30.8%), while Archaea were mostly affiliated to the Methanosarcinales
and Methanospirillaceae. Sphingomonadaceae-related bacteria and methanogenic Archaea were persis-
tently found as components of biofouling, regardless of chemical cleaning.

Extracellular polymeric substances
Temperature gradient gel electrophoresis
(TGGE)

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Anaerobic wastewater treatments offer a good alternative to the
conventional activated sludge processes due to their greater toler-
ance of an organic pollutant load, their higher efficiency due to
their lower requirements of energy, the possibility of operating
at shorter hydraulic retention times (HRT), and the opportunity
for energy recovery by reutilizing the methane generated in the
anaerobic processes (Li et al., 2010). Micro- and ultrafiltration
membranes have been widely applied for the tertiary treatment
of wastewater and as part of submerged membrane bioreactors
(MBRs) (Fane and Chang, 2002). However, one of the drawbacks
limiting the use of membrane technologies is the undesirable accu-
mulation of materials on the surface of the membranes, due to the
growth of microbial biofilms and the subsequent gathering of dif-
ferent types of organic and inorganic materials. This phenomenon,
known as biofouling, is a major problem regarding the wide appli-
cation of membrane technologies for the treatment and reutiliza-
tion of wastewater as it generates technical failures which
increase the overall cost of the process. Its principal effects are

* Corresponding author. Address: Departamento de Microbiologia, Facultad de
Farmacia, Universidad de Granada, 18071 Granada, Espafia, Spain. Tel.: +34
958241755; fax: +34 958246235.

E-mail address: mrodelas@ugr.es (B. Rodelas).

0960-8524/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biortech.2011.01.007

the reduction of the permeate efflux and an increase in transmem-
brane pressure, consequently causing a higher energy use and
increasing the frequency of the required chemical cleaning opera-
tions of the membranes, both of which shorten membrane life-
spans (Ridgway and Flemming, 1996; Herrera-Robledo et al.,
2010).

Research in the last decade has been focused on studying the
biofouling phenomenon from multidisciplinary approaches,
although these efforts have been largely dedicated to membrane
technologies applied in aerobic wastewater treatment (Huang
et al., 2008; Ivnitsky et al., 2007; Miura et al., 2007). Knowledge
based on the ecology of the microbial communities involved in bio-
fouling, and the mechanisms by which plant operation may influ-
ence their structure and dynamics are regarded as of crucial
importance for the optimization of MBR technology via the devel-
opment of fouling control strategies (Herzberg et al., 2010; Huang
et al., 2008; Miura et al., 2007). The purpose of this work was to
analyze the structure and diversity of the prokaryotic communities
in the biofouling layers of a pilot-scale membrane-coupled upflow
anaerobic sludge blanket bioreactor (UASB) used to treat urban
wastewater, by a combination of scanning electron microscopy
(SEM), electron-dispersive X-ray microanalysis (EDX), and molecu-
lar fingerprinting tools. Polymerase chain reaction coupled to tem-
perature gradient gel electrophoresis (PCR-TGGE) was used to
study the structure of the microbial community in the fouling
material, and identification of the dominant bacterial and archaeal
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populations involved was achieved by DNA sequencing of the pre-
valent TGGE bands.

2. Methods

2.1. Description of the pilot-scale membrane-coupled upflow
anaerobic sludge blanket bioreactor (UASB)

The experiments were developed using a pilot-scale mem-
brane-coupled UASB, installed at the wastewater treatment facili-
ties on the campus of the National Autonomous University of
Mexico, Mexico City. A schematic diagram of the experimental
plant is displayed in Fig. 1. The cylindrical anaerobic bioreactor
(4 m height, 0.53 m diameter, 849 L operating volume) received
the influent wastewater (0.141 m3/h) by means of a peristaltic
pump (Masterflex I[P 77410-10). The UASB was operated at an
HRT of 6 h, with 100% biomass retention. The UASB effluent exit
was connected to an external membrane unit equipped with six
membrane modules, manufactured by Koch Membrane Systems
(USA). Each module (3 m length and 0.038 m diameter) consisted
of seven tubular ultrafiltration membranes (0.0127 m diameter)
made of fluoride polyvinylidene (FPVD), with a pore size of
100,000 Da. The total filtrating surface was 5.02 m2 The mem-
brane modules underwent chemical cleaning every 30 days
(720 h of operation) by backflushing with a 300 mg/L NaClO solu-
tion, as described by Cid Le6n (2007).

A control membrane biofouling experiment was also set up at
the laboratory scale for comparison. The system consisted of a peri-
staltic pump, a recirculation tank and a membrane module (22 cm
long). The membrane was fed for 8 h with either the UASB effluent
(Treatment I) or raw wastewater (Treatment II).

The full-sized membranes used in the pilot-scale UASB for 2400 h
of operation were analyzed both before and after the chemical clean-
ing step (named Treatment IIl and Treatment IV, respectively). Fur-
thermore, the chemically-cleaned membranes were additionally
fed raw wastewater for 8 h, and the resulting biofouling layers were
also analyzed (Treatment V). The tubular membrane modules were
dismantled from the experimental plant after the corresponding
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treatments, opened, and the membranes removed and divided into
four pieces along their total length. Each separated piece was cut
in 15 cm fragments and immediately stored at —80 °C.

2.2. Physico-chemical analysis of the wastewater

The influent raw wastewater, the treated effluent from the UASB,
and the final effluent generated after filtration through the coupled
membrane modules were analyzed. Samples were taken in triplicate
over seven consecutive days and the following parameters were
measured: total and soluble chemical oxygen demand (COD,
mgO0,/L), total and suspended solids (TS and TSS, mg/L), total fixed
solids (TFS, mg/L), total volatile solids (TVS, mg/L), suspended fixed
solids (FSS, mg/L), and suspended volatile solids (VSS, mg/L). Total
dissolved solids (TDS, mg/L), fixed dissolved solids (FDS, mg/L) and
volatile dissolved solids (VDS, mg/L) were calculated by subtraction.
All analyses were performed in accordance with the Standard Meth-
ods for the Examination of Water and Wastewater (APHA, 2001).

2.3. Scanning electron microscopy (SEM) and electron-dispersive X-ray
microanalysis (EDX)

The fouling layers developed on the membranes were analyzed
by SEM. Individual pieces of the membranes were fixed with glu-
taraldehyde (5% v/v) in 0.2 M sodium cacodylate buffer (pH 7.1),
washed, and post-fixed in OsO,4, before being dehydrated with
graded ethanol solutions (10, 30, 50, 70, 90, and 100% ethanol).
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO,
USA). The samples were transferred to fresh 100% ethanol, and crit-
ical point-dried from liquid carbon dioxide at 36.1 °C and 7.37 Pa,
using a Samdri 780B apparatus (Tousimis, Rockville, USA). Samples
were coated with gold before being examined by electron micros-
copy. Micrographs were taken with a Jeol JSM 5310LV microscope
(Jeol Ltd., Tokyo, Japan) and analyzed by the software provided
with the equipment. Regular surfaces of fouling layer samples
(150 x 150 um) were analyzed by EDX using a Pentafet EDX Si/Li
detector (Oxford Instruments, Abingdon, UK) coupled to the SEM,
and with the help of the ISIS Link v. 1.04* software.

/T— Biogas

UASB
reactor
washing tanks
membrane modules
- M-1
LI 5Iu§ge
drain
waste water V27 V-6 V- V-2
influent = EE— O v-4 manometer
B-1
V-1 peristaltic . ;(;0
umps V-7 =
pump: — g B3
drainage CP V11
N
e B-4
X centrifugal pump vio S
drainage v-26 3
T
% V-25

treated water
tank collector

Fig. 1. Diagram of the pilot-scale membrane-coupled upflow anaerobic sludge blanket bioreactor (UASB) used throughout the study.
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2.4. DNA extraction

The DNA was extracted from sample pieces of the biofouled
membranes (ca. 300 mg) using the Fast ID DNA Isolation kit (Ge-
netic ID, IA, USA), helped by mechanical disruption of the fouling
material using glass beads.

2.5. PCR amplification of partial bacterial and archaeal 16S rRNA genes

Two-step approaches were used for PCR amplification, as previ-
ously described by other authors for TGGE or DGGE fingerprinting
(G6émez-Silvan et al., 2010; Molina-Mufioz et al., 2009). One micro-
liter (2-5 ng) of the DNA extracted from the fouling material was
used as a template for all PCRs. The primers used are listed in Ta-
ble 1. The HPLC-purified oligonucleotides were purchased from
Sigma, and AmpliTaq Gold polymerase (Applied Biosystems, Life
Technologies, Carlsbad, CA, USA) was used for all PCRs, performed
in a Perkin-Elmer 2400 Thermo Cycler (Perkin-Elmer, Waltham,
MA, USA).

The universal primers fD1 and rD1 were used to amplify the bac-
terial 16S rRNA gene in almost its full length (Weisburg et al., 1991).
Subsequently, 1 pL of the first PCR product was used as a template
for a nested PCR using the universal primers GC-P1 and P2, targeting
the V3 hypervariable region of the 16S rRNA gene (Muyzer et al.,
1993). Conditions for each of the PCR reactions were kept as previ-
ously described (Molina-Mufloz et al., 2009). The primers selected
for the amplification of Archaeal 16S rRNA genes were ARCH915
and UNI-b-rev (hypervariable regions V6-V8, 492 bp) (Yu et al.,
2008). For the second two-step PCR, a GC clamp was added to primer
ARCH915, and the PCR reaction was set as described previously
(G6émez-Silvan et al., 2010). All primers were manufactured by Sig-
ma-Aldrich (St. Louis, MO, USA). All final PCR products were cleaned
and/or concentrated (when required) using Microcon YM100 car-
tridges (Eppendorf, Hamburg, Germany). Two to five microliters
(60-100 ng DNA) were loaded into each well for TGGE.

2.6. TGGE analysis

TGGE was performed using a TGGE Maxi system (Whatman-
Biometra). For Bacteria fingerprinting, the denaturing gels (6%
polyacrylamide (37.5:1 acrylamide:bisacrylamide), 20% deionized
formamide, 2% glycerol and 8 M urea) were made and run with
2x Tris-acetate-EDTA buffer. The temperature gradient was opti-
mized at 43-63 °C (Molina-Mufioz et al., 2009). For Archaea finger-
printing, the denaturing gels (6% polyacrylamide (37.5:1
acrylamide:bisacrylamide), 20% deionized formamide, 2% glycerol
and 7.47 M urea) were made and run with 2x Tris-acetate-EDTA
buffer. All chemicals (molecular biology grade) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The temperature gradient
was optimized at 45-54 °C (Gémez-Silvan et al., 2010). All gels
were run at 125V for 18 h. The bands were visualized by silver
staining using the Gel Code Silver Staining kit (Pierce, Thermo Fish-
er Scientific, Rockford, IL, USA). Different PCR reactions were tested
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and different TGGE gels were run to check the reproducibility of
the results.

Portions of individual bands on silver-stained TGGE gels were
picked up with sterile pipette tips, placed in 10 pL of filtered and
autoclaved water, and directly used for re-amplification with the
appropriate primers. The PCR products were electrophoresed in
agarose gels and purified with the Qiaex-II kit (Qiagen, Hamburg,
Germany). The recovered DNA was directly used for automated
sequencing in an ABI PRISM 3100 Avant Genetic Analyzer (Life
Technologies, CA, USA).

2.7. Analysis of TGGE fingerprints

The band patterns generated by TGGE were normalized, com-
pared and clustered using the Gel Compar Il v. 5.101 software (Ap-
plied Maths, Belgium). Range weighted richness indices (Rr), which
provide an estimation of the level of microbial diversity in environ-
mental samples, were calculated based on the total number of
bands in each TGGE pattern (N) and the temperature gradient
(°C) between the first and the last band of each pattern (Tg), as de-
scribed by Marzorati et al. (2008). The resulting values were di-
vided by 100 (Gémez-Silvan et al., 2010) to keep an order of
magnitude analogous to that of the Rr index as originally described
for DGGE by Marzorati et al. (2008).

For cluster analysis, the TGGE profiles were compared using a
band assignment independent method (Pearson product-moment
correlation coefficient), as well as a method based on band pres-
ence/absence (Dice coefficient). In band assignment, a 1% band posi-
tion tolerance (relative to the total length of the gel) was applied.
Dendrograms relating band pattern similarities were automatically
calculated with UPGMA algorithms (Unweighted pair group method
with arithmetic mean). The significance of UPGMA clustering was
estimated by calculating the cophenetic correlation coefficients.

The relative intensities of particular bands were also calculated
using Gel Compar II, expressed as percentages of the total band
intensity in each particular TGGE lane. To render a graphical repre-
sentation of the evenness of the bacterial and archaeal communi-
ties in the different samples, Pareto-Lorenz distribution curves
were drawn based on the TGGE fingerprints, as previously de-
scribed (Marzorati et al., 2008). The bands in each TGGE lane were
ranked from high to low based on intensity levels. The cumulative
normalized band intensities for each TGGE lane were plotted
against their respective cumulative normalized number of bands.
The curves were numerically interpreted by the functional organi-
zation index (Fo), given by the horizontal y-axis projection on the
intercept with the vertical 20% x-axis line (Marzorati et al.,
2008). The calculation of the Fo indexes allows for the evaluation
of the functional redundancy of the microbial communities ana-
lyzed by fingerprinting methods (Marzorati et al., 2008).

2.8. Phylogenetic and molecular evolutionary analyses

The DNA sequences were analyzed using the biocomputing
tools provided online by the National Center for Biotechnology

Table 1

Primers used for the PCR amplification of partial 16S rRNA genes from Bacteria and Archaea. The GC-clamps added for TGGE separation are marked in bold.
Primers Sequence (5’ — 3) Hypervariable region References
fD1 CCGAATTCGTCGACAACAGAGTTTGATCCTGGCTCAG Almost full length 16S, bacteria Weisburg et al. (1991)
D1 CCCGGGATCCAAGCTTAAGGAGGTGATCCAGCC Almost full length 16S, bacteria Weisburg et al. (1991)
P1 ACGGGGGGCCTACGGGAGGCAGCAG V3, bacteria Muyzer et al. (1993)
GC-P1 CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCCTACGGGAGGCAGCAG V3, bacteria Muyzer et al. (1993)
P2 ATTACCGCGGCTGCTGG V3, bacteria Muyzer et al. (1993)
ARCH915F AGGAATTGGCGGGGGAGCAC V6, Archaea Yu et al. (2008)
GC-ARCH915F CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCAGGAATTGGCGGGGGAGCAC V6, Archaea Yu et al. (2008)
UNI-b-REV GACGGGCGGTGTGTRCAA V6, Archaea Yu et al. (2008)
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Table 2

Physico-chemical characterization of the wastewater treated in the experimental
plant and of the effluent water generated after the UASB and the membrane
treatments. COD: chemical oxygen demand; TS: total solids; TFS: total fixed solids;
TVS: total volatile solids; TSS: total suspended solids; FSS: fixed suspended solids;
VSS: volatile suspended solids; TDS: total dissolved solids; FDS: fixed dissolved solids;
VDS: volatile dissolved solids. Values are averages + SD of triplicate measures over
seven consecutive days.

Parameters Wastewater UASB % Membrane %
effluent Removal effluent Removal
COD (mg0O,/L) 425+138 123+18 71 33+8 92
Soluble COD 21220 94+17 56 277 88
(mgO2/L)

TS (mg/L) 624 +32 385+25 38 350+29 50
TFS (mg/L) 317+25 254+22 20 236 +£26 32
TVS (mg/L) 307 £33 131£17 55 11413 68
TSS (mg/L) 709 197 73 1+0 99
FSS (mg/L) 16+6 62 62 1+0 94
VSS (mg/L) 54+7 13+4 75 00 100
TDS (mg/L) 554 366 34 349 37
FDS (mg/L) 301 248 18 235 22
VDS (mg/L) 253 118 53 114 55

Information (http://www.ncbi.nlm.nih.gov). The BLASTn program
(Altschul et al., 1997) was used for sequence similarity analysis.
The ClustalX v. 2.0.3 software (Jeanmougin et al., 1998) was used
for alignment of the DNA sequences. Putative chimeric sequences
were discarded after being analyzed by the Black Box Chimera
Check software, B2C2 (Gontcharova et al., 2010). The GenBank/
EMBL/DDB]J accession numbers for the 16S rRNA sequences are
HQ662274-HQ662309. Phylogenetic and molecular evolutionary
analyses were conducted using MEGA version 4 (Kumar et al.,
2001). A p-distance based evolutionary tree was inferred using
the Neighbour-Joining algorithm. The bootstrap test was con-
ducted to infer the reliability of branch order, with a round of
1000 reassemblings. Bootstrap values below 50% are not shown
in the tree.

2.9. Statistics

STATGRAPHICS 5.0 (STSC, Rockville, MD, USA) was used for cal-
culating the analyses of variance (ANOVA) and multiple-range
tests (Student’s t-test). A significance level of 95% (p < 0.05) was
selected.

3. Results and discussion
3.1. Efficiency of the UASB bioreactor in wastewater treatment

The results of the physico-chemical characterization of the raw
influent wastewater and the effluent water after the treatment are
summarized in Table 2. The results show that the UASB treatment
was efficient in removing 71% of the total COD and over 70% of to-
tal and volatile suspended solids in the raw influent wastewater.
The subsequent membrane treatment improved COD removal to
92% and completely eliminated VSS in the treated water. The sys-
tem eliminated 99% of the TSS in the influent wastewater, while
the removal of TDS was less efficient (37%). The membrane treat-
ment further increased the removal of FDS (4%) and VDS (3%)
achieved after the UASB treatment. The final effluent generated
by the system fulfilled the quality standards required by the muni-
cipal wastewater regulation in Mexico (NOM-003-SEMARNAT-
1997, 1998).

3.2. Analysis of the fouling layers by SEM and EDX

Image analysis of the fouling layers by SEM is shown in
supplementary material (Fig. S-1). SEM revealed that new
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membranes, examined before being mounted in the laboratory-
scale or the pilot-scale UASB systems, were not free of microorgan-
isms and their surfaces already bore a small number of bacteria,
particularly rod-shaped cells (Fig. S-1A). Analysis of the membrane
surfaces after the different treatments studied showed changes in
the structure of the fouling layer. Control membranes (Treatment
I) displayed extensive colonization of their surfaces after being
fed the UASB effluent for 8 h (Fig. S-1B and C). Microorganisms of
diverse morphologies were observed including cocci, straight and
incurvated bacilli, and spirilla (Fig. S-1C). Cells were already
embedded in large amounts of extracellular polymeric substances,
indicating the formation of a biofilm. Similar results were observed
in membranes from Treatment II (Fig. S-1D), demonstrating that in
both laboratory experiments a dense fouling layer had developed
on the membrane surfaces after 8 h of operation.

Images of samples analyzed on membranes from the UASB
after 2400 h of plant operation (Treatment III) showed a mature
biofilm layer. Again, bacteria of different morphologies were
embedded in the exopolymeric matrix (Fig. S-1E), and large crys-
tal structures were also visible trapped in the cake layers (Fig. S-
1F). EDX analysis demonstrated that the crystals were composed
of Ca and Mg carbonates, and they also contained Cu oxides and
sulfates. According to the chemical analysis of the water treated
by the membrane-coupled UASB, the content of FDS was reduced
at the membrane filtration step by 4% (Table 1), effectively indi-
cating the retention of inorganic materials on the membrane
surface. Removal of FDS by membrane filtration in connection
to interactions with the fouling layer has been previously re-
ported in AnMBR (Herrera-Robledo et al., 2010). Negatively-
charged organic groups in exopolymeric substances chemically
interacted with dissolved cations, causing their immobilization
by biosorption (Cho and Fane, 2002; Flemming and Wingender,
2001). Biofilms also contributed to the precipitation of cations
by their reaction with microbial metabolic end-products such
as sulfides, carbonates and phosphates, which can bind or chem-
ically modify metal species, resulting in the precipitation of bio-
inorganic metal complexes (Harrison et al., 2007).

The SEM images of membrane surfaces taken after the chemical
cleaning (Treatment IV) were characterized by the presence of
spherical structures not observed in any other treatment (Fig. S-
1G). The EDX analysis demonstrated the presence of an important
fraction of fluoride (F = 14.51%) in these structures, suggesting that
they originated from the material comprising the membrane (fluo-
ride polyvinylidene). The SEM of membranes sampled from Treat-
ment V showed the formation of a new biofilm over the
chemically-cleaned membranes when they were additionally oper-
ated with raw wastewater for 8 h (Fig. S-1H).

Although many studies have focused on the application of
anaerobic membrane bioreactors (AnMBRs) for wastewater recla-
mation (Herrera-Robledo et al., 2010; Huang et al., 2008), few ef-
forts have been directed toward the specific study of the
microorganisms involved in the generation of biofouling in these
systems (Gao et al., 2010). In contrast, biofouling-related micro-
bial communities have been well characterized in aerobically
operated MBRs and reverse osmosis water purification systems
by means of electronic microscopy studies and the use of molec-
ular tools (Bereschenko et al., 2008; Chen et al., 2004; Herzberg
et al., 2010; Huang et al., 2008; Miura et al., 2007; Pang and Liu,
2007). Even though these previous works were undertaken in
water filtration systems of a diverse nature, working under a
variety of operation conditions and using membranes of different
pore sizes, an overall conclusion of most of the studies is the
complex nature and heterogeneity of the microbial communities
which developed on the biofouling layers. The SEM analyses
performed in the present study are in agreement with these
previous findings.
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3.3. Analysis of the structure of bacterial communities by TGGE
fingerprinting. Phylogenetic study of the DNA sequences of the
prevalent TGGE bands

The PCR-TGGE approach demonstrated clear and significant dif-
ferences of the community structure of Bacteria in the biofouling
layers between the five treatments studied (Fig. 2). The Pearson
coefficient-based analysis allowed the identification of four clus-
ters corresponding to the different treatments analyzed, except
for the majority of the samples retrieved from the membranes in
Treatment III and Treatment V, which formed a single cluster dis-
playing over 85% similarity of the composition of their communi-
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ties. In contrast, the Bacteria fingerprints of samples of fouling
material retrieved from membranes right after the chemical clean-
ing step (Treatment IV) significantly clustered away from the rest
of samples, at only 20% similarity. Fingerprints corresponding to
Treatments I and II (laboratory-scale experiments) formed their
own separate clusters. The bacterial community of the biofilms
which developed on the control membranes was thus clearly influ-
enced by the effluent origin (raw wastewater or UASB effluent).
Cluster analysis based on the Dice coefficient yielded equivalent
results to the Pearson-based clustering (Fig. 2B).

