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Resumen de la tesis

El filo Chloroflexi se encuentra frecuentemente en alta abundancia en distintos tipos de
sistemas de tratamiento de aguas residuales tanto aerobios como anaerobios, de remocién de
carbono y nitrégeno. A pesar de su alta abundancia no se conoce aln la importancia de estos
organismos en estos sistemas. Debido a la gran dificultad de aislarlos se los considera que
forman parte de la “dark matter”, la fraccion de seres vivos que aun no se conocen. Se ha
propuesto que podrian tener un rol importante en la formacion de granulos y floculos en los
distintos tipos de sistemas de tratamiento ya que tienen morfologia filamentosa, generando la
matriz inicial a la cual se van adhiriendo otros microorganismos. También se ha propuesto
que podrian tener un rol como “scavengers” degradando restos celulares. Por otro lado, su
sobrecrecimiento, principalmente en sistemas de lodos activados, ha sido reportado como
agente causante de episodios de bulking. En dichos episodios, el sobrecrecimiento de
bacterias filamentosas causa la interconeccion de los fléculos, disminuyendo su
sedimentabilidad y causando graves problemas operacionales. Debido a la dificultad en
aislarlos en cultivo puro, este grupo de microorganismos se ha estudiado mediante distintas
técnicas de biologia molecular para intentar profundizar en el conocimiento sobre su
metabolismo, y su rol en estos ecosistemas.

Una de las lineas de investigacion del Laboratorio de Ecologia Microbiana del Departamento
BIOGEM del 1IBCE, es el estudio de las comunidades microbianas de sistemas de
tratamiento de aguas residuales y residuos sélidos. Dentro de estos estudios se ha detectado
una gran abundancia de los organismos del filo Chloroflexi en practicamente todos los
sistemas estudiados (reactores anaerobios, aerobios y de remocion de nitrégeno). Hasta el
momento, Se conoce muy poco sobre este grupo de microorganismos por lo cual el objetivo
de esta tesis fue profundizar sobre la ecofisiologia de estos organismos desconocidos.

En estas tesis se plante6 como primer objetivo estudiar la diversidad, abundancia y
morfologia de organismos del filo Chloroflexi en cinco reactores metanogénicos escala real
instalados en Uruguay. Tres de estos reactores tenian operacion estable hace méas de 5 afios, y
dos de los reactores fueron estudiados desde la etapa de arranque. Para esto se utilizaron
distintas técnicas de biologia molecular: T-RFLP, g-PCR, FISH y secuenciacién masiva del
gen de ARN ribosomal de 16S. Los resultados mostraron que el filo Chloroflexi presentaba
morfologia filamentosa y una alta abundancia en la mayoria de los reactores. En todos ellos
predomind la clase Anaerolineae con una gran diversidad, pero sin representantes cultivados.

También se observo que los reactores con una operacion estable durante afios y con biomasa
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granular, tenian una mayor abundancia del filo Chloroflexi, que aquellos estudiados desde el
periodo de arranque, los cuales presentaban biomasa flocular.

Como segundo paso se decidié ampliar el estudio a reactores metanogénicos a escala real
distribuidos globalmente utilizando datos de secuencias depositados en los bancos de datos.
El segundo objetivo de la tesis fue entonces estudiar la abundancia y diversidad del filo
Chloroflexi en reactores metanogénicos a escala real distribuidos globalmente. Este trabajo
consistio en la recopilacion de sets de datos de secuenciacion masiva del gen de ARNr 16S
publicados en 17 trabajos cientificos, sumando un total de 62 reactores. Los datos crudos
fueron procesados mediante herramientas bioinformaticas, abordando la complejidad de los
datos como son la utilizacion de distintas plataformas de secuenciacion, distintos sets de
primers y distintas profundidades de secuenciacion. Los resultados mostraron que la clase
Anaerolineae fue la predominante en todos los reactores metanogénicos, presentando mayor
abundancia en los reactores de tratamiento de aguas residuales con biomasa granular, y
menor abundancia en reactores de residuos solidos los cuales presentan en general biomasa
dispersa. En ambos tipos de reactor, predominaron 4 géneros de la clase Anaerolineae, pero
presentaron distintas especies, en todos los casos sin representantes cultivados. Los resultados
de los primeros dos objetivos subrayan la importancia de obtener aislamientos en cultivo puro
0 genomas ensamblados a partir de metagenomas, para llenar el vacio filogenético y
funcional de este grupo de microorganismos sumamente abundante y diverso en sistemas de
tratamiento de aguas residuales.