Image analysis with Gel Compar II detected a total of 37 unique
band classes in the TGGE fingerprints of Bacteria among the 26
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Fig. 2. Community structure of the Bacteria in the biofouling layers analyzed by TGGE profiling. (A) Pearson coefficient-based analysis of the band patterns generated from all
membrane samples analyzed. (B) Dice coefficient-based analysis of band patterns generated from all samples analyzed with presence/absence matrix. /0J: bands separated by
TGGE which were re-amplified and sequenced in order to perform the phylogenetic study, shown in Fig. 3.
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Table 3

Average range-weighed richness (Rr) and functional
organization (Fo) indices of the bacterial communities
in membrane samples from the five treatments ana-
lyzed in this study. Values marked with the same
lower-case letter (a, b, c) indicate a statistically non-
significant difference (Student’s t-test, p < 0.05).

Treatment Rr Fo

I 20° 442
11 15 352
it 17°¢ 367
\% 16%° 50°
\Y 12° 36°

samples analyzed. Calculation of the Rr indices showed significant
differences (ANOVA analysis, p < 0.05) between the five different
treatments studied (Table 3). Treatment I samples displayed the
highest average values of the index, while the lowest Rr was found
for samples from Treatment V. Construction of the Pareto-Lorenz
curves of the bacterial community profiles in the five treatments
analyzed allowed for the calculation of the Fo indices (Table 3). It
was observed for Treatment IV that 20% of the bands (number
based) corresponded to 50% on average of the cumulative band
intensities, while the bacterial community in Treatments II, III
and V displayed a significantly lower evenness, according to the
Student’s t-test (p < 0.05). These results demonstrated the higher
specialization of the bacterial community in the biofilm after the
chemical cleaning step.

Important shifts in the species composition of the Bacteria com-
munities were observed in the pilot-scale UASB membranes fol-
lowing the chemical cleaning step. Gel Compar II analysis
detected several band classes which were exclusive to the post-
chemical cleaning stage (i.e. those represented by sequences 3, 6,
13,18, 31, 32, and 39), while band classes occurring in the majority
of samples from Treatments Il and V were absent in the chemi-
cally-cleaned membranes (i.e. those represented by sequences 4,
8,9, 11, 25, 40, 45, and 47). These data showed that the bacterial
communities in the biofilms consisted of populations displaying
different degrees of susceptibility to the antimicrobial compound
NaClO. When the membranes were fed raw wastewater for 8 addi-
tional hours after chemical cleaning (Treatment V), the community
structure was restored similar to that of the pre-chemical cleaning
stage (Treatment III), even though the nature of the effluent origin
was shown to influence the diversity of the biofouling community,
according to the laboratory-scale control experiment (Fig. 2A).
These results suggest that the bacterial populations more resistant
to the NaClO treatment provided the basic biofilm structure for
membrane fouling, and that specific groups of bacteria were pref-
erentially selected to join the preexisting biofilm when operation
was resumed after chemical cleaning, regardless of the nature of
the influent (UASB effluent or raw wastewater).

Twenty-six bands selected from the TGGE fingerprints targeting
Bacteria were successfully amplified and sequenced, representing
57% of the recognized band classes. The phylogenetic affiliations
of the sequences and their closest relatives (cultured and uncul-
tured) are provided in detail in Supplementary material (Table S-
1). The phylogenetic tree (Fig. 3) shows that most of the identified
populations were evolutively related to the Firmicutes (46.1% of
sequences). Nine of these operational taxonomy units (OTUs) (se-
quences 4, 9, 11, 16, 33, 34, 35, 40, and 45) were phylogenetically
close to the genera Clostridium, Frigovirgula and Eubacterium (Clos-
tridiales), while sequence 1 was close to Enterococcus devrieseii.
The band class represented by sequences 33 and 34 was present
in nearly all analyzed samples, including the laboratory-scale
experiments. Alphaproteobacteria accounted for 30.8% of the iden-
tified sequences and most were related to the Sphingomonadales
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(sequences 6, 7, 13, 18, and 27). It is worth noting that sequence
27 was representative of a band class dominant in the biofilm for
all of the treatments analyzed in the study. Of the identified se-
quences, 11.5% were related to Betaproteobacteria of the Comamo-
nadaceae. Two bands exclusive to Treatment I (sequences 21, and
44) represented populations phylogenetically close to sulfate-
reducing Deltaproteobacteria. Only one identified OTU (sequence
2) was found to be related to Arcobacter cryaerophilus (Epsilonpro-
teobacteria). This band class was common to all membranes fed
UASB effluent in both the laboratory-scale experiment and the pi-
lot-scale bioreactor, excluding Treatment IV.

According to our results, Firmicutes were identified as the dom-
inant group of Bacteria involved in biofouling in the pilot-scale
UASB, particularly in the samples of membranes from Treatments
Il and V. This finding can be explained as an effect of the coloniza-
tion of the membrane surface by microorganisms washed down
from the UASB sludge. Firmicutes are widespread components of
the bacterial community in anaerobic sludge systems (Gao et al.,
2010; Patil et al., 2010). Li et al. (2010) reported that they were
the dominant bacterial group (30%) in sludge from an anaerobic
bioreactor treating swine wastewater. In a study conducted on a
laboratory-scale AnMBR fed artificial sewage sludge, Gao et al.
(2010) found that Firmicutes were also present in biofouling layers,
although at a lesser relative abundance compared to sludge. In par-
ticular, members of the Clostridiales are responsible for the pro-
cesses of hydrolysis and fermentation of organic matter during
anaerobic digestion in UASBs treating wastewater, and they dis-
play an ability to become part of heterogeneous biofilms formed
under such conditions (Fernandez et al., 2007). In the present
study, it is worth noting that several bands corresponding to Clos-
tridiales-related bacteria, which were universally present in the
membrane samples of Treatments IIl and V (represented by se-
quences 4, 8,9, 11, and 40), disappeared from the membrane foul-
ing fingerprints after being subjected to the chemical cleaning step
(Fig.2B), indicating that these populations became numerically re-
duced following this maintenance operation, and that they were
replaced in importance by other populations with a better capacity
to retain membrane attachment.

Our data also identified Alphaproteobacteria members as preva-
lent populations harbored in the biofouling layers. Five identified
alphaproteobacterial sequences were phylogenetically close to
the Sphingomonadales (Fig. 3). Sphingomonads have often been
described being involved in biofouling in ultra- and microfiltration
aerobic MBRs aimed at wastewater treatment (Huang et al., 2008;
Miura et al., 2007), as well as in reverse osmosis water purification
plants (Bereschenko et al., 2008; Chen et al., 2004), where they
were characterized as key microorganisms pioneering the initia-
tion of biofilms causing biofouling (Pang et al., 2005). They are also
commonly present in biofilms formed in drinking water pipes
(Balkwill et al., 2003; Huang et al., 2008). These findings are consis-
tent with the well-known ability of Sphingomonads to colonize so-
lid surfaces, where they usually adhere strongly regardless of the
surface nature, favored by their swarming and twitching mobility
and the production of abundant exopolymers (Balkwill et al.,
2003; Huang et al., 2008). In the present study, the analysis of
TGGE fingerprints showed that four of the band classes shifting
and/or increasing in abundance in the biofouling layer following
the chemical cleaning step corresponded to Sphingomonadaceae-
related organisms (represented by sequences 6, 13, 18, and 27).
These results demonstrate the relevance of Sphingomonads on
the formation of persistent biofilms leading to biofouling.

With regard to other bacterial populations involved in fouling
identified in our work, two Rhizobiales-related populations were
also found to be prevalent in the chemically-cleaned membranes
(sequences 31 and 32). Bacteria related to this group have been
often found in fouled reverse osmosis membranes by both
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Fig. 3. Neighbor-joining phylogenetic tree showing the positions of 26 bacterial sequences from re-amplified TGGE bands and the most similar sequences retrieved from the
EMBL database, based on ca. 200 nt length of sequences. The scale bar indicates a 2% divergence. Bootstrap values over 50% are shown in nodes.

cultivation-dependent and independent methods, and they were
reported as being ecologically relevant for the treatment of second-
ary effluents (Chen et al., 2004; Pang and Liu, 2007). Betaproteo-
bacteria were described as one major component in most studies
which analyzed the diversity of bacterial communities involved
in mature biofouling development, both in aerobic MBRs and re-
verse osmosis systems (Bereschenko et al., 2008; Herzberg et al.,
2010; Huang et al., 2008; Miura et al., 2007; Pang and Liu, 2007).
In contrast, in the present study performed in an AnMBR, only
11.5% of the identified fingerprinting band sequences were related
to the Comamonadaceae, being this group displaced in abundance
by Alphaproteobacteria and Firmicutes. Betaproteobacteria are
well known as major inhabitants of freshwater environments and
the Comamonadaceae in particular are recognized as part of the

cosmopolitan I cluster, universally distributed throughout conti-
nental freshwaters (Glockner et al., 2000). Only one of the identi-
fied band classes, represented by sequence 2, was related to
Epsilonproteobacteria, displaying an evolutive proximity to the fe-
cal contamination indicator Arcobacter cryaerophilus. Arcobacter
spp. are also reported as being able to establish on surfaces and
form biofilms under anaerobic conditions (Fernandez et al., 2007).

3.4. Analysis of the structure of Archaea communities by TGGE
fingerprinting. Phylogenetic study of the DNA sequences of the
prevalent TGGE bands

The Pearson-based cluster analysis of archaeal TGGE finger-
prints revealed that all samples retrieved from the membranes in
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the UASB had a very similar community structure, since all of them
clustered together with a 90% similarity, even including those
which corresponded to the chemically-cleaned membranes. Sam-
ples of membranes retrieved from the laboratory-scale experiment
which received UASB effluent (Treatment I) also developed a sim-
ilar archaeal community, while those receiving raw wastewater
(Treatment II) developed significantly different community profiles
(Fig. 4). The Rr values ranged from 6 to 9 and the Fo indices from 38
to 52, showing no significant differences between treatments
according to ANOVA (p < 0.05).

Eleven bands were amplified and sequenced from TGGE fin-
gerprints targeting Archaea, revealing that populations closely
related to the Methanospirillaceae were prevalent in the five
treatments studied (63% of identified sequences), followed by
populations related to Methanosaeta spp. (Fig. 5, Table S-1).
The sequence representative of a prominent band class found
in the TGGE profiles (sequence A2) had a high sequence identity
with Methanosaeta thermophilus. Other Archaea found dominant
in the fouling biofilm were related to Methanocalculus pumilus
(sequence A4) and Methanobrevibacter (sequence A14). Regard-
less of the characteristics of the membrane samples analyzed
in the study, all of the archaeal populations identified in the
TGGE profiles from the pilot-scale UASB were found to be phylo-
genetically close to the methanogenic Archaea, indicating that
these communities remained largely undisturbed by the chemi-
cal cleaning step. Methanogenic Archaea are frequent inhabitants
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of sludge in UASBs (Liu and Whitman, 2008; Gao et al., 2010)
and also of biofilms formed in aerobic wastewater treatment
systems (Gémez-Silvan et al., 2010). The unique characteristics
of the archaeal cell envelope (Matai et al., 2001) may contribute
to the persistence of these organisms on membrane surfaces, in
spite of the chemical cleaning operation.

Although previous studies on the community composition of
fouling layers in AnMBRs have focused on Bacteria rather than
on Archaea (Gao et al., 2010; Lin et al., 2010), their results are in
agreement with the findings presented here concerning the dis-
tinct nature of the composition of the microbial communities,
and suggest the pioneering role of particular populations on bio-
film initiation and persistence. The results presented here evidence
the need to improve the process of membrane cleaning in order to
achieve an efficient control of the biofouling phenomena in
AnMBRs. Advanced methods suggested by several authors include
modifications of membrane materials, dispersal of biofilms by ni-
tric oxide, enzymatic disruption of exopolymers, bacteriophages,
quorum-quenching and energy uncoupling strategies (Le-Clech
et al., 2006; Gao et al., 2010; Xiong and Liu, 2010). Although these
alternative methods have a higher cost than the conventional com-
bination of backflushing and NaClO treatment, they offer signifi-
cant advantages such as their higher efficiency and the
development of less microbial resistances, contributing to a better
control of biofouling and the extension of the useful life of the
membranes.
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Fig. 4. Community structure of Archaea in the biofouling layers analyzed by TGGE profiling. (A) Pearson coefficient-based analysis of the band patterns generated from all
membrane samples analyzed. (B) Dice coefficient-based analysis of band patterns generated from all samples analyzed with presence/absence matrix. /(J: bands separated by
TGGE which were re-amplified and sequenced in order to perform the phylogenetic study, shown in Fig. 5.
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Fig. 5. Neighbor-joining phylogenetic tree showing the positions of 11 archaeal sequences from re-amplified TGGE bands and the most similar sequences retrieved from the

EMBL database, based on ca. 450 nt length of sequences. The scale bar indicates a 2%

4. Conclusions

The results of our study are in agreement with previous works
which focused on biofouling in aerobic and anaerobic membrane
systems, pointing to the universal importance of particular micro-
bial groups in the generation of this unwanted phenomenon.
Chemical cleaning did not completely remove membrane biofoul-
ing in the analyzed UASB system, and the populations which re-
mained attached supported the re-growth of the biofilm, leading
to the regeneration of a similar community structure. The effi-
ciency of backflushing and NaClO treatment as antifouling strate-
gies was limited by the complex structure of the biofilm
communities. The use of alternative antifouling strategies, particu-
larly those specifically directed towards microbial groups shown to
be resistant to standard chemical cleaning methods (i.e. Sphin-
gomonadaceae bacteria and methanogenic Archaea), seems to be
a promising approach for improving biofouling control and
prevention.

Acknowledgements

This research was supported by the Spanish Ministerio de
Ciencia e Innovacién (MICINN, Spain, project reference CTM2007-
65052/TECNO), and a personal grant (CONACYT, México) to K. Cal-
derén. Roberto Briones (UNAM, México) is acknowledged for his
contribution to the development of the membrane experimental
set-up at the laboratory scale, and Cinta G6mez Silvan (U. de Gra-
nada) for her assistance in the molecular experiments. The SEM
and EDX analyses were performed by the Centro de Fisica Aplicada
y Tecnologia Avanzada (CFATA, UNAM, México). The Instituto de
Parasitologia y Biologia Molecular Lopez Neyra (CSIC, Granada,
Spain) needs to be acknowledged for their DNA sequencing service.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.biortech.2011.01.007.

divergence. Bootstrap values over 50% are shown in nodes.

References

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J.H., Zhang, Z., Miller, W., Lipman,
D.J., 1997. Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25, 3389-3402.

APHA, 2001. Standard Methods for the Examination of Water and Wastewater.
American Public Health Association, Washington, DC.

Balkwill, D.L., Fredrickson, J.K., Romine, M.F., 2003. Sphingomonas and related
genera. In: Dworkin, M., Falkow, S., Rosenberg, E., Schleifer, K.H., Stackebrandt,
E. (Eds.), The Prokaryotes: A Handbook on the Biology of Bacteria, third ed., vol.
7. Springer, New York, pp. 605-629.

Bereschenko, L.A., Heilig, G.H., Nederlof, M.M., van Loosdrecht, M.C.M., Stams, A.J.M.,
Euverink, G.J.W., 2008. Molecular characterization of the bacterial communities
in the different compartments of a full-scale reverse-osmosis water purification
plant. Appl. Environ. Microbiol. 74, 5297-5304.

Chen, C.L, Liu, W.T,, Chong, M.L,, Wong, M.T., Ong, S.L., Seah, H., Ng, W.]., 2004.
Community structure of microbial biofilms associated with membrane-based
water purification processes as revealed using a polyphasic approach. Appl.
Microbiol. Biotechnol. 63, 466-473.

Cho, B., Fane, A., 2002. Fouling transients in nominally subcritical flux operation of a
membrane bioreactor. ]. Membr. Sci. 209, 391-403.

Cid Leén, D.M., 2007. Tratamiento de agua residual municipal mediante un
biorreactor anaerobio de membrana a escala piloto. Tesis de Maestria en
Ingenieria, UNAM, México.

Fane, A, Chang, S., 2002. Membrane bioreactors: design and operational options.
Filtr. Sep. 39, 26-29.

Fernandez, N., Diaz, E.E., Amils, R,, Sanz, ].L., 2007. Analysis of microbial community
during biofilm development in an anaerobic wastewater treatment reactor.
Microb. Ecol. 56, 121-132.

Flemming, H., Wingender, J., 2001. Relevance of microbial extracellular polymeric
substances (EPSs) Part 1: structural and ecological aspects. Water Sci. Technol.
43, 1-8.

Gao, D.W,, Zhang, T., Tang, C.Y.Y., Wu, W.M., Wong, C.Y., Lee, Y.H., Yeh, D.H., Criddle,
C., 2010. Membrane fouling in an anaerobic membrane bioreactor: differences
in relative abundance of bacterial species in the membrane flocculant layer and
in suspension. . Membr. Sci. 364, 331-338.

Glockner, F.O., Zaichikov, E., Belkova, N., Denissova, L., Pernthaler, J., Pernthaler, A.,
Amann, R., 2000. Comparative 16S rRNA analysis of lake bacterioplankton
reveals globally distributed phylogenetic clusters including and abundant
group of actinobacteria. Appl. Environ. Microbiol. 66, 5053-5065.

Goémez-Silvan, C., Molina-Muiioz, M., Poyatos, .M., Ramos, A., Hontoria, E., Rodelas,
B., Gonzdlez-Lépez, J., 2010. Structure of archaeal communities in membrane-
bioreactor and submerged-biofilter wastewater treatment plants. Bioresour.
Technol. 101, 2096-2105.

Gontcharova, V., Youn, E., Wolcott, R., Hollister, E., Gentry, T., Dowd, S., 2010. Black
Box Chimera Check (B2C2): a Windows-based software for batch depletion of
chimeras from bacterial 16S rRNA gene datasets. Open Microbiol. J. 4, 47-52.

Harrison, J.J., Ceri, H., Turner, RJ., 2007. Multimetal resistance and tolerance in
microbial biofilms. Nat. Rev. Microbiol. 5, 928-938.

57



K. Calderdn et al./Bioresource Technology 102 (2011) 4618-4627 4627

Herrera-Robledo, M., Morgan-Sagastume, ].M., Noyola, A., 2010. Biofouling and
pollutant removal during long-term operation of an anaerobic membrane
bioreactor treating municipal wastewater. Biofouling 26 (1), 23-30.

Herzberg, M., Berry, D., Raskin, L., 2010. Impact of microfiltration treatment of
secondary wastewater effluent on biofouling of reverse osmosis membranes.
Water Res. 44, 167-176.

Huang, LN. De Wever, H., Diels, L, 2008. Diverse and distinct bacterial
communities induced biofilm fouling in membrane bioreactors operated
under different conditions. Environ. Sci. Technol. 42, 8360-8366.

Ivnitsky, H., Katz, 1., Minz, D., Volvovic, G., Shimoni, E., Kesselman, E., Semiat, R.,
Dosoretz, C.G., 2007. Bacterial community composition and structure of
biofilms developing on nanofiltration membranes applied to wastewater
treatment. Water Res. 41, 3924-3935.

Jeanmougin, F., Thompson, ].D., Gouy, M., Higgins, D.G., Gibson, T.J., 1998. Multiple
sequence alignment with Clustal X. Trends Biochem. Sci. 23, 403-405.

Kumar, S., Tamura, K., Jakobsen, 1.B., Nei, M., 2001. MEGA2: Molecular Evolutionary
Genetics Analysis Software. Arizona State University, Tempe, Arizona, USA.
Le-Clech, P., Chen, V., Fane, T.A.G., 2006. Fouling in membranes bioreactors used in

wastewater treatment. . Membr. Sci. 284, 17-53.

Li, P, Wang, Y., Wang, Y., Liu, K., Tong, L., 2010. Bacterial community structure and
diversity during establishment of an anaerobic bioreactor to treat swine
wastewater. Water Sci. Technol. 61, 243-252.

Lin, H., Liao, B.Q., Chen, J., Gao, W., Wang, L., Wang, F., Lu, X., 2010. New insights into
membrane fouling in a submerged anaerobic membrane bioreactor based on
characterization of cake sludge and bulk sludge. Bioresour. Technol.
doi:10.1016/j.biortech.2010.10.103.

Liu, Y., Whitman, B.W., 2008. Metabolic, phylogenetic, and ecological diversity of
the methanogenic archaea. Ann. NY Acad. Sci. 1125, 171-189.

Marzorati, M., Wittebolle, L., Boon, N., Daffonchio, D., Verstraete, W., 2008. How to
get more out of molecular fingerprints, practical tools for microbial ecology.
Environ. Microbiol. 10, 1571-1581.

Matai, J.C., Sprott, G.D., Zeidek, M.L., 2001. Molecular mechanisms of water and
solute transport across archaebacterial lipid membranes. J. Biol. Chem. 276,
27266-27271.

Miura, Y., Watanabe, Y., Okabe, S., 2007. Membrane biofouling in pilot-scale
membrane bioreactors (MBRs) treating municipal wastewater: impact of
biofilm formation. Environ. Sci. Technol. 41, 632-638.

58

Molina-Mufioz, M., Poyatos, ].M., Sanchez-Peinado, M.M., Hontoria, E., Gonzélez-
Lépez, ]., Rodelas, B., 2009. Microbial community structure and dynamics in a
pilot-scale submerged membrane bioreactor aerobically treating domestic
wastewater under real operation conditions. Sci. Total Environ. 407, 3994-
4003.

Muyzer, G., De Waal, E.C,, Uitterlinden, A.G., 1993. Profiling of complex microbial
populations by denaturing gradient gel electrophoresis analysis of polymerase
chain reaction amplified genes coding for 16S rRNA. Appl. Environ. Microbiol.
59, 695-700.

NOM, 1998. Norma Oficial Mexicana NOM-003-SEMARNAT-1997 que establece los
limites maximos permisibles de contaminantes para las aguas residuales
tratadas que se reusen en servicios al publico. Secretaria del Medio Ambiente.
Diario Oficial de la Federacién el 21 de septiembre de 1998, México D.F., México,
p.7.

Pang, C.M., Hong, P.Y., Guo, H.L,, Liu, W.-T., 2005. Biofilm formation characteristics
of bacterial isolates retrieved from a reverse osmosis membrane. Environ. Sci.
Technol. 39, 7541-7550.

Pang, C.M., Liu, W.-T., 2007. Community structure analysis of reverse osmosis
membrane biofilms and the significance of Rhizobiales bacteria in biofouling.
Environ. Sci. Technol. 41, 4728-4734.

Patil, S.S., Kumar, M.S., Ball, A.S., 2010. Microbial community dynamics in anaerobic
bioreactors and algal tanks treating piggery wastewater. Appl. Microbiol.
Biotechnol. 87, 353-363.

Ridgway, H.F., Flemming, H.C., 1996. Membrane Biofouling. Treatment Membrane
Processes. McGraw-Hill, Boston.

Weisburg, W.G., Barns, S.M., Pelletier, D.A., Lane, D.J., 1991. 16S ribosomal DNA
amplification for phylogenetic study. J. Bacteriol. 173, 697-703.

Xiong, Y., Liu, Y., 2010. Biological control of microbial attachment: a promising
alternative for mitigating membrane biofouling. Appl. Microbiol. Biotechnol. 86,
825-837.

Yu, Z., Garcia-Gonzélez, R., Schanbacher, F.L., Morrison, M., 2008. Evaluation of
different hypervariable regions of archaeal 16S rRNA genes in profiling of
methanogens by archaea-specific PCR and denaturing gradient gel
electrophoresis. Appl. Environ. Microbiol. 74, 889-893.



86 S|I0IIP WNIPLISOID T°0425.09V 86 S9|eIPLASO|D /SeIndiwli4 1T
00T sisuatuoBered e|nbaInoBIIH ¥ETOGYAY
00T winiisioeq ssindiwlii4 pain}ndun 90£5¢6ND €07 S9|eIpLASO|D /SeIndiwli4 6
00T sn1uesd0 seuowoydAH 901924V
66 sualaeype seuowoydAH T6¥7.89N3 00T aeadepeuowoydAH elis1oeqoslosdeyd)y 8
00T winuaoeq sbuods sulelN €EY9rENT
00T ‘ds J4910eqo4Aydiod 617.6629V 6 so[epeuowobulyds /ersioeqoaoldeyd|y )]
00T sueJoAnewoJeiuad wnigoBulydsonoN /¥6/.9TN3
00T "ds Jsjoeqoaynhi3 099,9zN3 | TOT sa[epeuowobulyds /erssioegoaloideyd|y 9
00T ds WNIpLISO|D paIminoun 1°8/.8299-43
00T 9UO0JJ 3e|0SI MOUS JaAlY 3Q]3 0690STdV 86 S9|eIpLISO|D /SeIndiwli4 14
00T wnueldeq ssfelisployying paimindun §8e¢.sN3
00T sisualeynins} ely|ad S806.LINV 4 sa[elIapjoyping jelisjoeqoajolderng €
00T snjiydoaseAud 1810e0021Y /8EVEN
00T 'ds 1810021V 6176998(Y 08 aeadellaloeqojAdwe) elisioeqosiolduolisdg Z
36 19S91IASP SNJ2020491U3 TE/959r4
36 WIN1J19eq J1goJaRUR painjnoun L6TES6AY YA 983282090.31UT /S9INJIWLIH 1
"ON UOISS329® aseq elep pue (u) (Apwrey /sse)d) awreu
(9%%) Anusp| wisiueb 10 paqla9sap Jejiwis 1SON dejsanoO uonel|iye onsuabojAyd 158500 aouanbag

'Spueq 3991 paiyljdwe-as wouj paureiqo (uoibal sjgerreAtadAy EA) sausb WNYJ S9T 418Y) 4o aouanbas jeled ay) uo paseq
‘Bununidiabuly 3991 Aq siaAe] Buijnojoiq syl ul Jusjeasid punoy suonejndod jeaeydle QT pue [elialoeq 9z JO uoneljiye anausboljAyd ‘T-S ajgeL

[elaa1ew Asejuswa|ddns v xipuaddy

"e|0AON 'V ‘Z8d9-zo[ezuoD [ ‘|oAIqeD "N ‘SeopoY g ‘UgIsp[eD "

Juswilesl]

Ja1emalsem 0] paljdde 1019ealolq d1goiseur pajdnod-suraquiall e Jo siake] Buljnoy ayl uo padojaAsp SaIIUNWILLOD [eICOAdIW JO SISAjeuy

59



66 winws)oeq [10s paininaun ££z8.£0d

00T luljIUe Wn3oeqoyINSad Sev.e2aY | vl S9[BIPIISO]D /S3INDIWLIIS 44
auo|d ainynd

00T JUBWIYILIUS WiNIIB)oRg Bulonpal-uol| T'%.069204

00T LINLIS1oBg SAINJIWIIH Paimnoun yey8yld | 02T S9[eIPIISO]D /S3INdIWLIS 44

16 WiN1I8)oBg 9B80BIPLISO|D PaINNauN T'9TEV9.

86 8]eJo}| WNIPLISOID T'GY8L.X | 91T S9[eIPLISO]D /S3INdIWLIS or

86 LWIN1IB1oBg S3INJIWIIH PaInynaun LiEy8yr

86 LNLI81oeqg S3INJIWIIH paimnoun T8€526ND | €21 S9[eIP1ISO]D /S3INdIWLIS 6€

00T win1I919e(q 98ade220201da1s01dad 8SSETYND

00T 'ds wnieloegns 8LEGVEAY | 22T S9[eIP1ISO]D /S3INdIWLIS Ge

86 811041 WNIPLISOID T°0/25.09V

00T sisusiuobered e|nbiinobl4 ¥ETOSYAY |  8TT Sa[eIpIISO[D /SINdIWIIS 43

86 sisusiuobeyed e|nbiInobLI ¥ETOSYAY | 9TT S8[eIpPLISO|D /SeIndlwliS ee

00T ‘ds e1dyy GZ620SINV | 00T sa[epeuowobulyds resoeqosjoldeyd)y €

86 'eje|Ing eue|dodAN /8T60ZNH | V1T $8[e1qoz1yy /elisioeqosloldeyd)y TE

66 "ds Ja1oeqoJAydiod 6126629V

00T ‘ds Jsjoeqoaynhiz 099,9zN3 | 12T sa[epeuowobulyds rerisioeqosloldeyd)y /T

86 winpiaoeqoalold elag painindun ¥¥S667N3

86 Ip[31je[3p XeI0A0PIdY 9/TSATND YT aeadepRUOWRWOD /elidlorqoaloldelag G2

66 winwg)oeq [10s paimnoun €£z8.£0d

00T eUljIUR WNI13)0eq0JINSaA S617.£2aV YA S9|el1919ego)|NsaQ fells1oeqoaloidelaq T2

00T ‘ds J8)0eqo4yili3 099/92N3 | 00T sa[epeuowobulyds /ensioeqoaloideyd|y 8T

66 3]10141P WNIPLISOID T°0£.G209V

86 8UOJ0 8]8|0SI MOUS JaAIY 8013 0690ST4Y | /0T S9[eIPLISO]D /S3INdIWLIIS o1

00T winpaloeq sbuods suleN €EY9rENT

00T ‘ds J910eq0UylA13 099/92N3 | ¥0T saepeuowobulyds /erisloegqoajoideyd)y €T

'ON UOISS320® aseq elep pue (qu) (Apwrey /sse)o) awreu
(96) Anuap| wisiueb.10 paqliassp Jejiwis 1SON dejaanO uoneljiye ansusbojAyd 158500 aouanbas

(Panunuod) T-S 3|qe.L

60



86 "ds Js10eqIARIQOURYIBIN PRIMINOUN T TELYSTAY

66 HIYNWS J810egIABIGOURYIBIN GEZSSN | T9E 9e80B1I8)0R]OURY]SIA/S3|B1I810RGOURIBIN 1A

86 1a1ebuny wn|juIdsoueyIsiN €8996TAY

86 ds wnjjudsoueyls N 26/EETCV | 0E 98308 |111dSOUBYIB|AI/S3[IGOIOILOURYIBIN 0TV

16 ‘ds wnyjadsoueysN 26/EETV 1GE aeaoe||Idsouey1s|A/SaRIqOIdIWOURYIBIA 6V/8Y

66 ‘ds wnjjadsoueyisiN 26/.EST0V 8/¢ aeaoe||Idsouey18|A/SaRIqOIdIWOURYIBIA JAY]

66 ds wnyjuidsoueyis N painindun T'18888N3

66 191eBuny wnjjdsoueyls|N £8996TAY 0TV aeaoe||Idsoueyls|A/SaRIqOIdIWOURYIBIA o\V4

86 1s1ebuny wnjLidsoueysiN £8996TAY

36 ‘ds wnypadsoueyisN 26/EETV 09¢ aeaoe||Idsoueyls|A/SaRIqOIdIWOURYIBIA Vv

86 "ds sn|nojedoueYIBN PaINNOUN T°€S.TZ.NT

36 snjiwnd snjnafesouryIBIN £6838009V GOE SN|NOJeJ0URY1BIA|/SS|RIQOIOILIOURYIBIN A4

16 ds e1sesouey1a|\l paiminoun T'I9YSETNDO

86 eadeUIpunIey elaesourysN 8E./T8AV 8z¢e 9L80R]orSOURYIBIAI/S[eUIDIBSOURYIBIA (Av4
uoaeyoJe

86 SaeuldesouByls|A paimndun T°088ST6ND

36 11]12U09 B1aRSOURYIBIA 7S0Z69AY V1€ 9BaJR]1orSOURYIBIAI/S[RUIDIBSOURYIDIN YAY4

00T winLI8oeq paIminaun T'¥9962£9v

00T eaJeUIpUNIeY BloRSOURYISN T'8E.L/T8AV V1€ 9BaJR]1orSOURYIBIAI/S[RUIDIBSOURYIDIN v

66 lIAN}Jap XeJoA0pPIdY SEOEV6INY 71 sa[eaploydng /elsioeqoaloidelag Ly

00T winLIsloeq SsINdlWlI4 painjndun 90€5¢6NO

00T sisuajuoBered e|nbainobIH ¥ETOGYAV 12T S3|eIplIso|D /sendiuliS 1%

"ON UO0ISS39® aseq elep pue (qu) (Aprwaey /sse|o) awreu
(%) Anuap| wisiueb 10 paqglaosap Jejiwis 1SON dejsanO uoneliye onsuabojAyd 158500 aousnbag

(panunuog) T-S 9|qe L

61



"y 8 10} Jaremalsem Mel yiim pajelado Ajjeuonippe (A Juswieal]) ssuelquiawl pauesjo-A|[ealwayd ayl Jano

PaLWLLI0SaJ] YaIym wiiyoiq ayl ‘H (Al uswieall) OJDeN yum Bulues|o [eaiwayd Jaye ybu ‘sinoy 00z 40) parelado auelquiaw 4N a8yl JO adepINS
9 :(4D) paniasqo sjesAuo abue| pue Juepunge aJe salbojoydiow [elialoeq (S) [esids pue (gQ) Jejpioeg (111 uswieal ) uonesado Jo Yy 00ve Jaye
aueiquisW 4N pPajnoy Aj1Aeay e JO 89eNS BY) UO W1401q 8InJe|A o ‘T "PaAIasqo 0s|e ate (YD) S[e1sAuo ‘(1] Juawiesl | ) Joyemalsem Mmed YlIM pay
Bulaq Jo y g Jaye suelquisw pajnoy Ajjeiued :Q ‘umoys aJe salbojoydiow [eriaoeq (S) [eaids pue (g) Jejjioeq ‘(D) p1o220) ‘(1 uawieal]) uanjye
dsvN pay Bulag Jo Y g Ja)e ‘sueiquiswl pajnoy Ajjeilied D pue g "01sz swil 1e 89ens S} uo swisiueflooloiw Jejj1oeg Buimoys suelquiaw

4N J8qy-Mojjoy MBN W SIusWIeal) JUaJaip 8yl Jaye Sauelquuiaw 8yl Uo pajejnwindde Jelsayew Buijnoy ayl Jo sisAjeue IN3S ‘T-S a4nbi4

62



CAPITULO Il

SUBCAPITULO 1.1

Bacterial community structure and enzyme activities in a membrane

bioreactor (MBR) using pure oxygen as an aeration source

Kadiya Calderdn, Alejandro Gonzalez-Martinez, Camino Montero-Puente,
Patricia Reboleiro-Rivas, José M. Poyatos, Belén Juarez-Jiménez, Maria
Victoria Martinez-Toledo, Belén Rodelas.

Publicado en Bioresource Technology 103 (2012): 87-94.






Bioresource Technology 103 (2012) 87-94

Contents lists available at SciVerse ScienceDirect
OLOG

BIORESOURCE
TECHN

Bioresource Technology

journal homepage: www.elsevier.com/locate/biortech

Bacterial community structure and enzyme activities in a membrane
bioreactor (MBR) using pure oxygen as an aeration source

Kadiya Calderén?, Alejandro Gonzalez-Martinez®, Camino Montero-Puente ?, Patricia Reboleiro-Rivas ?,
José M. Poyatos P, Belén Juarez-Jiménez ?, Maria Victoria Martinez-Toledo ?, Belén Rodelas **

2 Department of Microbiology, University of Granada, Spain
b Department of Civil Engineering, University of Granada, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 31 July 2011

Received in revised form 27 September 2011
Accepted 29 September 2011

Available online 10 October 2011

A pilot-scale membrane bioreactor was used to treat urban wastewater using pure oxygen instead of air
as a source of aeration, to study its influence on bacterial diversity and levels of enzyme activities (acid
and alkaline phosphatases, glucosidase, protease, and esterase) in the sludge. The experimental work was
developed in two stages influenced by seasonal temperature. Operational parameters (temperature, pH,
BODs, COD, total and volatile suspended solids) were daily monitored, and enzyme activities measured
twice a week. Redundancy analysis (RDA) was used to reveal relationships between the level of enzyme

Iﬁé'r‘::g‘r_gie bioreactor activities and the variation of operational parameters, demonstrating a significant effect of temperature
MBR and volatile suspended solids. Bacterial diversity was analyzed by temperature-gradient gel electropho-
Enzyme activities resis of PCR-amplified partial 16S rRNA genes. Significant differences in community structure were
TGGE observed between both stages. Sequence analysis revealed that the prevalent Bacteria populations were

Pure oxygen

evolutively close to Alphaproteobacteria (44%), Betaproteobacteria (25%) and Firmicutes (17%).

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Since the development of the activated sludge process in the
early 20th century, aeration is required in wastewater treatment
plants (WWTPs) to transfer oxygen to the biologically active mass
of microorganisms, in order to achieve an adequate removal of or-
ganic matter. Different types of aeration are employed, depending
on specific treatment requirements (Mueller et al., 2002). Aeration
systems involve an important contribution to wastewater plant
construction and operation cost (Mueller et al., 2002; Germain
and Stephenson, 2007).

The use of pure oxygen as a substitute for air in the activated
sludge process was proposed in the 1940s and put into commercial
use in 1970 (Shammas and Wang, 2009). The main advantages found
when pure oxygen is used instead of air in conventional activated
sludge processes are: increased oxygen mass transfer, smaller
installations due to a lower required tank volume, reduced power
requirements, decreased sludge production, reduced bulking and
foaming problems, ability to treat high-strength wastewaters, im-
proved biokinetics, and faster treatment rates at high suspended so-
lid concentrations (Brindle et al, 1998; Mueller et al., 2002;

* Corresponding author. Address. Departamento de Microbiologia, Facultad
de Farmacia, Universidad de Granada, 18071 Granada, Spain. Tel.. +34
958241755; fax: +34 958246235.

E-mail address: mrodelas@ugr.es (B. Rodelas).

0960-8524/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
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Shammas and Wang, 2009; Zupancic and Ros, 2008). These advanta-
ges balance out the significant cost of oxygen generation equipment
or the purchase of oxygen tanks.

Membrane bioreactor (MBR) systems for wastewater treatment
are based on the combination of the activated sludge process and
membrane technology to separate the particulate material from
water, avoiding the requirement of the secondary clarifier (Chang
etal.,2011). For the last 40 years, MBR technology is one of the most
used to treat industrial, domestic and municipal wastewater for the
numerous advantages offered such as excellent effluent quality, low
sludge production, small configuration, and flexibility for future
expansion and upgrade (Miura et al., 2007; Gémez-Silvan et al.,
2010). In aerobic MBRs, aeration is used not only to administrate dis-
solved oxygen to the microbial biomass, but also to help keeping sol-
ids in suspension and minimize membrane fouling (Germain and
Stephenson, 2007; Calderén et al., 2011).

Use of pure oxygen as a source of aeration in MBRs allows the
achievement of high removal rates of organic matter (over 90%
reduction of COD and BODs) (Rodriguez et al., 2010, 2011). How-
ever, the effect of pure oxygen aeration on the biology of bacterial
communities in MBR sludge remains poorly characterized. During
the formation of the activated sludge, microorganisms use their
enzymes to hydrolyze and degrade the organic matter, mostly
composed by carbohydrates and proteins (Burgess and Pletschke,
2008). Evaluating microbial diversity and enzyme activities
through the operating phase of MBRs is essential to achieve the
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biological characterization of the complex microcosm which is car-
rying out the waste treatment. Variations of the enzyme activities
are well used as an indicator to evaluate the physiology of the
mixed species community in the sludge (Molina-Muifioz et al.,
2007, 2010).

The aim of this work was to analyze the influence of pure oxy-
gen applied as a source of aeration to a pilot-scale MBR on the bac-
terial community structure and its enzyme activities. Molecular
fingerprinting tools (polymerase chain reaction coupled to temper-
ature gradient gel electrophoresis, PCR-TGGE) were used in parallel
to enzyme activity measures.

2. Methods
2.1. Description of the pilot scale MBR plant

The pilot-scale experimental plant used in this study was
described in detail elsewhere (Rodriguez et al., 2010). The system
worked with real domestic wastewater, supplied by Estacién Dep-
uradora Oeste Puente de Los Vados (Granada), run by EMASAGRA,
S.A. (Spain). The wastewater was pumped from the primary set-
tling tank of the municipal facility into the pilot-scale bioreactor,
which was installed nearby. The plant consisted of two separated
cylindrical bioreactors. The first tank (358 | operating volume and
1.85 m height) was aerated with pure oxygen (supplied by AL Air
Liquide S.A., Madrid, Spain). A porous diffuser was used to generate
fine bubbles, providing an adequate oxygen transfer. Dissolved
oxygen (DO) was kept at 2.8 mg/l throughout the experimental
set. The second tank (891 operating volume and 1.10 m height)
sheltered two submerged ultrafiltration hollow-fiber membrane
units (fluoride polyvinylidene, PVTF, 1.86 m? and of 0.04 pm pore
size) manufactured by Zenon (GE Water and Process Technologies,
Fairfield, USA). The membranes were continuously aerated with
tangential air flows (6.8 m*/h) to avoid clogging on their surfaces
and maintain solids in suspension. The membrane tank and sludge
bioreactor were separated to avoid the interference that would be
produced by the superficial aeration cleaning system in the evalu-
ation of pure oxygen aeration effects on microbial communities. A
recirculation of 141 I/h was established to keep a constant concen-
tration of total suspended solids (TSS) in both bioreactors. The
effluent water was suctioned mechanically and collected in a
25-1 tank, to be used for the periodical back flushing of the mem-
brane modules. Control devices were available to monitor the
membrane pressure, temperature, pH, and the concentration of
dissolved oxygen in the activated sludge.

The experimental work in the plant was divided in two stages,
from March 23rd 2009 to April 30th 2009 (stage I) and from June
15th 2009 to July 11th 2009 (stage II). The average temperature
was 15.8 +2.33 °C during stage I and 26.5 + 1.7 °C during stage II.
A hydraulic retention time (HRT) of 18 h was set in both the exper-
iments. Both stages of plant operation were initiated with a chem-
ical cleaning of the membrane with sodium hypochlorite, and
subsequently operation in the bioreactor was started at the inflow
water TSS concentration (100 mg/l) with no previous inoculation;
thus, the microorganisms inhabiting the sludge were those present
in the influent wastewater. A TSS concentration within the 4000-
5000 g/l range was maintained in both stages. In stage I, continu-
ous purge of the MBR (38.5 l/day) was required after stabilization
of the system, to keep TSS into the desired range (average TSS value
of 4880 + 1307 mg/1). In stage II, the system became stable reach-
ing an average TSS of 4400 + 757 mg/l and no purges were needed.

2.2. Physico-chemical analysis

The water samples for the analytical determinations were ob-
tained every 24 h from the primary settling tank, biological reactor

and permeate. Chemical oxygen demand (COD), biological oxygen
demand at 5 days (BODs), total suspended solids (TSS) and volatile
suspended solids (VSS) were determined according to the Standard
methods for the examination of water and waste water (APHA,
2005). The pH was measured using a Crison pH 25 pH-meter
(Crison Instruments S.A., Barcelona, Spain).

2.3. Enzyme activities

Enzyme activities phosphatase, glucosidade, protease and ester-
ase were analyzed two times per week in the sludge of the pure
oxygen-aerated biological tank. Samples (ca. 200 ml) were taken
in sterile flasks, placed in ice, and immediately transferred to the
laboratory. Experiments to measure enzyme activities were always
conducted in triplicate. Phosphatase determination was performed
by the method of Goel et al. (1998), using p-nitrophenyl phosphate
(0.1%), which is converted by the enzyme to p-nitrophenol. Differ-
ent buffers were used for measuring acid and alkaline phospha-
tases (acetate-acetic, pH 4.8, or carbonate-bicarbonate, pH 9.6,
respectively). Glucosidases were measured by the colorimetric
method (Goel et al., 1998), with Tris—-HCI buffer using 1% p-nitro-
phenyl o-p-glucopyranoside as substrate for the reaction. For both
phosphatases and glucosidases, standard curves were constructed
using known concentrations of p-nitrophenol. Protease activity
was calculated by the colorimetric method described by Cadoret
et al. (2002). Total esterase activity was measured using the meth-
od by Boczar et al. (2001). Substrates used in the assays were p-
nitrophenyl esters of acetate, butyrate, caproate, caprilate, laurate,
and palmitate. All chemicals required for enzyme activity analysis
were provided by Sigma-Aldrich (St. Louis, MO, USA).

2.4. DNA extraction and PCR amplification of partial bacterial 16S
TRNA genes

The DNA was extracted from sludge samples (ca. 200 mg) taken
from the pure oxygen-aerated biological tank, using the FastDNA
Spin Kit for Soil and the FastPrep24 apparatus (MP-BIO, Germany).

Two-step approaches were used for PCR amplification, as previ-
ously described by other authors for TGGE or DGGE fingerprinting
(Calderén et al., 2011; Molina-Muiioz et al., 2009). One microliter
(2-5 ng) of the DNA extracted was used as a template for all PCRs.
The HPLC-purified oligonucleotides were purchased from Sigma,
and AmpliTaq Gold polymerase (Applied Biosystems, Life Technol-
ogies, Carlsbad, CA, USA) was used for all PCRs, performed in a
Eppendorf Master Cycler (Eppendorf, Hamburg, Germany). Primers
and conditions for each of the PCR reactions were previously
described (Molina-Mufioz et al., 2009). The final PCR products were
cleaned and/or concentrated (when required) using Amicon Ultra-
0.5 mL Centrifugal Filters (Eppendorf, Hamburg, Germany). Eight
microliters (60-100 ng DNA) were loaded into each well for TGGE.