Se decidio entonces profundizar en la funcidn de estos microorganismos. El tercer objetivo de
la tesis fue estudiar la diversidad taxondmica y el potencial metabdlico de estos
microorganismos en tres sistemas diferentes de tratamiento de aguas residuales: sistemas
aerobios de lodos activados, reactores metanogénicos y reactores anammox. Se pretendia
determinar si existian diferencias en los genomas de los organismos de los distintos sistemas
de tratamiento de aguas residuales. Para esto se secuenciaron metagenomas de cada uno de
los sistemas, se ensamblaron genomas de Chloroflexi y posteriormente se realizaron analisis
filogenomicos y metabolicos. A partir de estos anélisis se lograron obtener 17 nuevas
especies del filo Chloroflexi, donde mas del 90% de ellas pertenecieron a la clase
Anaerolineae. Estas especies se distribuyeron en varios géneros, mostrando la gran diversidad
presente en los sistemas de tratamiento. A pesar de su gran diversidad, pudimos determinar
que eran funcionalmente redundantes, ya que todas las especies presentaron el potencial de
ser anaerobias estrictas e hidrolizar y fermentar compuestos simples y complejos, lo que

incluye el potencial de degradar restos celulares. Por otro lado, se observd que los genomas
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ensamblados a partir de muestras de los reactores anammox presentaban mas genes
relacionados a la reduccién y oxidacion de compuestos nitrogenados, que los genomas de los
otros reactores. Por lo tanto, en los sistemas anammox el filo Chloroflexi podria estar
colaborando en la remocion de nitrégeno. En cuanto al rol del filo Chloroflexi en la
formacion de floculos y granulos, pudimos determinar que la mayoria de los genomas
presentaba propiedades de adhesividad. Dicha adhesividad en conjunto con la morfologia
filamentosa podria tener un papel crucial en la formacion de granulos y floculos.

En esta tesis se profundizé en dos aspectos muy importantes del filo Chloroflexi, por un lado,
se generd conocimiento sobre su diversidad y abundancia en una amplia variedad de
reactores metanogeénicos. Por otro lado, se generd conocimiento en el potencial metabolico y
rol estructural de nuevas especies en distintos sistemas de tratamiento de aguas residuales.
Conocer la taxonomia y metabolismo de organismos no cultivados en sistemas de tratamiento
de aguas residuales ayudara a mejorar los procesos de remocién de materia organica y
nitrégeno, y a mantener las condiciones de operacion alejadas de aquellas que podrian
ocasionar el sobrecrecimiento de bacterias filamentosas. Si bien mediante las nuevas
herramientas de biologia molecular es posible inferir los potenciales roles metabdlicos de las
comunidades, son necesarios mas estudios que confirmen estas funciones como puede ser la
metatranscriptomica. Por otro lado, siguen siendo imprescindibles los aislamientos en cultivo
puro, y queda mucho por investigar sobre la interaccion de los microorganismos en las
complejas comunidades presentes en estos sistemas. En este trabajo se generd conocimiento
basico de Microbiologia aplicado a sistemas bioldgicos de sistemas de tratamiento de aguas

residuales y residuos sélidos.
Palabras claves: Chloroflexi, tratamiento de aguas residuales, metanogénesis, lodos

activados, reactores anammox, comunidades microbianas, metagendmica, genomas,

secuenciacién masiva
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1.1 Generacion de aguas residuales en Uruguay

Uruguay es un pais con una extension territorial de 176.215 km?2, caracterizado por un uso
intensivo de la tierra para la agricultura y la ganaderia, y una importante actividad industrial
(Lopez 2016). El vertido de efluentes contaminados provenientes de dichas actividades,
genera un impacto negativo en el medio acudtico y terrestre afectando a todo el ecosistema.
La composicion de las aguas residuales depende de su origen, pero en general, los principales
contaminantes encontrados incluyen compuestos organicos, xenobidticos, metales, solidos en

suspension, nutrientes (principalmente nitrogeno y fosforo) y patogenos (Tabla 1.1).