2.5. TGGE

TGGE was performed using a TGGE Maxi system (Whatman-
Biometra, Goettingen, Germany). The denaturing gels (6% poly-
acrylamide (37.5:1 acrylamide:bisacrylamide), 20% deionized
formamide, 2% glycerol and 8 M urea) were made and run with
2x Tris-acetate-EDTA buffer. All chemicals required were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The temperature
gradient was optimized at 43-63 °C (Molina-Muiioz et al., 2009).
Gels were run at 125V for 18 h. The bands were visualized by sil-
ver staining using the Gel Code Silver Staining kit (Pierce, Thermo
Fisher Scientific, Rockford, IL, USA). Different PCR reactions were
tested and different TGGE gels were run to check the reproducibil-
ity of the results.
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Table 1

(A) Operational parameters of experiments conducted in the pilot scale MBR during stages I and II. (B) Enzyme activities measured in the sludge during stages I and II. All enzyme

activities are given as mM min~' g~

VSS. Values shown are averages + SD. LSD: least significant difference (Student’s ¢ test, p < 0.05).

TSS (mg/L) sludge VSS (mg/L) sludge

BODs (mg O,/L) influent water

COD (mg/L) influent water T (°C) pH influent water

(A)

Stage [ 4880 + 1307 4220 + 1050 382+54 543 + 56 14.6+2.1° 7.42+0.17

Stage 11 4400 + 757 3529 +1062 427 + 88 682 + 202 26.5+1.0 7.53+0.20

LSD (p < 0.05) 1177 1108 73 141 1.85 0.19

Samples Acid phosphatase Alkaline phosphatase Glucosidase Protease Esterase
(B)

Stage |

1 2.69+0.11 2.68 £0.09 0.41 £0.04 129010 0.98 £0.36
2 5.05+0.24 6.72 £0.30 0.77 £0.01 2.58 +0.05 1.25+£0.10
3 11.50 £ 1.08 11.54+0.42 0.93+0.01 1.11 £0.08 0.45+0.13
4 4.05 +0.06 7.52 £0.04 0.41 £0.01 1.94+£0.22 0.37 £0.00
5 1.99 £ 0.00 3.19+0.15 0.19+0.01 1.35+0.06 0.30 £ 0.06
6 5.56 + 0.40 4.88 +£0.06 0.45 +0.01 2.41+0.11 0+0.10

7 9.75+0.78 12.68 £2.90 0.56 +0.01 1.33+0.19 0.59+0.14
8 0.24 +0.01 11.89+1.14 0.60 +0.01 1.43 £0.40 0.63 £0.03
9 1.21+£0.12 5.75+1.00 1.50 £ 0.06 2.06 £0.03 0+0.04

10 3.22£0.06 9.26 +0.17 1.82 £0.00 1.78 £0.11 0.50+0.17
Stage 11

11 21.82+0.31 10.64 + 0.46 296+0.11 16.47 £0.30 0.06 +0.08
12 16.19+0.01 7.55 +0.60 1.45 £0.05 472 +0.34 0.19+0.03
13 0.41 £0.04 9.71 £ 0.81 1.02 £ 0.06 7.20+0.03 0.35+0.31
14 2.33+£1.59 22.86+0.72 0.78 £0.01 6.57 £0.18 0+£0.14

15 2.45+0.26 13.36+0.17 0.80+0.01 6.33+0.13 0+0.25
16 2.08 +2.66 13.46 £ 0.05 1.07 £0.04 6.73+0.14 0+0.03

17 1.93 £0.37 3.31+0.34 0.88 +0.04 3.35+0.10 0+0.17
Averages stage | 4.53 7.61 0.76 1.72° 0.51"
Averages stage II 6.74 11.55 1.28 7.33" 0.09"

LSD (p < 0.05) 6.41 5.00 0.67 2.85 0.33

* Significant differences between stage I and stage II (p < 0.05).

2.6. Analysis of TGGE fingerprints

The band patterns generated by TGGE were normalized,
compared and clustered using the Gel Compar II v. 5.101 software
(Applied Maths, Belgium). For cluster analysis, the TGGE profile
was compared using a band assignment independent method (Pear-
son product-moment correlation coefficient), as well as a method
based on band presence/absence (Dice coefficient). In band assign-
ment, a 1% band position tolerance (relative to the total length of
the gel) was applied (Calderén et al., 2011). Dendrograms relating
band pattern similarities were automatically calculated with UP-
GMA algorithms (Unweighted pair group method with arithmetic
mean). Significance of UPGMA clustering was estimated by calculat-
ing the cophenetic correlation coefficients.

Based on the TGGE fingerprints, several theoretical indices were
calculated to analyze population richness and evenness in the MBR
sludge samples. The Shannon-Wiener index of diversity, H’
(Shannon and Weaver, 1963), was calculated for each TGGE lane
using the function:

s
H' == pilnpi
i

where S represents the total number of bands in a given TGGE lane,
and pi represents the relative intensity of a given band in the whole
densitometric curve of the corresponding lane. Relative intensities
of bands were calculated using Gel Compar II.

Range weighted richness indices (Rr), which provide an
estimation of the level of microbial diversity in environmental
samples, were calculated based on the total number of bands in
each TGGE pattern (N) and the temperature gradient (°C) between
the first and the last band of each pattern (Tg), as described by
Marzorati et al. (2008). The resulting values were divided by 100
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(Gémez-Silvan et al., 2010) to keep an order of magnitude analo-
gous to that of the Rr index as originally described for DGGE by
Marzorati et al. (2008).

To render a graphical representation of the evenness of the bac-
terial communities in the different samples, Pareto-Lorenz distri-
bution curves were drawn based on the TGGE fingerprints, as
previously described (Marzorati et al., 2008). The bands in each
TGGE lane were ranked from high to low based on intensity levels.
The cumulative normalized band intensities for each TGGE lane
were plotted against their respective cumulative normalized
number of bands. The curves were numerically interpreted by
the functional organization index (Fo), given by the horizontal y-
axis projection on the intercept with the vertical 20% x-axis line
(Marzorati et al., 2008). The calculation of the Fo indexes allows
for the evaluation of the functional redundancy of the microbial
communities analyzed by fingerprinting methods (Marzorati
et al., 2008).

2.7. DNA reamplification and sequencing

Portions of individual bands on silver-stained TGGE gels were
picked up with sterile pipette tips, placed in 10 pl of filtered and
autoclaved water, and 3 pl of the resulting DNA suspensions were
used for re-amplification with the appropriate primers. The PCR
products were electrophoresed in agarose gels and purified with
the Qiaex-II kit (Qiagen, Hamburg, Germany). The recovered DNA
was directly used for automated sequencing in an ABI PRISM
3100 Avant Genetic Analyzer (Life Technologies, CA, USA).

2.8. Phylogenetic and molecular evolutionary analysis

The DNA sequences were analyzed and compared using the
biocomputing tools provided online by the National Center for
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1.0

Relationships between RDA ordination axes and environmental variables:

Variable F1 (horizontal) F2 (vertical)
Temperature 0.68 -0.41

VSS -0.92 -0.37

CcoD 0.18 -0.36

BODs -0.07 -0.95

pH -0.03 -0.30
Cumulative % of total variation 41.4% 49.3%

Fig. 1. Redundancy analysis (RDA) ordination diagram (triplot) showing samples
(numbered circles), operational parameters (straight arrows), and enzyme activity
data (dotted arrows) during operation of the MBR in stages I and II. First axis is
horizontal, second axis is vertical. T: temperature; COD: chemical oxygen demand
in influent water; BODs: biological oxygen demand at 5 days in influent water; pH:
pH of influent water; P: protease; E: esterase; G: glucosidase; ALKP: alkaline
phosphatase; AP: acid phosphatase. Open circles: samples from stage I; solid
circles: samples from stage II.

Biotechnology Information (http://www.ncbi.nlm.nih.gov). The
BLASTn program (Altschul et al., 1997) was used for sequence sim-
ilarity analysis. The ClustalX v. 2.0.3 software (Jeanmougin et al.,
1998) was used for the alignment of the DNA sequences. Phyloge-
netic and molecular evolutionary analyzes were conducted using
MEGA version 4 (Tamura et al., 2007). A p-distance based evolu-
tionary tree was inferred using the Neighbor-Joining algorithm.
The bootstrap test was conducted to infer the reliability of branch
order, with a round of 1000 reassemblings. Bootstrap values below
50% are not shown in the tree.

2.9. Statistical analysis

STATGRAPHICS 5.0 (STSC, Rockville, MD, USA) was used for cal-
culation of analyses of variance (ANOVA). A significance level of
95% (p < 0.05) was selected.

Redundancy analysis (RDA), an ordination method of direct gra-
dient analysis (ter Braak and Prentice, 1988), was performed to
search for patterns in the set of biological parameters (enzyme
activities) and to assess their relationship with the environmental
data (operational parameters). The following nominal environ-
mental variables were used: TSS and VSS concentrations in sludge,
COD and BOD:s of influent water, pH of influent water. Of these, TSS
concentration had to be removed from the final analysis because of
its strong linear correlation with VSS. RDA was chosen as the ordi-

nation method after initial analysis by detrended correspondence
analysis (DCA) revealed that the enzyme activities data exhibited
a linear, rather than unimodal, response to the environmental vari-
ables (Lep$ and Smilauer, 1999). All environmental variables were
transformed to log (x + 1) except pH. The Monte Carlo permutation
test was used to assess the statistical significance of the canonical
axes. All the multivariate statistics were computed using the
Canoco for Windows v. 4.5 software (ScientiaPro, Budapest,
Hungary).

3. Results and discussion

3.1. Analysis of the influence of physico-chemical parameters on
enzyme activities

Table 1 shows the average values of the physico-chemical param-
eters measured in the bioreactor and the enzyme activities of the
sludge during the two stages of the study. ANOVA analysis showed
that the only parameter displaying a significant difference between
the two experimental stages was temperature (Table 1A). Overall,
average extracellular activities reached higher values during stage
II, with the exception of esterase. The observed differences were
not statistically significant in the case of phosphatases and glucosi-
dase (Table 1B).

Extracellular microbial enzymes are essential for the biological
treatment of wastewater in order to fulfill the removal by mineral-
ization of organic compounds, mostly proteins, carbohydrates and
lipids (Burgess and Pletschke, 2008). Temporal variations of en-
zyme activity often obey to bacterial regulatory mechanisms, in re-
sponse to the changes of the environmental conditions such as
substrate concentration, availability of electron acceptors, pH or
temperature (Boczar et al., 2001). The influence of the simulta-
neous variation of physico-chemical parameters (VSS concentra-
tion, temperature, pH, COD and BODs) on the enzyme activities
measured in both stages was analyzed by RDA, and the triplot dia-
gram generated is displayed in Fig. 1.

The first ordination RDA axis (horizontal) was mainly correlated
to VSS and temperature and described a 41.4% of the total variabil-
ity of the enzyme activities (72.1% of observed variability). The sec-
ond ordination axis (vertical), which was strongly associated with
BODs concentration, described a 7.9% of the total variability (13.7%
of observed variability). The triplot shows the clear segregation of
the samples in two groups, belonging to each stage of operation
(stage I, open circles; stage II, solid circles). According to the results
of the Monte Carlo permutation test, VSS concentration and tem-
perature (p <0.05) were the major factors explaining variations
of enzyme activity levels under the experimental conditions as-
sayed in the study. All the enzyme activities correlated negatively
to VSS concentration and positively to temperature, with the
exception of esterase.

Temperature is an environmental factor with important influ-
ence on enzyme activities and the level of solubility of sludge in
the bioreactor (Banister and Pretorius, 1998). The relevant role of
temperature on the level of enzyme activities in MBR-based
WWTPs has been studied by other authors in systems not aerated
with pure oxygen. In this sense, Whiteley et al. (2002) demon-
strated a positive correlation between temperature and proteolytic
activity, which reached maximal levels at temperatures ranging
20-22 °C. Enzyme activities in an MBR WWTP analogous to the
one used in this study but lacking aeration by pure oxygen were
analyzed in previous work (Molina-Mufioz et al., 2007, 2010).
These authors reported that seasonal temperature was the most
influential factor on the level of enzyme activities protease, phos-
phatase and esterase of the sludge biomass, which were all favored
by the increase in temperature, except glucosidase that reached
the highest values during the winter season (Molina-Mufioz

68



K. Calderdn et al./Bioresource Technology 103 (2012) 87-94

30
40
50

91

O W N O bW =

S P 1 S (et e Gt
~N e O N 2O

Fig. 2. Dendrogram generated by UPGMA clustering (Pearson correlation coefficient) of 16S rRNA based TGGE patterns from activated sludge samples taken during operation
of the MBR in stages I and II, using Gel Compar Il v. 4.601 (Applied Maths, Belgium). Profiles are based on the amplification and separation of the V3 hypervariable region of
the 16S rRNA gene. Bands which were successfully amplified and sequenced for the phylogenetic analysis shown in Fig. 4 are numbered and marked with an arrowhead. The
scale bar indicates the percentage of similarity. Numbers in nodes represent the cophenetic correlation coefficient values. Samples 1-10: stage I; samples 11-17: stage II.
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Fig. 3. Dendrogram generated by UPGMA clustering (Dice correlation coefficient) of 16S rRNA based TGGE patterns from activated sludge samples taken during operation of
the MBR in stages | and II, using Gel Compar II v. 4.601 (Applied Maths, Belgium). The scale bar indicates the percentage of similarity. Numbers in nodes represent the
cophenetic correlation coefficient values. Band classes universal to all samples or common only to a same stage are highlighted and named with letters A-V. TGGE bands
which were successfully amplified and sequenced are numbered. Samples 1-10: stage I; samples 11-17: stage II.

et al., 2007, 2010). We did not observe a negative correlation be-
tween temperature and glucosidase activity, although it must be
taken into consideration that the experiments described here were
only developed during the spring and summer seasons.

Li and Chrost (2006) determined that VSS concentration in acti-
vated sludge is a representative parameter to estimate active bio-
mass; however, an increase of VSS concentration does not
necessarily correlate positively to the levels of enzyme activities
(Macomber et al., 2005; Molina-Mufioz et al., 2007, 2010). In an
MBR operated under full biomass retention conditions, positive
correlation between the increase in VSS concentration and enzyme
activities occurred, but decay was observed when threshold values
of VSS concentration were reached (Molina-Muiioz et al., 2007).
Explanations for the inhibition of enzyme activities at given VSS
concentrations include feed-back inhibition by end-products and
the accumulation of slowly biodegradable substances with
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inhibitory or toxic activities (Burgess and Pletschke, 2008; Moli-
na-Mufioz et al., 2010).

3.2. Analysis of the structure of bacterial communities by TGGE
fingerprinting

To evaluate changes in the composition of the bacterial commu-
nity in the sludge, the PCR-TGGE technique was employed. This ap-
proach demonstrated clear and significant differences of the
community structure of Bacteria among the two experimental
stages studied (Fig. 2). The Pearson coefficient-based analysis al-
lowed for the identification of two separated clusters correspond-
ing to samples taken from the two different experimental stages,
which clustered at a 25% similarity, indicating a low relationship
between the composition of the two bacterial communities. Stage
I samples are grouped at a 58% similarity, while the fingerprints of
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Fig. 4. Neighbor-Joining phylogenetic tree showing the positions of 41 Bacteria sequences from reamplified TGGE bands and the most similar sequences retrieved from the
EMBL database, based on ca. 200 nt length of sequences. The scale bar indicates a 1% divergence. Bootstrap values over 50% are shown in nodes. (®) Sequences from bands
reamplified from stage I fingerprints; () sequences from bands reamplified from stage II fingerprints.

samples taken during stage II displayed a higher similarity (74%). results to the Pearson-based clustering (Fig. 3). A total of 75 band
Cluster analysis based on the Dice coefficient showed equivalent classes were identified in the bacterial fingerprints. Only
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band classes A, B, C, D and E were common to both stages of oper-
ation, and were present in 100% of the analyzed samples. Seven
band classes were universal in samples from stage I, while 10 band
classes were common to all stage Il samples (Fig. 3). The fingerprint
analysis reveals that the bacterial community developed in the
studied system was highly dynamic, as few populations were uni-
versally present in samples from both stages, or common to all
samples from a same stage. These results are in agreement with
previous work in a similar, conventionally aerated MBR (Molina-
Muiioz et al., 2009).

Calculation of the Rr indices showed no significant differences
(ANOVA analysis, p < 0.05) between the two different stages stud-
ied. Based on Marzorati et al. (2008), the bacterial community in
the sludge had an average Rr =70 in both stages studied, a value
typical of very habitable environments characterized by a high
microbial diversity, as it can be considered the mixed liquor of
WWTPs. The average values of Shannon-Wiener index (H’') were
3.22 £ 0.09 for stage I samples and 3.15 + 0.03 for stage Il samples,
indicating a high level of population richness and evenness in both
studies. The evenness of the bacterial community was also re-
vealed by the calculation of the Fo indices, which also displayed
similar values in both stages (Fo =46%). According to Marzorati
et al. (2008), Fo index values around 45% represent a balanced
community, potentially able to preserve its functionality under
changing environmental conditions.

3.3. Phylogenetic study of the DNA sequences of the prevalent TGGE
bands

A total of 41 TGGE bands were successfully reamplified and se-
quenced from TGGE gels, corresponding to the dominant popula-
tions in the mixed liquor community and representing 49% of the
total band classes recognized. A prevalence of Proteobacteria in
the set of sequences analyzed was found for both experimental
stages (Fig. 4). The main group of identifiable TGGE bands was re-
lated to Alphaproteobacteria (18 of 41 sequences, 44%). This group
included sequence 32, representative of band class E (Fig. 3), found
universal to all analyzed samples. The second group in order of
abundance was Betaproteobacteria (25%), followed by Firmicutes
(17%) although sequences evolutively close to this phylum were
mainly identified in samples from stage 1. Only one sequence was
related to an uncultured Gammaproteobacteria, and 3 sequences
were related to Actinobacteria (See Fig. 4).

The results presented in this paper differ from the current avail-
able knowledge on the average composition of the bacterial commu-
nity in urban WWTPs, in particular, the relative abundances of
Alphaproteobacteria in both stages of operation. Wagner and Loy
(2002) reviewed data retrieved from several laboratory and full-
scale WWTPs, as revealed by studies mainly derived from the
screening of clone libraries and quantitative FISH, concluding that
Proteobacteria dominated the composition of the bacterial commu-
nities (56%), being Betaproteobacteria the major component in most
of the analyzed systems (29%), while Alphaproteobacteria, Actino-
bacteria and Firmicutes represented 11%, 7% and 2% of the OTUs,
respectively. Similar conclusions were reached in analogous studies
specifically focused on MBRs (Rosenberger et al., 2000; Molina-
Mufioz et al., 2009). Recent work exploring bacterial diversity in
full-scale urban WWTPs by means of phylogenetic microarrays
(Xia et al., 2010) and high-throughput DNA sequencing (Sanapared-
dy et al. 2009; Ye et al., in press) supported the notion of the univer-
sal prevalence of Proteobacteria in WWTPs, although discrepancies
regarding the predominance of the Beta subpopulation are reported,
attributable to the particular biases introduced by the use of differ-
ent cultivation-independent techniques (Eschenhagen et al., 2003;
Xia et al., 2010). TGGE fingerprinting, as all PCR-based methods,
may display a preference to major bacterial groups, possibly missing
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some variations of numerically minor but functionally relevant con-
stituents of the community, hence further research is required to
confirm the extent to which the use of pure oxygen influences bac-
terial community composition.

4. Conclusions

The studies carried out in the pilot-scale MBR WWTP aerated
with pure oxygen showed that the levels of enzyme activities
and the influence on these processes of operational parameters
(VSS concentration and temperature) were analogous to those re-
ported in previous studies regarding conventionally-aerated MBRs.
H', Rr and Fo indices calculated from TGGE fingerprints were simi-
lar in both experimental stages and showed that the sludge bacte-
rial community was equivalent in diversity and functionality to
those developed in WWTPs using air. Differences in the relative
abundance of prevalent populations were encountered, compared
to the previous knowledge on bacterial diversity in WWTPs.
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HIGHLIGHTS

>A pilot-scale MBR was operated using pure O, or air as aeration sources *Bacterial diversity and enzyme activities were compared under each aeration source
»Enzyme activity was influenced by temperature and VSS, not by the aeration source >The aeration source significantly influenced the bacterial community
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ABSTRACT
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A comparative analysis was performed in a pilot-scale membrane bioreactor (MBR) treating urban wastewater when it
was supplied with either pure oxygen (0,) or air, to assess the influence of each aeration source on the diversity and
activity of the bacterial communities in the sludge. The MBR was operated in three experimental stages with different
concentrations of volatile suspended solids (VSS) and temperature, and under both aeration conditions. Phosphatases,
glucosidases, proteases, and esterases were tested as organic material removal markers in the sludge, and the bacterial

community diversity was analyzed by amplification of partial 16S-rRNA genes followed by temperature-gradient gel
electrophoresis fingerprinting. Redundancy analysis revealed that significant differences in the levels of enzyme activities,
as well as the Shannon-Wiener's diversity (A’ and functional organization (Fo) indices, were only related to temperature
and VSS, while the bacterial community structure was significantly influenced by the aeration source supplied in each

experimental stage.

1. Introduction

Aerobic wastewater treatment (WWT) requires oxygen for the removal
of organic matter, conducted by a microbial consortium, since it is
essential for their maintenance and growth (Shammamas and Wang,
2009). Aeration systems involve an important contribution to
wastewater plant construction and operation cost (Germain and
Stephenson, 2007). In 1940 the use of pure oxygen (0,) as a
replacement for air was proposed for the conventional activated sludge
(CAS) process and put into commercial use in 1970 (Shammas and
Wang, 2009). By using pure O, instead of air, the driving force for
oxygen mass transfer and the degree of oxygen saturation are
significantly increased (Andreadakis, 1987). Other main advantages
found when pure O, is used instead of air in CAS were; smaller
installations due to a lower required tank volume, reduced bulking and
foaming problems, reduced power requirements, decreased sludge
production, ability to treat high-strength wastewaters, improved
biokinetics, and faster treatment rates at high suspended solid
concentrations (Esparza-Soto et al., 2006; Shammas and Wang, 2009).
These advantages balance out the significant cost of oxygen generation
equipment or the purchase of oxygen tanks. Moreover, CAS-based
plants that use pure O, have been tested for the improved removal of
emerging organic contaminants present in wastewater at low
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Facultad de Farmacia, Universidad de Granada, 18071 Granada, Spain.
Tel.: +34 958249966; fax: +34 958246235.

E-mail address: kcalderona@ugr.es (K. Calderdn).

concentrations, such as antibiotics (Batt et al., 2007; Lietz and Meyer,
2006).

Membrane bioreactor (MBR) systems are based on the combination
of the CAS process and membrane technology to separate the
particulate material from water, avoiding the requirement of the
secondary clarifier (Chang, 2010). For the numerous advantages offered
such as excellent effluent quality, low sludge production, small
configuration, and flexibility for future expansion and upgrade, MBR
technology is nowadays one of the most used technologies to treat
industrial and municipal wastewater (Calderén et al., 2012a; Rodriguez
etal,, 2012).

The possible advantages of the application of pure O, as aeration
source in MBRs are poorly studied, and to date it has only been
demonstrated that it allows the achievement of high removal rates of
organic matter and nitrogen compounds (Rodriguez et al., 2011; 2012).
Besides, although the effects of pure O, aeration on the biology of the
bacterial communities in WWT plants plants have been pointed out
before (Nelson and Puntenney, 1983), to date, they remain not well
characterized (Calderén et al., 2012a).

The aim of this work was to compare the use of pure O, versus air
applied as an aeration source to a pilot-scale MBR, with regard to their
influence on the bacterial community composition and its enzyme
activities. Molecular fingerprinting tools (polymerase chain reaction
coupled to temperature gradient gel electrophoresis, PCR-TGGE) and
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sequence analysis of isolated TGGE bands were used to characterize the
bacterial community structure and dynamics, in parallel to enzyme
activity measures.

2. Methods

2.1. Description of the pilot-scale MBR plant

The pilot-scale experimental plant used in this study has beens
described in detail elsewhere (Rodriguez et al., 2010). The system
worked with real urban wastewater, supplied by Estacion Depuradora
Oeste Puente de Los Vados (Granada), run by EMASAGRA, S.A. (Spain).
The wastewater was pumped from the primary settling tank of the
municipal facility into the pilot-scale MBR plant, which was installed
nearby. The plant consisted of two separated cylindrical bioreactors.
The first tank (358 1 operating volume and 1.85 m height) was aerated
with either pure O, (supplied by AL Air Liquide S.A., Madrid, Spain) or
air in the different phases of the study. A porous diffuser was used to
generate fine bubbles, providing an adequate oxygen transfer. Dissolved
oxygen (DO) was kept at 2.8 mg/l throughout the experimental set
according to Rodriguez et al. (2010). The membrane was placed in a
second tank separated from the bioreactor. A recirculation of 141 1/h
was established to keep a constant concentration of total suspended
solids (TSS) in both bioreactors. Control devices were available to
monitor the transmembrane pressure (TMP), temperature, pH, and the
concentration of dissolved oxygen in the activated sludge.

The experimental work in the plant was divided in three stages of
operation (Table 1S), and each of the stages was subdivided in two
phases, using first pure O, and subsequently air as aeration sources. A
hydraulic retention time (HRT) of 12 h was set in all the experiments.
There were no significant differences in pH nor chemical oxygen
demand (COD) concentration in the influent water between the three
stages, while significantly different temperatures were recorded in each
of them (Table 1). A chemical cleaning of the membranes with sodium
hypochlorite and citric acid (pH 2.0) was performed before the start of
each of the three experimental stages, or in the event of TMP rising to
the maximum level recommended by the membrane manufacturer.

Operation in the MBR system was initiated at the inflow water TSS
concentration (150 mg/l) with no previous inoculation; thus, the
microbial community in the sludge developed from that present in the
influent wastewater. After the stabilization of the system, stages I and II
were operated consecutively but keeping different conditions of
biomass retention in the bioreactor, to compare the effect of pure O,
versus air as aeration source when different concentrations of
suspended solids were reached in the sludge of the MBR (Table 1). The
average TSS values were 11056 + 880 for stage I, and 7200 + 1040 for
stage II, requiring continuous purges of sludge (12.0 1/day and 6.8 1/day,
respectively) to keep the TSS concentrations into the desired ranges. For
stage IIl, the MBR was emptied and cleaned before being restarted at
the inflow water TSS concentration (150 mg/l). When the system
became stable, an average TSS of 3700 + 600mg/l was reached, and
maintained by a continuous purge of 32 1/day.

2.2. Physico-chemical analysis

The water samples for the analytical determinations were obtained
every 24 h from the influent water, biological reactor and permeate.
COD, total suspended solids (TSS) and volatile suspended solids (VSS)
were determined according to the Standard Methods for the
Examination of Water and Wastewater (APHA, 2005). The pH was
measured using a Crison pH 25 pH-meter (Crison Instruments S.A.,
Barcelona, Spain).

2.3. Enzyme activities

Enzyme activities phosphatase, glucosidade, protease and esterase
were analyzed two times per week in the sludge of the biological tank
as was described before (Calderén et al, 2012a). Experiments to
measure enzyme activities were always conducted in triplicate. All
chemicals required for enzyme activity analysis were provided by
Sigma Aldrich (St. Louis, MO, USA).

2.4. DNA extraction and PCR amplification of 165-rRNA genes

Total genomic DNA was extracted from sludge samples (ca. 200 mg)
retrieved from the MBR twice a week, coinciding with enzyme activity
measurements. The FastDNA Spin Kit for Soil and the FastPrep24
apparatus (MP-BIO, Germany) were used following the manufacturers
indications.

Two-step approaches were used for PCR amplification, using
universal primers targeting the hypervariable V3 region of the 16S
rRNA gene, as previously described by other authors for TGGE or DGGE
fingerprinting (Calderdn et al., 2012b). The final PCR products were
cleaned and/or concentrated using Amicon Ultra-0.5 mL Centrifugal
Filters (Eppendorf, Hamburg, Germany). Eight microliters (60-100 ng
DNA) were loaded into each well for TGGE.

2.5. TGGE

TGGE was performed using a TGGE Maxi system (Whatman-
Biometra, Goettingen, Germany). The denaturing gels [6%
polyacrylamide (37.5:1 acrylamide:bisacrylamide), 20% deionized
formamide, 2% glycerol and 8 M urea] were made and run with 2 x
Tris—acetate-EDTA buffer. All chemicals required were purchased from
Sigma Aldrich (St. Louis, MO, USA). The temperature gradient was
optimized at 43-63 °C (Molina-Mufloz et al., 2009). Gels were run at
125 V for 18 h. The bands were visualized by silver staining using the
Gel Code Silver Staining kit (Pierce, Thermo Fisher Scientific, Rockford,
IL, USA). Different PCR reactions were tested and different TGGE gels
were run to check the reproducibility of the results.

2.6. Analysis of TGGE fingerprints

The band patterns generated by TGGE were normalized, compared and
clustered using the Gel Compar II v. 5.101 software (Applied Maths,
Belgium). For cluster analysis, the TGGE profiles were compared using a
method based on band presence/absence (Dice coefficient). In band
assignment, a 1% band position tolerance (relative to the total length of
the gel) was applied (Calderén et al., 2012a). Dendrograms relating
band pattern similarities were automatically calculated with the
unweighted pair group method with arithmetic mean algorithms
(UPGMA). The significance of the UPGMA clustering was estimated by
calculating the cophenetic correlation coefficients.

Based on the TGGE fingerprints, several theoretical indices were
calculated to analyze population richness and evenness in the MBR
sludge samples. The Shannon-Wiener index of diversity, A’ (Shannon
and Weaver, 1963), was calculated for each TGGE lane using the
function

S
H' == pilnpi
i=1

where Srepresents the total number of bands in a given TGGE lane, and
pi represents the relative intensity of a given band in the whole
densitometric curve of the corresponding lane. Relative intensities of
bands were calculated using Gel Compar I.

76



K. Calderén et al., Submitted to Bioresource Technology

Table 1. A. Operational parameters of experiments conducted in the pilot scale MBR during stages I, Il and III. B. Enzyme activities measured in the sludge during stages
I, ITand III. All enzyme activities are given as mM min-1 g-1 VSS. Values shown are averages + SD. LSD: least significant difference (Student’s T test, p<0.05)

A) Dates Average COD (mg/L) pH TSS (mg/L) VSS (mg/L)
T(°C)* influent water influent water sludge sludge
Stage | Oxygen  April 20" to May 13",2010 19.0+0.7° 379.2 £24.5" 8.1+0.0" 10924 +273¢ 9381 +215°
Air May18" to May 27,2010 21.9+1.0° 330.8 £36.8° 8.0+0.1° 11350 £ 410° 9375 +324°
Stage 11 Oxygen  June 10"to July 1%, 2010 23.7 1.0 441.6 £30.0° 79+0.1° 7600 + 335" 6583 + 265"
Air July 6" to July 15,2010 27.1%£1.0° 404.1£36.8" 7.8+0.1° 6720+ 410° 5885 +324°
Stage III Oxygen  September 28" to November 4", 2010 17.4+0.6° 406.3 £22.2° 8.2+0.1° 3745 £ 247" 3288 £195°
Air November 9" to November 25", 2010 13.0+1.0° 361.9+36.8" 8.2+0.1° 3805 £410° 3000 + 324"
B) Acid Alkaline Glucosidase Protease Esterase
Phosphatase* Phosphatase
Stage | Oxygen  1.41£0.30° 2.95+0.44° 0.33£0.05° 2.85+0.30° 0.18 £0.07°
Air 1.75 £0.45" 2.35+0.67° 0.29 +0.07° 3.84+0.45° 030+0.11°
Stage II Oxygen  2.01+0.37° 3.51+0.55 0.31 £0.06" 3.00+0.37° 0.72 £ 0.09"
Air 1.47 £0.45° 2.37+0.67° 0.27 +0.07° 3.52+0.45° 043+0.11°
Stage 111 Oxygen 6.01+0.27° 6.68 +0.40" 0.70 £ 0.04° 3.20+0.27° 0.51+0.07"
Air 4.36 £0.45° 8.26 £0.67° 0.76 £0.07° 3.39+0.64 0.66 £0.11*

To render a graphical representation of the evenness of the bacterial
communities in the different samples, Pareto-Lorenz distribution
curves were drawn based on the TGGE fingerprints, as previously
described (Marzorati et al., 2008). The bands in each TGGE lane were
ranked from high to low based on intensity levels, and the cumulative
normalized band intensities for each TGGE lane were plotted against
their respective cumulative normalized number of bands, as described
elsewhere (Calderén et al, 2012a). The curves were numerically
interpreted by the functional organization index (Fo), given by the
horizontal y-axis projection on the intercept with the vertical 20% x-
axis line. The calculation of the Fo indices allows for the evaluation of
the functional redundancy of the microbial communities analyzed by
fingerprinting methods (Marzorati et al., 2008)

2.7. DNA reamplification and sequencing.

Portions of individual bands on silver-stained TGGE gels were picked
up with sterile pipette tips, placed in 10 pL of filtered and autoclaved
water, and 3 pl of the resulting DNA suspensions were used for re-
amplification with the appropriate primers. The PCR products were
electrophoresed in agarose gels and purified with the Qiaex-II kit
(Qiagen, Hamburg, Germany). The recovered DNA was directly used for
automated sequencing in an ABI PRISM 3130XL Genetic Analyzer (Life
Technologies, CA, USA).

2.8. Phylogenetic and molecular evolutionary analysis.

The DNA sequences were analyzed and compared using the
biocomputing tools provided online by the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov). The BLASTn
program (Altschul et al, 1997) was used for sequence similarity
analysis. The ClustalX v. 2.0.3 software (Jeanmougin et al., 1998) was
used for the alignment of the DNA sequences. Phylogenetic and
molecular evolutionary analyses were conducted using MEGA version 4
(Tamura et al., 2007). A p-distance based evolutionary tree was inferred
using the Neighbor-Joining algorithm. The bootstrap test was
conducted to infer the reliability of branch order, with a round of 1000
reassemblings. Bootstrap values below 50% are not shown in the tree.

2.9. Statistical analysis.

STATGRAPHICS 5.0 (STSC, Rockville, MD, USA) was used for
calculation of analyses of variance (ANOVA). A significance level of 95%
(p<0.05) was selected.

Redundancy analysis (RDA), an ordination method of direct gradient
analysis (Leps and Smilauer, 2003), was performed to search for
patterns in the different sets of biological parameters and to assess their
relationship with the environmental variables (operational
parameters). The biological parameters analyzed throughout the whole
set of samples were: 1) enzyme activities, 2) presence/absence of band
classes in the TGGE profiles, and 3) values calculated of the Shannon-
Wiener (A and functional organization (Fo) indices. The following
environmental variables were used: TSS and VSS concentrations in
sludge, COD of influent water, pH of influent water and temperature (T),
and source of aeration (pure O, versus air). From these, TSS
concentration had to be removed from the final analysis because of its
strong linear correlation with VSS. RDA was chosen as the ordination
method after initial analysis by detrended correspondence analysis
(DCA) revealed that all the biological parameters exhibited a linear
response to the environmental variables, rather than an unimodal
response (Lep3 and Smilauer, 2003). All environmental variables were
transformed to log (x+1). The Monte Carlo permutation test was used to
assess the statistical significance of the canonical axes. All the
multivariate statistics were computed using the Canoco for Windows v.
4.5 software (ScientiaPro, Budapest, Hungary).

3. Results and Discussion

3.1 Analysis of the influence of physico-chemical parameters on
enzyme activities.

Table 1A shows the average values of the physico-chemical
parameters measured in the bioreactor and the enzyme activities of the
sludge acid phosphatase (AP), alkaline phosphatase (AIkP), glucosidase
(G), esterase (E) and protease (P) during the three stages of the study.
Overall, average extracellular activities reached higher values during
stage III, with the exception of protease and esterase. The observed
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differences were statistically significant (p<0.05) between stages in the
case of phosphatases and glucosidase (Table 1B).

RDA was performed to relate the enzyme activities in the sludge of
the MBR, aerated using either pure O, or air, to the variations of the
different physico-chemical parameters (VSS concentration in the
sludge, temperature, pH and COD of influent water). According to the
results of the Monte Carlo permutation test, the significant factors
explaining the variations of the enzyme activities were temperature
(p<0.05) and VSS concentration (p<0.05), while the aeration source did
not contribute significantly to explain the variation of the enzyme
activities. An ordination plot was generated, consisting of a triplot of
the significant environmental variables, species (enzyme activities) and
samples (Fig. 1.). Strong species-environment correlation was found for
the first ordination axe (horizontal) (r=0.906), which was mainly
correlated to the temperature and VSS concentration, and described a
46.9% of the total variance of specie data and an 83.1% of the variance of
the species-environment relation. The second ordination axis (vertical)
(r=0.527), which was mostly associated with temperature, described a
7.7% of the total variance of species data and 13.7% of the variance of
the species-environment relation. The triplot shows the clear
segregation of the samples in three different groups, belonging to each
stage of operation (stage I, gray circles; stage II, black circles; and stage
111, white circles). The samples from the stage III are dispersed along the
2nd ordination axe, clearly denoting the temperature influence. All the
enzyme activities correlated negatively to VSS concentration, and both
phosphatases and glucosidase also correlated negatively to
temperature. Hence, RDA analysis confirmed that the significantly
higher activities observed for these hydrolases on stage III samples
(Table 1B) were attributed to the lower temperatures and VSS
concentrations registered during that experimental stage.

Temperature is an environmental factor with important influence on
enzyme activities and the level of solubility of sludge in WWTs
(Banister and Pretorius, 1998). The effect of seasonal temperature on
the level of enzyme activities was explored by Molina-Mufioz et al.
(2007, 2010) in studies carried out in a conventionally-aerated MBR,
concluding that while protease and phosphatases reached the highest
levels at temperatures over 17°C, glucosidase activity was favored at
lower temperatures. The negative correlation between hydrolytic
activities and VSS concentration has been previously reported in MBRs
supplied with either air or pure O, (Calderén et al, 2012a; Molina-
Muifioz et al, 2007, 2010). The latter could be explained for the
inhibition of enzyme activities at given VSS concentrations, including
feed-back inhibition by end-products and the accumulation of slowly
biodegradable substances with inhibitory or toxic activities (Burgess
and Pletschke, 2008; Molina-Mufioz et al., 2007, 2010).

To the best of our knowledge, no previous studies have compared
the enzyme activities in a same WWT plant under pure O, versus air. In
an earlier study, Goel et al. (1998) measured o-glucosidase and protease
activities in the aerobic, anoxic and anaerobic phases of an activated
sludge bench-scale system, finding no significant differences in the
activities and only detecting a marginal difference in enzyme synthesis
rates depending on the availability of electron acceptors. Several
authors (Esparza-Soto et al., 2006; Shammas and Wang, 2009) had
reported higher removal rates of organic matter when pure O, is used
instead of air. According to the results described here, this
improvement is not related to an enhancement of the depolymerization
of the macromolecules in the bioreactor.

3.2 Analysis of the structure of bacterial communities by TGGE
fingerprinting.

Cluster analysis based on the Dice coefficient allowed for the
identification of significant differences in the community structure of
Bacteria among the three experimental stages evaluated (Fig. 2). A clear

segregation was observed in two main clusters (similarity below 45%),
being the first one composed of the samples belonging to stages I and II,
and the second of samples taken during stage IIl. The analysis also
confirmed the separated clustering of samples in stages Il and IIl which
received air from those supplied with pure O,. A total of 60 band classes
were identified in the bacterial fingerprints, and a RDA analysis was
also performed to evaluate the relationship between the bacterial
community profiles, based on the presence/absence of band classes, and
the environmental variables. According to the results of the Monte
Carlo permutation test, temperature, VSS concentration and the type of
aeration (pure O, versus air) were the significant factors (p<0.05)
explaining the variations of the bacterial fingerprints. An ordination
plot was generated consisting of a triplot of the significant
environmental parameters, samples and species (band classes
absent/present in the samples) (Fig. 3). Strong species-environment
correlation was found for the 1st (r=0.954) and 2nd (r=0.860) ordination
axes. The 1st ordination RDA axis (horizontal) was mainly correlated to
VSS concentration, and described a 32.0% of the total variance of species
data and 62.4% of the variance of the species-environment relation. The
2nd ordination axis (vertical) was mostly associated with the aeration
by pure O, and the temperature, and described a 10.1% of the total
variance of species data and 19.8% of the variance of the species-
environment relation.
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Fig. 1. Redundancy analysis (RDA) ordination diagram (triplot) showing samples
(numbered circles), operational parameters (straight arrows), and enzyme activity
data (dotted arrows) during operation of the MBR in stages I, Il and III. First axis is
horizontal, second axis is vertical. T: temperature; COD: chemical oxygen demand
in influent water; pH: pH of influent water; VSS: volatile suspended solids; P:
protease; E: esterase; G: glucosidase; ALKP: alkaline phosphatase; AP: acid
phosphatase; O,: pure O, as aeration source; Air: air as aeration source. Gray
circles: samples from stage I; black circles: samples from stage Il and open circles:
samples from stage III.
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Fig. 2. Dendrogram generated by UPGMA clustering (Dice correlation coefficient) of 16S-rRNA based TGGE patterns from activated sludge samples taken during
operation of the MBR in stages I, Il and III, using Gel Compar Il v. 4.601 (Applied Maths, Belgium). The scale bar indicates the percentage of similarity. Numbers in nodes
represent the cophenetic correlation coefficient values. Band classes universal to all samples and exclusive of a same stage are highlighted and named with italic
numbers 7 to 60. Samples S I correspond to stage I; S II to stage Il and S III to stage III, respectively. A: air as aeration source, and O: pure O, as aeration source.

The band classes number 74, 36, 39 and 52 were found universal for
all the experimental stages, meaning that none of the physico-chemical
parameters affected the bacterial community, and on the triplot they
are focused on the center of both axes. Band class 27is mainly present
in samples from stage I and from the phase of stage II sourced with O,,
and its relative abundance was found highly correlated to the VSS
concentration. Several band classes ( 78, 44, 45, 48 and 59) were found
exclusive of stage Il and, according to RDA analysis, their presence was
positively correlated with temperature. Band classes 46 and 47 were
exclusive of stages I and IIl and their presence was negatively correlated
to temperature, meaning that low temperatures favored their
development and growth. Finally, nineteen band classes were exclusive
of stage Il (2, 3 5,8 9, 10, 11, 13, 19, 20, 25, 28, 29, 30, 33, 35, 37, 41,
53, 56and 58), thus, the prevalence of these populations was negatively
correlated to both the VSS concentration and temperature.

The fingerprint analysis reveals that the bacterial community
developed in the MBR was highly dynamic, as few populations were
universally present in samples from all stages, or common to all
samples from a same stage. These results are in agreement with
previous work in a similar, conventionally aerated MBR (Molina-Mufioz
et al., 2009), and in an MBR sourced exclusively with pure O, (Calderén
et al,, 2012a).

3.3. Analysis of the diversity and functional organization of the bacterial
communities in the sludge.

Studies based on the bacterial community profiles allowed the
calculation of the Shannon-Wiener (/) and Fo indices (Table 2). The
values of A’ranged from 2.62 + 0.04 to 3.17 + 0.04. These values are
similar to those described in other studies of the MBR communities
based on fingerprinting techniques (Calderén et al., 2012a; Molina-
Muiioz et al., 2009) and indicated a high level of population richness in
the three experimental stages (Table 2). Samples from stage III
displayed significantly higher values of the A’index, compared to stages
Iand IL

The values of the Fo index calculated for the communities analyzed
in the MBR ranged from 43 + 0.02 to 50 + 0.01%. According to Marzorati
et al. (2008), Fo index values around 45% represent a balanced
community, potentially able to preserve its functionality under
changing environmental conditions. Our results thus indicate that the
communities developed in the MBR system were fully functional in all
the stages, despite of the differences in aeration, temperature or
biomass retention levels in the bioreactor.
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Table 2. Multifactor ANOVA analysis of the Functional organization index (o) and
Shannon index (/). Values shown are average + standard deviations. Values
marked with the same lowercase letter are not significantly different (p>0.05).
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Fig. 3. Redundancy analysis (RDA) ordination diagram (triplot) showing band
classes (open triangles), identified by italic letters, and operational parameters
(straight arrows) during operation of the MBR in stages I, Il and III. First axis is
horizontal, second axis is vertical. T: temperature; COD: chemical oxygen demand
in influent water; pH: pH of influent water and VSS: volatile suspended solids; O,:
pure O, as aeration source; Air: air as aeration source.
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Fig. 4. Redundancy analysis (RDA) ordination diagram (triplot) showing samples
(numbered circles), operational parameters (straight arrows), and Functional
organization index (Fo) and Shannon-Wiener diversity index data (H’) (dotted
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water; pH: pH of influent water; VSS: volatile suspended solids; O,: pure O, as
aeration source; Air: air as aeration source. Gray circles: samples from stage I;
black circles: samples from stage II, and open circles: samples from stage III.
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To further support these observations, an RDA analysis was
performed, relating the values of the /#’and the Foindices calculated in
all samples to the variations of physico-chemical parameters (VSS
concentration, temperature, pH and COD) and the aeration source used
(pure O, versus air). According to the results of the Monte Carlo
permutation test, the significant factors explaining the variations of the
H’and Fo indices were temperature (p<0.05) and VSS concentration
(p<0.05). An ordination plot was generated, consisting of a triplot of the
significant environmental variables, samples, and species (A’ and Fo)
(Fig. 4). The triplot showed a clear segregation of the samples in three
different groups, belonging to each stage of operation. Strong species-
environment correlation was found for the first ordination axe (r=
0.893, horizontal), which was mainly correlated to the temperature and
VSS concentration and described a 53.9% of the total variance of species
data and an 89.8% of the variance of the species-environment relation.
The second ordination axis (vertical) is less significant (r= 0.435), and it
only described a 6.1% of the total variance of species data and 10.2% of
the variance of the species-environment relation. These results indicate
that the diversity of the bacterial community was higher at lower
temperatures and VSS concentrations, while Fo was negatively
correlated to VSS.