Tabla 1.1. Compuestos contaminantes segun el sector agroindustrial. Fuente:

https://www.dinama.gub.uy/

Sector industrial Principales sustancias contaminantes

Alimenticia Contaminantes orginicos, grasas y aceites

Carnica Contaminantes organicos e inorganicos

Construccion Soélidos en suspension, metales

Energia Calor, hidrocarburos v quimicos

Fertilizantes Nitritos y fosfatos

Lacteas Suero de leche y grasas

Lavaderos de lana Grasas y accites. Detergentes, pesticidas

Metalargica Aceites, metales disueltos, emulsiones, alcalis y acidos

Mineria Sélidos en suspension, metales pesados, materia organica, pH, cianuros
Oleagmosa Grasas y accites

Pasta y papel Sélidos en sugpensién. Compuestos organoclorados v azufrados. Metales pesados
Pinturas, barnices y tintas Zn, Cr, Se, Mo, Ti Sn, Ba, Co, etc

Plaguicidas Organohalogenados, organofosforados, biocidas

Quimica inorganica Hg, P, fluoruros, cianuos, amoniaco, nitritos, ac. sulthidrico, F, Mn, Mo, Pb, ctc
Quimica organica Organochalogenados, organosilicicos

Textil v cuero Cr, taninos, tensoactivos, sulfuros, grasas, solidos en suspensién

La cantidad y calidad de las aguas residuales generadas por los procesos agroindustriales y su
descarga en los cuerpos de agua naturales tales como rios, arroyos y lagunas, son un tema de
gran preocupacion a nivel nacional. En este sentido, el proyecto Biovalor
(https://biovalor.gub.uy/) llevado adelante por el Ministerio de Industria, Energia y Mineria,
Ministerio de Vivienda Ordenamiento Territorial y Medio Ambiente, y Ministerio de
Ganaderia Agricultura y Pesca, asesora desde 2014 a productores agropecuarios sobre la
transformacion de residuos organicos contaminantes en energia y/o subproductos
aprovechables. Este proyecto promueve la generacién de biogas y otros activos provenientes
de residuos organicos en distintas partes de Uruguay, que redunda en ahorros para el sector y

suman al cuidado ambiental. El punto de partida de este proyecto fue la problematica que
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afronta la industria, en general, y los productores, en particular, para disponer los residuos
gue generan sus respectivas actividades.

Una solucion ambiental a ese problema es su tratamiento y disposicion en el terreno o su
vertido a cursos de agua, en el caso de efluentes no contaminantes, en cumplimiento de la
normativa nacional (Decreto N° 253/979). Los residuos organicos totales registrados en el
afio 2014 provenientes de la produccion lechera, porcina y de engorde en corral muestran que
Montevideo y Canelones generan entre 40.000 y 90.000 toneladas por afio, mientras que
Paysandu, Rio Negro, Soriano, Colonia, San José y Florida generan entre 15.000 y 40.000
toneladas por afio. Los departamentos con menor generacion de residuos son Rivera,
Tacuarembo, Cerro Largo, Treinta 'y Tres, y el departamento de Maldonado, los cuales tienen
un promedio de entre 1 y 5.000 toneladas de residuos por afio. Por lo tanto, resulta
imprescindible una buena gestion y tratamiento de las aguas residuales y residuos solidos
para reducir al minimo el impacto ambiental. EI mejoramiento del proceso de eliminacion de
la materia organica y otros contaminantes presentes en aguas residuales es objetivo de

investigacion y desarrollo en el mundo.

1.2  Sistemas biologicos de tratamiento de aguas residuales

Dependiendo de la carasteristica quimica de los contaminantes del agua residual, se pueden
aplicar combinaciones de procesos fisicos, quimicos y/o biolégicos para su tratamiento a
través del tratamiento primario, secundario y/o terciario (Sonune and Ghate 2004) (Tabla
1.2).
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Tabla 1.2. Tipos de tratamiento de aguas residuales. Fuente: https://opus.lib.uts.edu.au/

Tratamiento Objetivo Proceso Resultado
Reduccién de la
Cribado para atrapar demanda biologica de
compuestos solidos oxigeno {(DBO entre un