The RDA analysis confirmed that temperature and VSS were the
most influential factors regarding the observed changes on diversity
and functional organization of the bacterial communities measured by
H’and Fo, while the aeration source effect was negligible. These results
are in agreement with previous work by Tocchi et al. (2012), who
observed that different aeration rates and dissolved oxygen
concentrations markedly influence the activity and composition of
protozoan and bacterial communities, although the overall amount of
bacterial diversity based on the calculation of indices such as A’
remained stable.

3.4. Phylogenetic study of the DNA sequences of the prevalent TGGE
Dands.

A total of 35 TGGE bands were successfully reamplified and
sequenced from TGGE gels, corresponding to the dominant populations
in the mixed liquor community from all the stages, and representing
55.5% of the total band classes recognized (Fig. 5). All the partial 16S-
rRNA gene sequences were deposited on the European Nucleotide
Archive (EMBL/ENA) with the accession numbers HE978274-
HE978308. A prevalence of Proteobacteria in the set of sequences
analyzed was found for all experimental stages. The main group of
identifiable TGGE bands was related to Alphaproteobacteria (17
sequences, 48.5%). The second group in order of abundance was
Betaproteobacteria (14 sequences, 40%), followed by Firmicutes (3
sequences, 8.5%), and only one sequence was related to Actinobacteria
(3%). While identified Alphaproteobacteria populations included
members evolutionarily related to genera of 9 different families of the
Rhizobiales, Sphingomonadales and Rhodobacterales, all
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Betaproteobacteria-related sequences were affiliated to the Family
Comamonadaceae (Burkhorderiales), indicating the dominance of
members of the cosmopolitan fresh-water cluster g1 in the bacterial
community. Similar trends of abundance of the orders of Alpha- and
Betaproteobacteria in MBR systems were reported by other authors (Xia
etal, 2010; Ye etal,, 2011).

The analysis of the sequences of these isolated TGGE bands showed
that most of the universal bands were related to Alphaproteobacteria
(sequences 13 and 19; 33 and 34; 37 and 43, representative of band

classes 14, 36 and 39, respectively, see Fig. 2), except class 52
(represented by sequence 54) which was related to Firmicutes.

Band class 27, whose presence is highly correlated to VSS
concentration, was found phylogenetically close to the
Betaproteobacteria Comamonas badia. Comamonas badia was
described by Tago and Yokota (2004) as a species isolated from
activated sludge, being the type species characterized by its ability to
degrade phenol and induce floc formation under laboratory conditions,
either in single culture or as part of a consortium.

AB627762.1 Devosia sp.
JQ173144.1 Methylophila sp.

52

JQ348904.1 Pseudoxanthobacter clone

46
64! JN680214.1 Agrobacterium tumefaciens
GU413437.1 Agrobacterium tumefaciens clone

31
JNB87581.1 Novosphingobium sp.
FJ938159.1 Sphingomonas sp.

Alphaproteobacteria

JQ342889.1 Bosea vestrisii
68 | GQ342553.1 Methylobacterium sp.

23

GU4306871.1 Methylobacterium rhodesianum
87

33,34
FJ596360.1 Roseobacter sp.

JN791324.1 Citreicella sp. MG20

48

g9 | GU184187.1 Rhodobacter sp.
GU429199.1 Alpha proteabacteria
55 47

100 | AB075771.1 Clostridium sordelli
54

:| Firmicutes

}FJ460079.1Actinobacterium MF :| Actinobacteria | Gram-positive

100 | AY328851.1 Drinking water bacteria

30 Firmicutes

94 JQB§?013.1 Bacillus sp.
NR041011 Comamonas badia strain
27

JF505947.1 Acidovorax oryzae strain
FR772202.1 Variovorax sp. R-39

99
GU136503.1 Activated sludge bacterium

JN585330.1 Xenophilus aerolatus

Betaproteobacteria

AF384190 Aquaspirillum sp.
HQ259687.1 Pseudacidovorax sp.

0.05

Fig. 5. Neighbor-Joining phylogenetic tree showing the positions of 35 Bacteria sequences from reamplified TGGE bands and the most similar sequences retrieved from
the EMBL database, based on ca. 150 nt length of sequences. The scale bar indicates a 5% divergence. Bootstrap values over 50% are shown in nodes.
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Representatives of bands classes 46 (sequences 46) and 47 Acknowledgements

(sequences 47 and 48), were also successfully reamplified and
sequenced, showing high identity to members of the
Alphaproteobacteria (Agrobacterium sp., and Rhodobacter sp.,
respectively). Among the band classes found exclusive of stage II, only
band class 48 (sequence 49) was identified by DNA sequencing, being
also closely related to a cultivated strain of the alphaproteobacteria
Agrobacterium sp.

The results presented in this paper are in agreement to some of the
current available knowledge on the average composition of the bacterial
community in urban WWT plants, including CAS- and MBR-based
systems. Several authors have recently explored the bacterial diversity
in full-scale urban WWT plants by means of phylogenetic microarrays
(Xia et al., 2010) and high-throughput DNA sequencing (Hu et al., 2012;
Sanapareddy et al. 2009; Ye et al., 2011; Zhang et al.,, 2011), and all of
them supported the notion of the universal prevalence of Proteobacteria
in WWT plants, a fact already well-established by earlier work based on
molecular methods such as clone libraries, FISH or fingerprinting
(Calder6n et al., 2012a, 2012b; Molina-Mufioz et al., 2009). In particular,
Yu and Zhang (2012) analyzed both the microbial community structure
and gene expression of activated sludge samples by metagenomic and
metatranscriptomic approaches, and the order of abundance found was
Proteobacteria, followed by Actinobacteria, Bacteroidetes and
Firmicutes, from both DNA- and cDNA-based approaches. Nevertheless,
significant differences were observed by several authors regarding the
distribution of the most abundant genera among the sludge samples,
depending on the geographical area, the temperature, the salinity, the
type of WWT technology, the organic load, the pH, the SRT applied to
the aeration tank, and the season, among other influencing factors (Xia
et al, 2010; Ye et al.,, 2012; Zhang et al., 2011).

Many of the available previous studies specifically focused on MBRs
and based on molecular approaches such as FISH, TGGE or massive
parallel sequencing conclude that Betaproteobacteria dominate the
bacterial communities in WWT bioreactors (Molina-Muiioz et al., 2009;
Sannaparedy et al., 2009; Zhang et al., 2011), while the prevalence of
Alphaproteobacteria was considered restricted to WWT plants receiving
a high load of salinity (Ye and Zhang, 2012; Zhang et al, 2011).
Nevertheless, recent work documented the prevalence of
Alphaproteobacteria in plants based on the MBR technology treating
low-salinity wastewater (Hu et al, 2012; Xia et al, 2010),
demonstrating that the dominance of members of this bacterial class is
also attributable to factors other than salinity.

The two following groups that were found in order of abundance in
this work were Firmicutes and Actinobacteria. Although Firmicutes are
abundant in wastewater (Xia et al, 2010; Ye et al., 2011), their low
prevalence in the bioreactor compared to members of the Alpha- and
Betaproteobacteria classes has been attributed to the weakness of the
Firmicutes microcolonies, which do not resist the strong shear forces
imposed in the MBR (Hu et al., 2012).

4. Conclusions

The use of pure O, showed no differences compared to air regarding
the performance of hydrolytic activities in an MBR treating urban
wastewater, indicating that the previously described enhancement of
organic load removal by applying pure O, to WWTs is unrelated to the
improvement of the depolymerization of particulate matter. While the
aeration source significantly influenced bacterial community structure,
it did not affect its diversity (/4 index) nor functional organization (o
index). VSS and temperature significantly influenced the performance of
all the hydrolytic enzymes, as well as on the diversity and structure of
the bacterial communities, under all conditions tested.

This research was supported by AL Air Liquide S.A. (CDTI-FGUGREM
contract No. 3017-00) and a personal grant (FEU University of Granada)
to K. Calderén. The authors also thank Jessica Purswani for kindly
revising the use of English language.
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Table S1. Name of samples and aeration source.

Sample Name Stage Aeration Oxygen Air
source
1 I oxygen 1 0
2 1 oxygen 1 0
3 1 oxygen 1 0
4 1 oxygen 1 0
5 I oxygen 1 0
6 I oxygen 1 0
7 1 oxygen 1 0
8 1 oxygen 1 0
9 1 oxygen 1 0
10 I air 0 1
11 [ air 0 1
12 I air 0 1
13 I air 0 1
14 11 oxygen 1 0
15 1l oxygen 1 0
16 1l oxygen 1 0
17 1l oxygen 1 0
18 11 oxygen 1 0
19 11 oxygen 1 0
20 11 air 0 1
21 11 air 0 1
22 1l air 0 1
23 1l air 0 1
24 111 oxygen 1 0
25 111 oxygen 1 0
26 111 oxygen 1 0
27 111 oxygen 1 0
28 111 oxygen 1 0
29 111 oxygen 1 0
30 111 oxygen 1 0
31 111 oxygen 1 0
32 111 oxygen 1 0
33 111 oxygen 1 0
34 111 oxygen 1 0
35 111 air 0 1
36 111 air 0 1
37 111 air 0 1
38 111 air 0 1
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HIGHLIGHTS

» Carrier FR is the major operational parameter on the biofilm formation in a lab-scale MBBR.
» HRT and carrier type not influence statistically on the bacterial diversity of the biofilm.
» Carrier FR is the critical parameter in the start-up of MBBR-based WWTP.
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Different types of carriers were tested as support material in a lab-scale moving bed biofilm reactor
(MBBR) used to treat urban wastewater under three different conditions of hydraulic retention time
(HRT) and carrier filling ratios (FR). The bacterial diversity developed on the biofilms responsible of
the treatment was studied using a cultivation-independent approach based on the polymerase chain
reaction-temperature gradient gel electrophoresis technique (PCR-TGGE). Cluster analysis of TGGE fin-
gerprints showed significant differences of community structure dependent upon the different opera-

K?y words: tional conditions applied. Redundancy analysis (RDA) was used to determine the relationship between
Biofilm . .. . . . . . .
MBBR the operational conditions (type of carrier, HRT, FR) and bacterial biofilm diversity, demonstrating a
TGGE significant effect of FR=50%. Phylogenetic analysis of PCR-reamplified and sequenced TGGE bands
Carrier-FR revealed that the prevalent Bacteria populations in the biofilm were related to Betaproteobacteria
HRT (46%), Firmicutes (34%),Alphaproteobacteria (14%) and Gammaproteobacteria (9%).

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Urban and industrial wastewater reclamation is nowadays one
of the major research topics resourced by people and governments.
Untreated or insufficiently treated wastewater discharged to the
environment causes several problems, such as eutrophication
(Luostarinen et al., 2006; Plattes et al., 2007). In order to improve
the quality of treated wastewater and meet the demands of
environmental regulations, implementation of advanced technolo-
gies for treatment is required (Trapani et al., 2010). Biological
processes based on biofilms have been proved to offer satisfactory
solutions for the removal of organic components and nitrogen from
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wastewater, avoiding some of the problems associated with acti-
vated sludge process, such as large reactor size, need for settling
tanks, and biomass recycling (Luostarinen et al., 2006; McQuarrie
and Boltz, 2011).

Moving bed biofilm reactors (MBBRs) have been widely applied
to treat both urban and industrial wastewaters. This technology
allows BODs and N removal rates similar to those of activated
sludge-based processes, with the advantage of a smaller tank vol-
ume (Andreottola et al., 2000). MBBRs can be operated as anoxic or
aerobic phases with freely moving buoyant plastic biofilm carriers.
The systems include a submerged biofilm reactor and a liquid-solid
separation unit. The objective of the MBBR systems is to achieve
the growth of the biomass as a biofilm on small carriers, which
have lower density than water, are continuously kept in the tank
and are able to move freely in the reactor without sludge recycling
(@degaard, 2008). Biofilm carriers made out of different materials
and designs have been developed and are commercially accessible.
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Also, studies based on its mechanical and technical removal rates
are available (McQuarrie and Boltz, 2011).

Knowledge on the microbiota composition involved in biofilm
processes and the mechanisms by which operational variations
may influence their structure is regarded as crucially important
for the optimization of nutrient removal rates on MBBR systems
and to implement control strategies (Boltz et al., 2011; Ciesielski
et al., 2010). However, to date, little research is available related
to the characteristics of the microbial biofilms grown on MBBRs,
in particular, information concerning their community composi-
tion (McQuarrie and Boltz, 2011). The aim of this work was to find
the relationships between different operational conditions (type of
carrier, carrier filling ratio, and hydraulic retention time) and the
community structure of bacterial biofilms developed on MBBRs.
For this purpose, scanning electron microscopy (SEM) and molecu-
lar fingerprinting tools such as polymerase chain reaction (PCR)
coupled to temperature gradient gel electrophoresis (TGGE) were
used. Identification of the dominant bacteria inhabiting the biofilm
was achieved by DNA sequencing of the prevalent TGGE bands.

2. Methods
2.1. Description of the lab-scale MBBRs and operating conditions

The lab-scale plant consisted of three reactors (each one with a
3-L operating volume), operated in parallel and fed from a common
feed tank by a multichannel peristaltic pump. The feed tank was
filled periodically with water from the outlet of the primary settler
from the wastewater treatment plant (WWTP) of Estacién depur-
adora Puente de Los Vados, (EMASAGRA, Granada, Spain).

Special sieve arrangements were adopted to retain the carriers
inside the aerobic reactors. The necessary aeration system is sup-
plied by a compressor, from which three lines are derived for each
of the reactors. To ensure adequate air diffusion and the homoge-
neity of the mixed liquor in the bioreactor, each reactor was
equipped with a porous plate and a stirring system. A system for
the purge of excess sludge was also provided in each reactor. Dis-
solved oxygen (DO) was measured daily using an oximeter to en-
sure aerobic conditions. Each of the three reactors was operated
for three weeks with each of the carrier filling ratios, in three con-
secutive phases lasting 7 days each, with influent flows of 0.6, 0.3
and 0.2 L/h, corresponding to hydraulic retention times (HRT) of
5,10 and 15 h, respectively. Table 1 shows a summary of the oper-
ational parameters of the reactors and the names of all the ana-
lyzed samples of biofilms corresponding to their respective HRT,
FR and type of carrier. Carrier inoculation was done by recycling
mixed liquor as described by Jahren et al. (2002) with halfload acti-
vated sludge from the WWTP which had a medium concentration
of suspended solids equal to 3 +0.27 g/l.

Each reactor was filled with a different carrier material (Aqwise
ABC5 in Reactor 1, K1 in Reactor 2, and BIOCONS in Reactor 3). The
Aqwise ABC5 and K1 carriers were made from high density poly-
ethylene and the BIOCONS carrier was made from polyurethane
sprayed with activated carbon. Characteristics of the reactors and
carriers are described in detail elsewhere (Martin-Pascual et al.,
2012). The three carriers were tested at filling ratios (FR) of 50%,
35% and 20%, as previously described by Martin-Pascual et al.
(2012).

2.2. Scanning electron microscopy analysis
The small pieces of carrier material with adhered biofilm were

sampled from the reactors to observe and analyze the structure
of the biofilm with a LEO 1430-VP SEM, coupled to an Oxford ISIS
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400 EDX system. The samples were fixed, dehydrated and gold-
coated as previously described by Calderén et al. (2011).

2.3. DNA extraction and PCR amplification of partial bacterial 16S
TRNA genes

DNA was extracted from biofilms sampled from the three biore-
actors operated under all the tested conditions. A volume of ca.
60 ml of biofilm-colonized carriers were collected from the biore-
actors with a sieve sampling device, in order to separate the carri-
ers from the mixed liquor. The collected carriers were placed in
sterile containers, added with 20 ml of sterile saline solution and
vortexed for 1 min. The suspended biofilm material was collected
by centrifugation at 3000g for 10 min. DNA was immediately ex-
tracted from the biofilm samples (ca. 200 mg), using the FastDNA
Spin Kit for Soil and the FastPrep24 apparatus (MP-BIO, Germany).

Two-step approaches were used for PCR amplification, as previ-
ously described by other authors for TGGE or DGGE fingerprinting
(Calderén et al., 2011; Molina-Muiioz et al., 2009). Reaction mix-
tures (50 pl final volume) contained 1 x Gold PCR buffer
(150 mM Tris-HCl, pH 8.0, 500 mM KCl, Applied Biosystems, Life
Technologies, Carlsbad, CA, USA), 1.5 mM MgCl, (Applied Biosys-
tems, Life Technologies, Carlsbad, CA, USA), 5% dimethylsulfoxide
(Sigma-Aldrich, St. Louis, MO, USA), 200 uM of dNTPs (Roche
Molecular Biochemicals, Germany), 20 pM of each primer, 1 U of
AmpliTaq Gold polymerase (Applied Biosystems, Life Technologies,
Carlsbad, CA, USA), and 100 g bovine serum albumine (New Eng-
land Biolabs, UK). One microliter of the DNA extracted (5 ng) was
used as a template. HPLC-purified oligonucleotides were pur-
chased from Sigma (St. Louis, MO, USA), and were used for all PCRs,
performed in an Eppendorf Master Cycler (Eppendorf, Hamburg,
Germany). The temperature profile for the first PCR reaction was
as follows: initial denaturation at 95 °C for 7 min; 25 cycles of
denaturation at 94 °C for 1 min 10 s, annealing at 56 °C for 40 s,
extension at 72 °C for 2 min; and final extension at 72 °C for
6 min 10 s. A modified form of the touchdown thermal profile tech-
nique (Calderén et al., 2011) was used for the second PCR; this
technique involved 7 min of activation of the polymerase at 94 °C
before two cycles consisting of 1 min at 94°C, 1 min at 65 °C,
and 2 min at 72 °C. The annealing temperature was subsequently
decreased by 1 °C for every second cycle until it reached 55 °C, at
which point 10 additional cycles were carried out; finally, a 10-
min extension step at 72 °C was performed. The final PCR products
were cleaned and concentrated using Amicon Ultra-0.5 mL Centrif-
ugal Filters (Eppendorf, Hamburg, Germany). 80-100 ng of DNA
were loaded into each well for TGGE.

2.4. TGGE

The denaturing gels (6% polyacrylamide (37.5:1 acrylamide:bis-
acrylamide), 20% deionized formamide, 2% glycerol and 8 M urea)
were made and run with a 2 x Tris-acetate-EDTA buffer. TGGE
was performed using a TGGE Maxi system (Whatman-Biometra,
Goettingen, Germany). All chemicals required were purchased
from Sigma Aldrich (St. Louis, MO, USA). The temperature gradient
was 43-63 °C, as previously optimized by Molina-Mufioz et al.
(2009). Gels were run at 125V for 18 h. The bands were made vis-
ible with silver staining using the Gel Code Silver Staining kit
(Pierce, Thermo Fisher Scientific, Rockford, IL, USA) (Calderén
et al.,, 2012). Different PCR reactions were tested and different
TGGE gels were run to check the reproducibility of the results.

2.5. Fingerprint analysis

The band patterns generated by TGGE were normalized,
compared and clustered using the Gel Compar II v. 5.101 software
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Table 1

121

Summary of operational parameters in the reactors used in the study, and names given to samples of biofilms used for the fingerprinting studies. FR: filling ratio; HRT: hydraulic
retention time; sCOD, soluble chemical oxygen demand; MLSSt: total suspended solids; MLSSv: volatile suspended solids.

Carrier type Carrier FR (%) HRT (h) sCOD influent (mg O,/1) sCOD removed (%) MLSS; (mg/1) MLSS, (mg/l) Sample name
AQWISE ABC5 20 5 146 £ 16 28.52+5.19 2033+84 1855 + 106 16
10 137 £30 34.54+5.10 2019+ 88 1848 +102 15
15 116 +28 40.40 + 8.08 2052 +103 1907 £ 98 9
35 5 9923 39.36 +7.46 2026 +70 1840 + 84 22
10 133+£19 48.71£9.28 2005+ 118 1901 £127 25
15 128+17 50.20+5.78 1903 £79 1724 £ 84 17
50 5 12942 40.49+7.13 2101116 1890 + 185 18
10 140 +40 50.37+£9.11 2081+70 1900 + 89 2
15 166 + 32 56.97 +5.95 1918 £ 147 1769 + 148 6
K1 20 5 146 £ 16 29.83+3.79 2110+37 1995 £55 13
10 137+30 30.06 +7.16 1952 + 100 1808 + 104 10
15 116 £28 43.21+4.65 2070120 1981 +148 19
35 5 99+23 38.87 +6.26 2130+ 101 2011+ 109 23
10 133+£19 50.13 +4.26 2105+ 127 1948 + 187 26
15 128 +17 53.37+4.25 1987 + 109 1804 +126 20
50 5 129+42 39.92 +6.92 2216 +126 2026 +177 4
10 140 +40 57.25+8.38 2177 £117 1984 +117 3
15 166 +32 58.92+7.38 2069 +213 1938 +204 7
BIOCONS 20 5 146 £ 16 538 +0.96 2138+73 2048 +72 14
10 137 £30 16.28 £5.58 2067 +94 1992 +103 12
15 116 +28 25.50 +4.43 2129 +108 2047 +109 11
35 5 99+23 10.66 £2.11 2067 + 45 1986 + 56 24
10 133+19 24.50+10.77 2057 £133 1966 + 129 27
15 128+17 32.60+5.28 1975 £ 64 1887 £62 21
50 5 129+42 24.57 +9.67 2037 +48 1935+43 5
10 140 £ 40 43.24+5.25 2014+ 69 1937 £72 1
15 166 +32 46.13+4.89 2021 £51 1935 £50 8

(Applied Maths, Belgium). Cluster analyses of the TGGE profiles
were done using a band assignment independent method (Pearson
product-moment correlation coefficient). A method based on band
presence/absence (Dice coefficient) was also used and compared.
For band assignment, a 1% band position tolerance (relative to
the total length of the gel) was applied (Calderén et al., 2011).
The dendrograms relating band pattern similarities were automat-
ically calculated with the unweighted pair group method with
arithmetic mean algorithm (UPGMA). The significance of UPGMA
clustering was estimated by calculating the cophenetic correlation
coefficients. Based on the TGGE fingerprints, the Shannon-Wiener
index of diversity, H’ (Shannon and Weaver, 1963), was calculated
for each TGGE lane using the function:

S
H = =) pilnpi
i=1

where S represents the total number of bands in a given TGGE lane,
and pi represents the relative intensity of a given band in the whole
densitometric curve of the corresponding lane. Relative intensities
of bands were calculated using Gel Compar II (Calderén et al., 2012).

The calculation of the Fo index, which allows for the evaluation
of the functional redundancy of the microbial communities ana-
lyzed by fingerprinting methods (Marzorati et al., 2008), was done
as previously described (Calderén et al., 2012).

2.6. DNA reamplification and sequencing

As a result of TGGE profiles, portions of silver-stained individual
bands were picked up with sterile pipette tips and placed in 10 puL
of filtered and autoclaved water. Three microlitre of the resulting
DNA suspensions were used to re-amplify the separated bands
using the appropriate primers. The PCR products were electropho-
resed in agarose gels to be checked, and purified with the Qiaex-II
kit (Qiagen, Hamburg, Germany). The recovered DNA was directly
used for automated sequencing in an ABI PRISM 3100 Avant Genet-
ic Analyzer (Life Technologies, CA, USA).

89

2.7. Phylogenetic analysis

The DNA sequences were analyzed and compared using the
biocomputing tools provided online by the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov). The
BLASTn program (Altschul et al., 1997) was used for sequence sim-
ilarity analysis. The ClustalX v. 2.0.3 software (Jeanmougin et al.,
1998) was used for the alignment of the DNA sequences. Phyloge-
netic and molecular evolutionary analyses were conducted using
MEGA version 4 (Tamura et al., 2007). A p-distance based evolu-
tionary tree was inferred using the Neighbor-Joining algorithm.
The bootstrap test was conducted to infer the reliability of branch
order, with a round of 1000 reassemblings. Bootstrap values below
50% are not shown in the tree.

2.8. Statistical analysis

To calculate the analyses of variance (ANOVA), STATGRAPHICS
5.0 (STSC, Rockville, MD, USA) was used. A significance level of
95% (p < 0.05) was selected.

Redundancy analysis (RDA), an ordination method of direct gra-
dient analysis (Lep$ and Smilauer, 1999), was performed to search
for patterns in the set of operational conditions (HRT, FR, and type
of carrier) and to assess their relationship with the composition of
the bacterial communities developed on the different carriers.
TGGE banding patterns generated by Gel Compar Il were converted
to a binary matrix by scoring bands (=species) as present (1) or ab-
sent (0), and this matrix was used for RDA without transformation.
RDA was chosen as the ordination method after initial analysis by
detrended correspondence analysis (DCA) revealed that the opera-
tional parameters data exhibited a linear, rather than unimodal,
response to the bacterial community (Lep$ and Smilauer, 1999).
The Monte Carlo permutation test was used to assess the statistical
significance of the canonical axes. All the multivariate statistics
were computed using the Canoco for Windows v. 4.5 software
(ScientiaPro, Budapest, Hungary).
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3. Results and discussion
3.1. Analysis of biofilm communities by SEM and EDX

SEM images of the three carrier types with and without biofilms
developed on their surfaces are shown in Figs. S1-S3 (supplemen-
tary material). Biofilms formed on the three different carriers when
the reactors were operated at an HRT of 5 h are shown in Fig. S1.
Some differences in the structure of the biofilms were visible, as
a more mature biofilm and better colonized carrier surface were
observable for 50% FR, compared to 35% and 20% FR (Fig. S1). Dif-
ferent microorganisms of diverse morphologies were observed,
including rod-shaped and filamentous cells (Fig. S2). The EDX anal-
ysis detected only organic material and no inorganic deposits were
found.

3.2. Analysis of the structure of bacterial communities by TGGE
fingerprinting.

3.2.1. Influence of operational conditions applied on the composition of

the biofilm bacterial community
To compare and evaluate differences in the composition of the
Bacteria community in biofilms generated on the three reactors
operating under different conditions, PCR-TGGE fingerprinting
was applied as a molecular tool. Cluster analysis based on the Pear-
son coefficient showed that samples taken from the reactors
grouped in three separated clusters corresponding to the different
filling ratio percentages (Fig. 1). Samples taken from reactors oper-
ated at 20% and 35% FR retained more similarity (clustering at
50%), while those retrieved from the reactors operated at 50% FR
clearly clustered away (36%). Grouping was not influenced by the
ks 2 Ld

=70

B,
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type of carrier or the HRT. Cluster analysis based on the Dice coef-
ficient showed equivalent results to the Pearson- based clustering.
A total of 93 band classes were detected. Band classes A, B, C, D, E,
F, G and H were present in all samples (Fig. 1).

The average values of the Shannon index (H’) calculated for the
different bacterial communities developed under all the operation
conditions tested were compared by ANOVA analysis, showing that
the only parameter that displayed a significant influence (p < 0.01)
on bacterial diversity was the carrier filling ratio (FR) (Table 2A).
The Student’s T test showed that the biofilms developed in the
reactors operated at 50% FR had a significantly higher value of H’,
indicative of a higher bacterial diversity (Table 2B).

The significant influence of FR on the diversity of the biofilm
bacterial community was also confirmed by RDA, based on TGGE
fingerprinting data as described in Material and Methods. Accord-
ing to the results of the Monte Carlo permutation test, FR is a sig-
nificant factor (p<0.01) explaining the variations of the
composition of the biofilm bacterial community analyzed by TGGE
profiling, while HRT and carrier type had no significant influence.
The biplot diagram generated is displayed in Fig. 2. Strong spe-
cies—environment correlation was found for the 1st (r=0.97) and
2nd (r=0.95) ordination axes. The first ordination RDA axis (hori-
zontal) was mainly correlated to 50% FR and 20% FR, and described
a 16.6% of the total variance of species data (40% of variance of the
species—environment relation). The second ordination axis (verti-
cal), which was strongly associated to 35% FR, describes a 12.6%
of the total variance of species data (70.85% of variance of the spe-
cies-environment relation). The biplot shows a clear segregation of
samples, corresponding to three groups determined by the carrier
filling ratio.

Regarding the functionality of the Bacteria communities, there
were not significant differences (p>0.05) among the average
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Fig. 1. Dendrogram generated by UPGMA clustering (Pearson correlation coefficient) of 16S-rRNA based TGGE patterns from biofilm samples taken during operation of the
MBBR, using Gel Compar II v. 4.601 (Applied Maths, Belgium). Profiles are based on the amplification and separation of the V3 hypervariable region of the 16S rRNA gene.
Bands which were successfully amplified and sequenced for the phylogenetic analysis shown in Fig. 3 are numbered and marked with an arrowhead. The scale bar indicates
the percentage of similarity. Numbers in nodes represent the cophenetic correlation coefficient values. Band classes universal to all samples are highlighted and named with

letters A-H.
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Table 2

Effect of the operational parameters (carrier type, hydraulic
retention time and carrier filling ratio) on the Shannon'’s diversity
index (H’) of the biofilm communities developed in the MBBR. (A)
Results of ANOVA analysis. (B) Results of the Student’s t test for
carrier filling ratio. LSD: least significant difference (p < 0.05).

(A) ANOVA results

Factor p-Value”
Carrier type 0.9438
Hydraulic retention time 0.2242
Carrier filling ratio 0.0009
(B) Student'’s t test for carrier filling ratio:
Carrier filling ratio: Average H’
20% 3.25
35% 3.21
50% 3.38x
LSD (p < 0.05) 0.08
" Significantly different (p < 0.05).
0.6 220 28 2328
240 é o
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Relationships between RDA ordination axes and operational conditions:

Variable F1(horizontal) F2(vertical)
FR20 -0,46 0,28
FR35 -0,06 0,52
FR50 0,52 -0,18
HRT5 -0,04 0,04
HRT 10 0,05 0,04
HRT 15 0 -0,08
AQ -0,04 0,02
K1 0,08 0
BC -0,03 0,02
Cumulative % of variance of

species data 16.6% 29.2%
Cumulative % of variance of

species-environment relation 40.0% 70.4%

Fig. 2. Redundancy analysis (RDA) ordination diagram (biplot) showing samples
(numbered circles) and operational parameters (black triangles) during operation of
the MBBR under all conditions tested. First axis is horizontal, second axis is vertical.
HRT5, HRT10, HRT15: hydraulic retention times of 5, 10 and 15 h, respectively; AQ,
K1, BC, carriers AQWISE ABC5, K1 and BIOCONS, respectively; FR20, FR35, FR50,
carrier filling ratios of 20%, 35% and 50%, respectively.

values of the Fo indices calculated for the biofilms formed on each
of the reactors, under any operation conditions tested. From the
average values of Fo obtained (16 + 2%), it could be inferred that
the bacterial communities for each reactor had high evenness. In
ecological terms, these communities may result from a lack of
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selective pressure and do not present a well-defined internal struc-
ture with regards to species dominance. Therefore, the communi-
ties are assumed to have an ‘on average’ low functional
organization (Marzorati et al., 2008).

Research devoted to the biology of MBBR systems has increased
in the last years. Several studies compare the influence of different
type of carriers, based on the material, shape and size, on the re-
moval of C and N by bacterial communities in these systems
(Chu and Wang, 2011; Gong et al, 2011; Levstek and Platz,
2009). Regarding the study of the biofilm community composition
and diversity, available previous work was specifically aimed at
analyzing the nitrifying communities (Bernet et al., 2004), as MBBR
systems are particularly efficient for the elimination of nitrogen
compounds (@degaard, 2006).

The results of the present study pointed out that the carrier fill-
ing ratio is the major parameter influencing the bacterial commu-
nity structure, while significant differences due to the type of
carrier tested were not observed, under the conditions of the study.
Carrier filling ratio was previously reported as an important
parameter influencing the performance of MBBR systems. In this
sense, Wang et al. (2005) evaluated the influence of different car-
rier filling ratios (10-75%) on the pollutant removal rates, biomass
and biofilm activity of a MBBR, using a polyvinyl chloride carrier
and synthetic wastewater. These authors demonstrated that COD
removal rates increased for carrier filling ratios 10-50%, but did
not improve over this value. Similar results were obtained by Mar-
tin-Pascual et al. (2011), with higher COD removal rates in reactors
that worked with 50% FR, regardless of the carrier type tested.

Wang et al. (2005) reported that differences in the morphology
and composition of biofilms were observable by SEM analysis
when the carrier concentration was changed in the reactor. These
differences were explained by the higher overall amount of bio-
mass and the restricted movement of the carriers in the bioreactor
at higher carrier filling ratios, which increases collisions and abra-
sion forces among the carrier particles, leading to the selection of
the bacteria able to grow on the carrier under these conditions
(Martin-Pascual et al., 2012; Wang et al., 2005). As the carrier con-
centration increases, the total surface area of carrier increases
accordingly and more positions are available for bacteria to attach.
However, when the FR is more than the 50%, the shear stresses on
biofilm becomes greater and detachment of the biofilm enhanced
(Gjaltema et al., 1995).

Bacterial communities in MBBRs or analogous moving bed bio-
film systems have seldom been monitored by molecular methods,
but available data also demonstrates that different concentrations
of carrier material influence community composition of the bio-
films. Bernet et al. (2004) analyzed the nitrifying communities of
inverse turbulent bed reactors by single strand conformation poly-
morphism (SSCP) targeting PCR-amplified partial 16S rRNA genes,
comparing 10% and 30% FR in separated reactors and concluding
that the biofilms formed under a 30% FR showed higher diversity
of nitrifying bacteria, in correspondence to higher ratios of nitro-
gen removal.

3.2.2. Phylogenetic study of the DNA sequences of the prevalent TGGE
bands

A total of 35 TGGE bands were successfully reamplified and se-
quenced from TGGE gels, corresponding to the dominant popula-
tions in the biofilms communities and representing 60% of the
total band classes recognized. All the partial 16S-rRNA gene se-
quences were deposited on the European Nucleotide Archive
(EMBL/ENA) with the accession numbers HE863673-HE863707.

A prevalence of Proteobacteria in the set of sequences analyzed
was found for all stages. The main group of identifiable TGGE bands
was related to Betaproteobacteria (15 of 35 sequences, 43%)
(Fig. 3). The second group in order of abundance was Firmicutes
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(34%) followed by Alphaproteobacteria (14%), while only two se-
quences were related to an uncultured Gammaproteobacteria
and one sequence was related to an uncultured Actinobacteria
clone. These results are in agreement with previous reports derived
from both laboratory and full-scale wastewater treatment plants
based on technologies other than MBBRs, which conclude that
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Proteobacteria dominated the composition of the bacterial com-
munities, Betaproteobacteria being the major component in most
of the analyzed systems (Molina-Mufioz et al., 2009; Rosenberg
et al., 2000; Wagner and Loy, 2002). Recent data regarding the bac-
terial diversity in full-scale urban WWTPs investigated by means of
phylogenetic microarrays and high-throughput DNA sequencing
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Fig. 3. Neighbor-Joining phylogenetic tree showing the positions of 35 bacteria sequences from re-amplified TGGE bands and the most similar sequences retrieved from the
EMBL database, based on ca. 200 nt length of sequences. The scale bar indicates a 1% divergence. Bootstrap values over 50% are shown in nodes.
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also support the universal prevalence of Proteobacteria in WWTPs
(Xia et al., 2010; Ye et al., 2011). Little is known about the compo-
sition of the biofilm bacterial communities in MBBR systems. Ber-
net et al. (2004) detailed the composition of nitrifying bacteria in
biofilm reactors fed with synthetic mineral wastewater containing
a high ammonium concentration, demonstrating that Nitrosomonas
sp. and Nitrospira played an important role in the removal of nitro-
gen from these systems, as also reported for most wastewater
treatment technologies (Wagner and Loy, 2002).

Interestingly, the results of the community analysis described
here showed that 34% of the TGGE bands identified by DNA
sequencing were related to the genus Lactobacillus. Lactobacilli
are obligate fermentative bacteria, however, they are often abun-
dant in biofilms from aerobic wastewater treatment systems
(Eusébio et al., 2011; Soondong et al. 2010). Anaerobic and micro-
aerophilic bacteria inhabit complex biofilms exposed to air due to
the depletion of the oxygen levels as the biofilm depth increases,
which creates anoxic zones (Santegoeds et al., 1998). A large num-
ber of populations related to the genus Lactobacillus in wastewater
is often linked to the presence of lactose sugar, a common feature
of wastewaters originating from the food industry (Acharya et al.,
2011). In this sense, the wastewater used in the study was taken
from the primary settling tank of an urban wastewater facility,
which receives effluents from a local dairy industry (Poyatos
et al., 2007).

4. Conclusions

MBBR-systems are becoming widespread for wastewater treat-
ment, and studies regarding the impact of operation conditions on
bacterial community composition and performance are gaining
importance in the improvement of reactor design and optimiza-
tion. The presented results show that carrier FR is the major oper-
ational factor influencing the bacterial community structure of the
biofilms in a lab-scale urban WWTP. These results are in accor-
dance with previous work linking carrier FR to MBBR performance
in terms of biological removal of COD and nitrogen. Hence, avail-
able data point to the optimization of carrier FR as a critical step
in the start-up of MBBR-based WWTPs.
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Supplementary Figure 2. SEM images of biofilms formed on the three different carriers at 50% filling ratio
(FR) and HRT of 5 h. Figure a, b and c corresponds to the AQWISE ABC5, K1 and BIOCONS carriers,
respectively. B: rod-shaped cells, F: filamentous forms.
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4. DISCUSION GENERAL







Discusion general

Como se ha descrito en la Introduccién, los procesos bioldgicos son ampliamente utilizados
para el tratamiento de aguas residuales tanto municipales como industriales, por su alta
eficiencia en la remocién de materia/nutrientes organicos y sus relativamente bajos costos de
operacion. Dependiendo del objetivo de remocién que se quiera alcanzar, el tipo de influente,
la naturaleza de los contaminantes asociados, o bien el espacio y requerimientos energéticos
de los que se dispongan, se puede elegir el sistema de tratamiento a utilizar.

Desde un punto de vista meramente microbiolégico, es importante considerar e incluso
reconsiderar que son los microorganismos asociados al tratamiento los que realizan vy
determinan la eficiencia en el proceso de depuracién. A lo largo de los trabajos efectuados
que conforman esta tesis, se ha intentado dar especial énfasis a la investigacion basada en la
composicion de la microbiota involucrada en sistemas basados en biorreactores de membrana
(MBR) desde un acercamiento al fendmeno de taponamiento de las membranas, seguido de lo
que sucede en el fango y considerando finalmente la posible integraciéon del sistema de
biopeliculas a la tecnologia de membranas (MBBR-MBR). En este sentido, los conocimientos
basados en la ecologia microbiana de las comunidades involucradas y sus mecanismos, por los
cuales el funcionamiento de la planta puede influir en su estructura y dindmica, se consideran
de crucial importancia para la optimizacion de la tecnologia utilizada asi como para el
planteamiento de nuevas estrategias de control.

Acerca de los estudios desarrollados sobre la tecnologia MBR a lo largo del capitulo | en un
sistema AnMBR, se puede destacar que para el tratamiento efectuado con baja carga en el
reactor anaerobio tipo UASB (624 mg/l), la remocidn efectuada es considerable (71% de COD)
y es mayoritariamente efectuada por el sistema de membranas (92% de COD). Aunado a esto
es inminente que el fendmeno de taponamiento en las membranas se hace presente, y ha sido
el foco de nuestro estudio, pues el “fouling” es el factor limitante del tratamiento (Meng et al.,
2009). Asi podemos destacar varias cosas; respecto a la comunidad bacteriana encontrada
puede resaltarse que bajo las condiciones de limpieza efectuada se deriva una comunidad
altamente especializada, es decir, que las poblaciones encontradas son diversas y presentan
diferentes grados de susceptibilidad a los compuestos antimicrobianos como el NaClO. De este
modo, las poblaciones microbianas mds resistentes al hipoclorito de sodio son las que brindan
la estructura base de la biopelicula para el taponamiento, y los grupos especificos microbianos
son seleccionados para unirse o completar la biopelicula preexistente cuando se reanuda la
operacion después de la limpieza quimica sin importar la naturaleza del influente (agua
residual cruda o bien efluente UASB). Asi, los grupos predominantes fueron Firmicutes (46.1%),
seguido de Proteobacteria de las clases Alpha (30.8 %) y Beta (11.5 %). Es interesante resaltar
que el grupo predominante (Firmicutes) se reduce en abundancia cuando hay una limpieza
guimica y éste es posteriormente remplazado por otras poblaciones con mejor capacidad para
retenerse a la membrana y continuar el taponamiento. En este sentido, posterior a nuestra
publicacion, un estudio efectuado por Yu y colaboradores (2012) estudié la comunidad
microbiana en un AnMBR en muestras del fango y de la capa taponante de las membranas,
con y sin un tratamiento acoplado de ultrasonido con el objetivo de evitar el taponamiento.
Los resultados obtenidos por secuenciacion masiva de 454 no difieren mucho de lo que hemos
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encontrado nosotros, siendo el grupo predominante Firmicutes. En este sentido, los clostridios
son responsables del proceso de hidrdlisis y fermentacion de la materia organica durante la
digestion anaerobia en los reactores UASB para el tratamiento de aguas, y tienen la capacidad
de formar parte de biopeliculas heterogéneas bajo dichas condiciones (Fernandez et al., 2007,
Gao et al., 2010; Patil et al., 2010).

Respecto a la comunidad de arqueas que forman parte de la capa taponante estudiada, se
puede resaltar que no existen diferencias significativas en los indices de riqueza (Rr) y
organizacién funcional (Fo) aplicados, lo que indica que este dominio no sufre alteraciones
importantes cuando se provoca una limpieza quimica para remover el taponamiento, es decir,
que la comunidad de arqueas aunque sea menos diversa que la de bacterias esta bien
instaurada en la membrana y no se ve afectada pese a los cambios quimicos que pueda sufrir.
Los grupos encontrados por huella genética fueron relativos a arqueas metandgenas de la
clase Methanospirillaceae y Methanosaeta. La composicidon de la comunidad metandgena en
el fango anaerobio del reactor UASB ha demostrado ser crucial en la estructura e integridad de
los granulos y estructura de los fléculos (McKeown et al., 2009). Hasta la fecha, incluyendo los
estudios de secuenciacién masiva, no se hace referencia a la presencia ni abundancia de ese
dominio involucrado en el fouling de membranas, sélo existen estudios relacionados con la
diversidad y presencia de este dominio en muestras de fango activo. Fredriksson y
colaboradores (2012) describieron la comunidad de arqueas presente en una planta de
tratamiento de agua residual tanto industrial como urbana a escala real en Suecia, mediante
andlisis de librerias de clones (16S rRNA) y andlisis de TRFLP. Los resultados obtenidos
demostraron que la comunidad de arqueas estimada era del 1.6% respecto al nimero total de
células en el tanque de aireacidon, que este porcentaje aumentd considerablemente hasta un
75% en el digestor, y que las especies dominantes eran las relacionadas con Methanosaeta. En
otro estudio muy reciente realizado por Yu y Zhang (2012), basado en el analisis
metagendmico y metatranscriptémico de la microbiota involucrada en el fango activo de una
planta de tratamiento en Hong Kong, se demostré que la comunidad dominante fue la de
bacterias y que las arqueas presentes tuvieron una abundancia en términos de DNA de 1.10%
respecto a la comunidad total, y del 0.34% si el estudio se basada en cDNA. Es decir, que la
abundancia de este grupo es menor respecto al de Bacteria, que representa el 92.16 %, y en
términos de comunidad activa es ain menor pues Bacteria representa un 68.42% cDNA vy el
otro 31.23% se refiere a la comunidad eucariota, virus y otras. El articulo incluido en el capitulo
| de esta tesis concuerda con los resultados publicados posteriormente por otros autores,
destacando asi que nuestro estudio es pionero en términos de biofouling para esta
comunidad.

Con el objetivo de aumentar las estrategias antitaponamiento, es necesario implementar
herramientas que retarden la colonizacion microbiana, especialmente de los microorganismos
que tienen una fuerte adhesién inicial y que prevalecen pese a los métodos quimicos de
limpieza. Por ello se han propuesto varias opciones. En primer lugar, una solucién
relativamente sencilla y de base técnica podria ser modificar las condiciones hidrodinamicas en
el biorreactor, como la aireacidn. Una aireacidn adecuada puede determinar el tamafio del
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fléculo del fango, pero hay que tener en cuenta que la excesiva aireacién puede provocar una
fragmentacion de los floculos y consecuentemente la produccion y liberacién de productos
microbianos solubles (SMP) que a su vez pueden convertirse en los mayores agentes
taponantes de las membranas (Meng et al., 2009).