Purificacion preliminar

Primario . . 20% v 30%
. para eliminar residuos -
{mecanico) . . . Reduccion de
suspendidos y flotantes Sedimentacion por gravedad o
.. " compuesto solidos en
para eliminar solidos en .
Suspension suspension entre un
pension. 50% v 60%
L ) Utilizacién de microorganismos
Oxidacion de la materia . .
. i que degradan la materia organica
organica y contaminantes .
. . transformandola en COy, agua y
a través de comunidades ) . .
: : energia para su propio Elimina
microbianas s .
Secundario crecimiento aproximadamente el
(biologico) Bl ol ; 85% dela DBO y
g Eliminacion de la materia agg 4 circtia en ui reactor .q’ue sustancias solidas
. . contiene una alta concentracion :
organica disuelta que ) . suspendidas
. de microorganismos
escapa al tratamiento
primario. Luego es seguido de tanques de
sedimentacion adicionales
N Metodos quimicos o ‘F)lqloglcos Puede eiminar e 99%
Proceso adicional para avanzados para eliminar .
. . o . de todas las impurezas
. convertir el agua residual nitrégeno v fosforo.
Terciario . ] . .
en agua de buena calidad La tecnologia relacionada puede Produciendo un
para diferentes usos ser muy cara, muy técnicay  efluente de calidad de
requiere energia agua potable

DBO: Demanda biolégica de oxigeno

El tratamiento primario tiene como objetivo la remocion por medios fisicos o mecanicos de
una parte sustancial del material sedimentable o flotante. Entre los principales procesos y
operaciones de tratamiento primario se destacan la sedimentacion (donde los solidos se
separan por gravedad), la coagulacion y la floculacién, que facilitan el retiro de los sélidos
suspendidos y de las particulas coloidales (Sonune and Ghate 2004).

El tratamiento secundario se basa en la eliminacién bioldgica de la contaminacion de las
aguas residuales. En este sentido, actualmente se usan dos tipos de tratamiento bioldgico,
basados en la accion de comunidades microbianas: los sistemas de tratamiento aerobios y
anaerobios. Las capacidades Unicas de las comunidades microbianas para degradar la materia
organica, eliminar nutrientes y transformar compuestos toxicos en productos inocuos, las

convierten en actores esenciales en el tratamiento de aguas residuales.

1.2.1 Reactores aerobios
Los sistemas aerobios son ampliamente utilizados para el tratamiento biolégico de aguas
residuales. Los sistemas mas convencionales son los llamados sistemas de lodos activados.

Estos sistemas constan de dos etapas, una etapa bioldgica que se lleva a cabo en el tanque de
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aireacion, donde se elimina la materia organica por parte de las comunidades microbianas, y
una etapa fisica que se lleva cabo en el clarificador secundario, donde la biomasa sedimenta y

se separa del agua tratada (Figura 1.1).

Activated sludge
aeration tan Settler

lnﬂuent\ s S —

Figura 1.1. Esquema tipico de un sistema de tratamiento aerobio de lodos activados

(compuesto por el tanque de aireacion y el clarificador secundario) (Sancho et al. 2019).

La biomasa de estos sistemas contiene una gran diversidad de virus, bacterias, protozoos,
hongos, metazoos y algas (Jenkins et al. 2003a). En este complejo ecosistema, las bacterias
representan alrededor del 95% de la poblacidn total de microorganismos y juegan el rol clave
en la degradacion de materia organica y nutrientes (Jenkins et al. 2003a). La ventaja de los
sistemas de lodos activados es que presentan una alta eficiencia de remocién de materia
organica (Chong et al. 2012). Una de las desventajas de estos sistemas es que requieren una
gran cantidad de energia debido a que es necesaria una aireacion constante. Se estima que la
aireacion representa entre el 30% y el 60% del consumo total de energia de una planta de
lodos activados (McCarty et al. 2011). Sumado a esto, es necesario considerar el tratamiento
y disposicion final de los lodos, ya que se genera gran cantidad de biomasa, suponiendo entre
un 30% y un 60% del costo operativo (Saby et al. 2003). Aunque hay distintas alternativas
para el tratamiento del exceso de lodos, la digestion anaerobia juega un papel importante por
su capacidad para transformar la materia organica en biogas (60-70% en volumen de
metano). De este modo se reduce la cantidad de sélidos finales, la mayoria de los patdgenos
presentes y se eliminan los problemas de olor asociados con el lodo residual (Appels et al.
2008).
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1.2.1.1 Floculacién de la hiomasa en sistemas de lodos activados

La buena sedimentacion y compactacion de la biomasa en el clarificador secundario es una
condicion necesaria para garantizar una buena calidad del efluente final. En los sistemas de
lodos activados, la biomasa estd dispuesta en forma de floculos los cuales constituyen la
unidad fundamental en estos sistemas. Los floculos estdn compuestos por diversos grupos de
bacterias, entre ellas, existen las bacterias formadoras de floculos (Zooglea) y las bacterias
filamentosas representadas por varios grupos filogenéticos, que junto con los polimeros
extracelulares colaboran en la formacion de los floculos (Figura 1.2 (A,B)) (Ormeci and
Vesilind 2000).