Otra posible solucion quimica para el taponamiento seria la adicion de adsorbentes o
coagulantes en la suspensiéon de fango, que puedan disminuir el nivel de solutos o coloides, o
bien, potenciar la floculacién. La adiciéon de carbdn activado, “powered activated carbon”
(PAC), es un procedimiento muy sencillo que conlleva a la formaciéon de carbono
bioldgicamente activado (BAC) que no solo forma los biofloculos, sino que también adsorbe los

biopolimeros en suspensidn del fango (Ng et al., 2006). El éxito de la adicidon de un adsorbente
radica en que la concentracién adicionada sea la adecuada, de lo contrario la accién puede ser
contradictoria (Meng et al., 2009). Los coagulantes son capaces de remover los SMP por
neutralizacién de carga o puenteo. La adicién de una concentracién dptima de calcio, quitosan,
cloruro férrico o sulfato de aluminio puede inducir una menor concentracion de SMP,
disminuir la hidrofobicidad, disminuir la concentracion de bacterias filamentosas y mejorar la
floculacidn, lo que deriva en la reduccion de la resistencia de la capa taponante y resistencia en
el bloqueo de poros de la membrana (Meng et al., 2009; Herrera-Robledo et al., 2011). Sin
embargo, el potencial impacto de los coagulantes o adsorbentes en la comunidad de Ia
biomasa o su metabolismo debe ser controlada, pues la descarga de los compuestos quimicos

utilizados puede generar un posible riesgo ambiental (lversen et al., 2009; Meng et al., 2009).

Por otra parte, consideramos que una solucién mds efectiva en el tema de fouling pero quiza
mas costosa que las soluciones antes mencionadas, seria la aplicacién de estrategias
biotecnolégicas como el quérum quenching (QQ) o bien, la utilizacién de nanoparticulas y
nuevos materiales en la fabricacién de las membranas, pues la formacién de la biopelicula es
como tal un proceso bioldgico inevitable. Por ello y sin lugar a dudas, el paso previo a la
aplicacion de estas posibles soluciones es el conocimiento profundo de cdmo estd constituida
la capa taponante sobre las membranas (Calderén et al., 2011).

El quérum sensing (QS) o la comunicacién activa entre microorganismos usando moléculas
sefial, da lugar a la formacion de biopeliculas en los sistemas MBR (Kim et al., 2012). Por ello,
se han iniciado estudios en este sentido como los realizados por Kim et al. (2012); Xiong et al.
(2010) y Yeon et al. (2009), donde la solucidn consiste en el sabotaje de la comunicacion
bacteriana por la disrupcion de moléculas sefial como las AHL (N-acetil homoserina lactonas)
en el caso de las bacterias Gram negativas, por lo que se paraliza el sistema de QS. De esta
manera, al bloquear el mecanismo de QS disminuye la formacién de EPS y, el aumento de la
presion transmembrana (TMP) maxima que se genera al presentarse el fendmeno de
taponamiento, se ve aplazada sustancialmente (Fig. 4.1).

Por otra parte, la modificacidon de las membranas desde su fabricacidn con nanomateriales se
basa en la adicién de TiO,, Al,O; o bien en modificar la rugosidad de la misma. En nuestro
estudio, las muestras pertenecientes al tratamiento Il referentes a las membranas
alimentadas con efluente UASB bajo 2400 horas de operacién, reflejaron por andlisis de
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microscopia electrénica acoplada a difraccidn de rayos X la presencia de carbonatos de calcio y
magnesio asi como sulfatos y oxidos de cobre. En este sentido, se debe tener especial cautela
cuando las membranas sean modificadas con compuestos inorganicos, pues se puede inducir
el aumento del taponamiento inorganico, que de manera natural ocurre en las membranas
(Rivadeneyra-Torres et al., 2012). Por lo tanto, se sugiere que las membranas inorgdanicas sélo
se usen en aplicaciones especiales como el tratamiento de agua residual a altas temperaturas
(Meng et al., 2009; Rana y Matsuura, 2010).
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» Low energy
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Wastewater ermeate
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Fig. 4.1 Concepto de QS basado en el control de biofouling en sistemas MBR (Yeon et al., 2009)

Con objeto de seguir investigando la comunidad bacteriana en los sistemas MBR, el capitulo Il
de esta Tesis engloba estudios relacionados con esta tecnologia de depuracién, enfocados en
el fango del biorreactor de un sistema aerobio de membranas sumergidas, con el objetivo de
comprobar si al reemplazar el suministro convencional con aire por el de oxigeno puro se
ejerce alguna influencia sobre la actividad bioldgica y diversidad de las comunidades
bacterianas. Se realizaron primeramente una serie de ensayos en un MBR a escala piloto con
suministro de oxigeno puro, consistentes en dos ciclos de operacién bajo distintas condiciones
de temperatura y concentracién de VSS en el biorreactor, cuyos resultados se exponen en el
subcapitulo 1l.1. Posteriormente, se ampliaron los estudios en la misma planta piloto,
realizando otra serie de experimentos consistentes en tres nuevos ciclos de operacion que en
este caso se subdividieron en dos fases, la primera empleando oxigeno puro como fuente de
aireacion y la segunda empleando aire, al objeto de comparar mas detalladamente la
influencia de la fuente de aireacidn sobre las caracteristicas bioldgicas del sistema.

Para el estudio de la actividad bioldgica en la planta piloto MBR, se incorpord en todos los

estudios la medida de las actividades enzimaticas hidroliticas como parametro indicador, dado
que éstas estan directamente relacionadas con la remocion por mineralizacién de compuestos
organicos que en su mayoria son carbohidratos, proteinas y lipidos (Burgess y Pletschke, 2008).
El andlisis estadistico multivariante tipo RDA fue aplicado para correlacionar el set de variables
ambientales (parametros fisicoquimicos del sistema MBR) y el set de datos bioldgicos

(actividades enzimaticas) en las muestras analizadas. En la figura 1 de cada uno de los sub-
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capitulos I.1 y 1.2 se muestra claramente que, segun el test de Monte Carlo, la concentracion
de sélidos suspendidos volatiles (VSS) y la temperatura fueron los parametros fisico-quimicos
qgue marcaron una diferencia estadisticamente significativa (p<0.05) entre los ciclos de
operacion analizados referentes a diferentes épocas del afio. Destaca la importante influencia
en todos los casos de la concentracion de VSS en el biorreactor, que en los dos analisis RDA
muestra la maxima correlacién con el eje principal de ordenacion (>90%), y su correlacion
negativa con los niveles de actividades enzimdticas en todos los ciclos de operaciéon
estudiados. Por lo tanto, es importante recalcar que en el sistema analizado en nuestro
estudio la fuente de aireacidn no afecta de manera significativa al funcionamiento y
metabolismo de las actividades enzimaticas hidroliticas.

Molina-Mufoz et al. (2007, 2009) presentaron previamente estudios acerca de las actividades
hidroliticas en sistemas MBR, empleando una planta piloto analoga a la utilizada en nuestros
estudios pero alimentada con aire, destacando igualmente la correlacidn negativa entre las
concentraciones elevadas de VSS en el biorreactor y las actividades de esterasas, fosfatasas,
proteasas y gluclosidasas. La similitud encontrada en los resultados puede explicarse por la
inhibicién de las actividades enzimdticas dadas las concentraciones de VSS, incluyendo la
inhibicién por retroalimentacion de los productos finales y la acumulaciéon de sustancias
lentamente biodegradables con actividades tdxicas (Burgess y Pletschke, 2008). Otro factor a
considerar es la retencidon de biomasa que se produce en los MBR, conduciendo a niveles de
solidos en suspension mucho mayores que los que es posible alcanzar en sistemas de fango
activo convencional, lo que puede limitar la disponibilidad de sustratos. De este modo, la
mayor concentracion de biomasa no es indicativa de una mayor actividad bioldgica. De hecho,
Molina-Mufoz et al. (2007) encontraron una correlacidn negativa entre la concentracion de
biomasa retenida en un MBR y el recuento de células bacterianas viables.

La temperatura es un factor ambiental con una importante influencia en las actividades
enzimaticas y en la solubilidad del fango en un biorreactor (Burgess y Pletschke, 2008). En
nuestros estudios, se observan algunas diferencias en la ordenacién de las actividades
enzimaticas respecto a su correlacién con la temperatura, pues en el primer grupo de
experimentos (subcapitulo 11.1) la mayoria de las actividades tienen un cierto grado de
correlacién positiva con este pardmetro, mientras que en el segundo grupo de experimentos
(subcapitulo 11.2) hay una clara correlacién negativa de las actividades fosfatasas y glucosidasa
con la temperatura. Esta diferencia no es atribuible a la inclusiéon de la fuente de aireacion
como factor de variaciéon en el analisis RDA de los experimentos realizados con dos fases
distintas de aireacion (subcapitulo 11.2), puesto que el test de Monte Carlo indica que éste no
es un factor que explique significativamente la ordenaciéon de los datos de actividad
enzimatica, como muestra su posicion relativa respecto a los ejes de ordenacion (subcapitulo
1.2, Fig. 1). Ademas, en los triplots mostrados en las figuras 1 de ambos subcapitulos se denota
una clara segregacion de las muestras analizadas segun el estadio evaluado (circulos blancos,
grises y negros), sin importar la fuente de aireacién.
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Existen algunas diferencias notorias entre los experimentos analizados en los subcapitulos 1.1
y I.2. En primer lugar, destaca la mayor variabilidad de la concentracién de VSS en el
biorreactor experimentada en los ciclos de operacidn analizados en el subcapitulo 1.1, en
comparacion con los analizados en el subcapitulo 1.2 (Tabla 1A, subcapitulo 11.1; Tabla 1A,
subcapitulo 11.2). Igualmente, es destacable que la concentracidén de VSS y la temperatura se
correlacionen entre si negativamente en los ciclos de operacién analizados en el subcapitulo
1.1, mientras que esta correlacion es positiva en los ciclos analizados en el subcapitulo I1.2 (Fig.
1, subcapitulo 1I.1; Fig. 1, subcapitulo I.2). En todos los casos, el factor mas explicativo de la
distribucidon de las actividades enzimdticas en el conjunto de muestras analizadas es la
concentracion de VSS, por tanto es posible que su mayor o menor fluctuacidn y su correlacion
positiva o negativa con la temperatura determinen la tendencia que muestran las actividades
respecto a esta Ultima. En este sentido, un trabajo reciente publicado por Gémez-Silvan vy
colaboradores (2012) demuestra que las variables que influyen sobre un sistema MBR,
incluyendo la temperatura y la acumulacién de biomasa en el biorreactor, muestran
correlaciones altas y consistentes con las actividades enzimaticas hidroliticas, pero las
tendencias de correlacidn son variables dependiendo de la estacién del afio, como indicacion
de la existencia de diferentes estrategias de adaptacion de las comunidades ante los cambios
simultaneos de las variables del entorno.

Hasta el momento, no tenemos referencias de estudios previos realizados que contemplen la
comparacion de las actividades enzimaticas en la misma planta de agua residual confrontando
la aireacidn con oxigeno puro contra aire. De acuerdo con nuestros resultados, el incremento
en la eliminacién de la materia organica cuando el oxigeno puro es usado en vez de aire
reportado por otros autores (Esparza-Soto et al., 2006; Shammas y Wang, 2009) no estd
relacionado con un incremento de la despolimerizacién de las macromoléculas en el
biorreactor.

Respecto al estudio de la diversidad y estructura de la comunidad bacteriana en el MBR, los
resultados de los ensayos realizados en el capitulo Il son similares en cuanto a la diversidad de
la comunidad de Bacteria. En la primera tanda de ciclos de operacidn, empleando oxigeno
puro como fuente de aireacion (subcapitulo 1l.1), no se apreciaron diferencias con respecto a
trabajos anteriores en cuanto a la diversidad (H') y organizacion funcional (Fo) de la comunidad
bacteriana estudiada, remarcando que dicha comunidad es versatil y capaz de adaptarse
facilmente a los cambios suscitados en pardmetros como la temperatura y la acumulacién de
biomasa (VSS). En los experimentos analizados en el subcapitulo 1.2, se corroboran las
conclusiones anteriores, y ademas gracias a la operacion del MBR en dos fases empleando O, y
aire de manera consecutiva ha sido posible determinar que la estructura de la comunidad
bacteriana si es influenciada por la fuente de aireacion empleada, aunque no repercute
negativamente en el funcionamiento del sistema.

En todos los experimentos realizados, el dominio en la comunidad bacteriana estuvo
determinado por Proteobacteria de la clase Alphaproteobacteria, seguida de
Betaproteobacteria y en ambos casos, los siguientes Phyla menos abundantes fueron
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Firmicutes y Actinobacterias (Fig. 4 subcapitulo 1.1 y Fig. 5 subcapitulo II.2, respectivamente).
En estudios realizados anteriormente en sistemas MBR analogos usando sdlo aire como fuente
de aireacién por Molina-Mufioz et al. (2009) y Rosenberg et al. (2000), se observd que la clase
predominante a lo largo de los cuatro estaciones del afio fue Betaproteobacteria. Sin embargo,
los resultados presentados en el capitulo Il respecto a la alta abundancia de
Alphaproteobacteria estan de acuerdo con estudios mas recientes realizados por otros autores
empleando métodos de alta sensibilidad para caracterizar la composicién de las comunidades
bacterianas, tales como la secuenciacion masiva en paralelo o la hibridacién con microarrays
filogenéticos, que muestran la abundancia de Alfaproteobacteria en diferentes sistemas de
tratamiento de aguas residuales (Hu et al., 2012; Xia et al, 2010). Por tanto, ésta puede ser una
caracteristica del MBR analizado en nuestro estudio, debida a otros factores ajenos al uso del
O, puro como fuente de aireacion.

La baja abundancia de los grupos Firmicutes y Actinobacterias esta de acuerdo con lo
encontrado por Yu y Zhang (2012) cuando realizaron un analisis exhaustivo con un enfoque
metagendmico y metatranscriptomico para evaluar la composicién microbiana de muestras de
fango activo. La baja abundancia del grupo Firmicutes en estos estudios se atribuye por sus
autores a la fragilidad de las microcolonias que no son capaces de persistir bajo las altas
fuerzas de corte aplicadas por la aireacién administrada al MBR (Hu et al. 2012). A lo largo de
nuestros estudios encontramos sin embargo diferencias en la abundancia de poblaciones de
Firmicutes, ya que los experimentos realizados en el subcapitulo 1l.1 revelaron la presencia de
un 17 % de poblaciones relacionadas con este grupo en el fango del biorreactor, mientras que
en los experimentos realizados en el subcapitulo 1.2 este porcentaje fue del 8%. Estos datos
sugieren que las diferencias en la abundancia de este grupo particular se deben a una variedad
de factores y que serian necesarios experimentos adicionales para determinar si el uso de O,
puro ejerce alguna influencia.

Los sistemas MBBR son cada vez mas utilizados para el tratamiento de agua residual municipal
e industrial como alternativa al sistema de fangos activos, y su aplicacién estd enfocada a la
mayor eficiencia en la eliminacion de nitrégeno, basada en el sistema de biopeliculas
(Andreottola et al., 2000). Con el objetivo de incrementar la eliminacién de los contaminantes
del agua residual por los sistemas MBR, se ha pensado incorporar la tecnologia MBBR como
parte de un lecho mdvil en el fango presente en el MBR. De este modo, la finalidad del capitulo
Il estuvo basada en realizar estudios preliminares centrados sobre la microbiota presente y
responsable de dicha remocion, pues hasta la fecha existen un gran ndmero de estudios
enfocados en aspectos ingenieriles pero sélo constan dos estudios basados en la comunidad
microbiana responsable de la actividad bioldgica; el reportado por Biswas y Turner (2011) y el
presentado en el capitulo Ill.

Los procesos biologicos basados en sistemas de biopeliculas han demostrado ofrecer
satisfactoriamente la remocién de compuestos organicos y nitrogenados provenientes del
agua residual, evitando problemas como los asociados a los sistemas de fangos por la
necesidad de reactores de gran tamafio, tanques de sedimentacidn y reciclaje de la biomasa
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(McQuarrie y Boltz, 2011). Estos sistemas ofrecen una remocién similar a la de los fangos
activos, con la ventaja de necesitar tanques de operacién mas pequefios (Andreottola et al.,
2000). Los resultados presentados en el capitulo Il ofrecieron nuevas aportaciones al estudio
de MBBR. Al elucidar sobre el pardmetro operacional con mayor influencia sobre la comunidad
bacteriana instaurada en las biopeliculas, el porcentaje de relleno (FR) fue el Unico que
demostré tener una diferencia estadisticamente significativa, siendo la comunidad
desarrollada con un 50% de FR la que presentd un mayor indice de biodiversidad (H’) (3.38). En
el andlisis descrito por Biswas y Turner (2011), las dos plantas de tratamiento evaluadas con
diferentes tipos de agua residual no demostraron tener una diversidad tan alta (0.93 a 1.18)
cuando ésta fue analizada por biblioteca de clones de 16S rRNA. Respecto a la organizacion
funcional analizada en nuestro estudio, para todos los casos, se encontré que la comunidad
bacteriana tuvo una alta uniformidad (16% * 2 Pareto Lorenz), que en términos ecoldgicos
significa que estas comunidades pueden resultar de una falta de presion selectiva y no
presentan una estructura interna bien definida en cuanto a la dominancia de las especies.
(Marzorati et al., 2008). El estudio filogenético demostré que la comunidad bacteriana de la
biopelicula fue dominada por Betaproteobacteria seguida de Firmicutes, y con menor
abundancia, Alpha- y Gammaproteobacteria (Fig. 3 capitulo 1ll), a diferencia del estudio
realizado por Biswas y Turner (2011), donde las comunidades bacterianas fueron dominadas
por Clostridia y Deltaproteobacteria del grupo sulfatoreductores. En el capitulo Ill, ademas del
porcentaje de relleno (FR) se evaliua ademas el tipo de relleno y el tiempo de retencién
hidrdulica empleado (HRT). Se podria sugerir que es fundamental para el arranque y buen
funcionamiento de los sistemas MBBR controlar el FR, pues es el factor limitante en la
diversidad generada.

A lo largo de diferentes estudios referentes a muestras de fangos activos y la distribucion en la
abundancia de los grupos bacterianos, podemos recalcar que todos coinciden en atribuir los
cambios relativos en la comunidad microbiana a factores operacionales, ambientales o bien
geograficos como la temperatura, la salinidad, el tipo de tratamiento, la carga organica, el pH,
el tiempo de retencién celular, la aireacién del tanque o biorreactor y el periodo estacional,
entre otros (Xia et al., 2010; Zhang et al., 2011; Ye y Zhang, 2012; Calderdn et al., 2012c). Por
otra parte, cabe mencionar que la herramienta de TGGE es semi-cuantitativa y que existe un
sesgo limitado por el alineamiento del cebador, ya que si éste es adecuado, se podra observar
una banda mas intensa en el perfil, pero es importante resaltar que todos los métodos
dependientes de PCR presentan estas limitaciones. Debe considerarse también la amplificacion
de regiones sin sentido (nonsense regions) y artefactos quiméricos producidos con frecuencia
en la amplificacion del gen ARNr. Asi mismo, los perfiles determinados por fingerprinting
pueden dar informacidn estadistica errénea debido a la cantidad de bandas de artefactos o
regiones sin sentido producidas (Cowell et al., 2010). Sin embargo, el sistema de TGGE es una
herramienta util cuando lo que se quiere detectar es una huella de las comunidades mas
abundantes y que predominan numéricamente en la comunidad bajo algin tratamiento
especifico.
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Por otro lado, si lo que se busca es determinar la diversidad microbiana encontrada en una
biopelicula o bien en el fango para sistemas de tratamiento de aguas de manera completa, se
recomienda optar por los andlisis de secuenciacion masiva (high throughput sequencing),
aunque no hay que dejar de lado que también son métodos dependientes de PCR (Wang et al.,
2012; Zhang et al., 2011). Sin embargo, parece que los resultados encontrados por técnicas
independientes de cultivo no difieren mucho de los reportados por pirosecuenciacién. En este
sentido, y con el fin de dar un paso mas, los andlisis de secuencias multilocus (MLSA), basados
en el andlisis filogenético de multiples genes codificadores de genes constitutivos (house-
keeping genes), se han sugerido para limitar los criterios que definen las especies microbianas
(Hanage et al., 2006). Por ello, las tendencias futuras de este campo de investigacion deben
estar enfocadas en definir los grupos funcionales microbianos basados en protedmica. Asi, la
funcionalidad del tratamiento basada en la comunidad microbiana sera la clave del éxito de la
biotecnologia microbiana (Kim et al., 2012; Lacerda y Reardon, 2009).
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5. CONCLUSIONES







Conclusiones

En base a los resultados obtenidos se presentan las siguientes conclusiones.

1. Las biopeliculas taponantes formadas en un sistema AnMBR a escala piloto acoplado a
membranas son de estructura compleja, estando la comunidad procariota compuesta
por bacterias y arqueas, y presentando acumulacidon de cristales inorganicos. Las
poblaciones bacterianas muestran variabilidad en su respuesta a los procesos de
limpieza quimica, seleccionandose una comunidad resistente diferenciada tras el
empleo de NaClO, a diferencia de la comunidad de arqueas cuya estructura
permanece muy estable ante este tratamiento quimico.

2. El oxigeno puro aplicado como fuente de aireacidon en un sistema MBR sumergido
convencional a escala piloto para el tratamiento de agua residual municipal, no tiene
influencia sobre la diversidad bacteriana (H’), organizacion funcional (Fo) y grupos
bacterianos predominantes en la comunidad del fango del biorreactor. En el global de
los experimentos, se revela la presencia prevalente de poblaciones evolutivamente
relacionadas con Alphaproteobacteria en el fango del biorreactor.

3. La evolucion de las actividades enzimaticas hidroliticas extracelulares en el sistema MBR
sumergido convencional esta determinada principalmente por el efecto de la
concentracion de sélidos suspendidos volatiles (VSS), seguida de la temperatura, y no
estd influenciada significativamente por la aplicaciéon de oxigeno puro al sistema de
tratamiento.

4. la diversidad bacteriana y su eficiencia en el proceso depurador de un sistema de
biopelicula de lecho mévil (MBBR) para el tratamiento de agua residual municipal a
escala piloto estdn directamente influenciadas por el porcentaje de relleno (FR)
empleado, por lo que es el parametro operacional clave a tener en cuenta para su
posible integracién en sistemas MBR.
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