Figura 1.2. Micrografias de contraste de fases de la estructura de floculos: A) Pocas bacterias

filamentosas, B) Minima presencia de bacterias filamentosas (Deepnarain et al. 2020).

Uno de los grupos que cumplen un rol fundamental en la formacién de los fléculos son
bacterias filamentosas del filo Chloroflexi, y se ha propuesto que proporcionan una estructura
estabilizadora en los fléculos (Bjornsson et al. 2002). La localizacion intraflocular de
Chloroflexi y la alta abundancia relativa reportada por Kragelund et al. (2007) apoy6 esta
hip6tesis que probablemente explica un papel importante de estos organismos en sistemas de

lodos activados.

1.2.2 Sistemas anaerobios

Los reactores anaerobios se basan en el proceso de digestion anaerobia, en el cual la materia
organica es degradada por una compleja red de microorganismos en ausencia de oxigeno,
generando diéxido de carbono y metano como productos finales del proceso (Verstraete et al.
2005; Wheeldon et al. 2007). En algunos sistemas anaerobios también es posible obtener
como productos finales biofertilizantes como el biosol (sé6lido) y el bidl (liquido). El metano

generado es un biogas que puede ser utilizado como fuente de energia renovable (Demirel et
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al. 2005). Por lo tanto, a través de este tipo de sistema es posible generar una economia
circular en los procesos productivos, convirtiendo las plantas de tratamiento en productores
netos de energia (Weiland 2010). La digestion anaerobia involucra relaciones sintroficas
estrechamente acopladas entre microorganismos de la comunidad (Nealson 1997; Demirel
and Scherer 2008). Por lo tanto, la funcion general, la estabilidad y la eficiencia del proceso
dependen del buen funcionamiento de estas comunidades (Schink 1997; Weiland 2010).

En Uruguay, debido a la relativa disponibilidad de tierra, cominmente se utilizaban lagunas
anaerobias para el tratamiento de aguas residuales (Lépez 2016). Sin embargo, actualmente
varias empresas tienen reactores anaerobios con distintas configuraciones (de residuos
liquidos o sélidos). Algunas de ellas son: una industria procesadora de malta (Montevideo),
dos industrias lacteas, la fabrica principal de lavado de lana, una granja lechera a gran escala
con produccion de leche en polvo, fabricas nacionales de cerveza (Montevideo), y dos plantas
de tratamiento de OSE (Pando y Costa de Oro). Las restricciones medioambientales, las
mejoras energéticas y nuevos conceptos como produccion limpia, incentivan a las empresas a

buscar tecnologias de tratamiento mas eficaces y optimizadas.

1.2.2.1 Microbiologia de la digestion anaerobia

El proceso de digestion anaerobia puede dividirse conceptualmente en cuatro fases definidas
por las reacciones catabdlicas primarias llevadas a cabo por las comunidades microbianas
presentes en cada fase, éstas son: hidrolisis de polimeros complejos (I, hidrolisis),
fermentacién de los productos finales de hidrélisis a acidos grasos de cadena corta (ll,
acidogénesis), la conversion de éacidos grasos de cadena corta de tres 0 mas carbonos en
acetato (Ill, acetogénesis sintrofica) y finalmente, la produccion de metano (IV,
metanogénesis) (Angenent et al. 2004; Yu et al. 2010b) (Figura 1.3).
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Figura 1.3. Esquema del proceso de digestion anaerobia (Cabezas et al. 2015a).

Las primeras tres etapas del proceso de digestion anaerobia las llevan a cabo diferentes
grupos de bacterias, mientras que la etapa final la realizan exclusivamente Archaeas
metanogeénicas. Los reactores anaerobios en general estdn dominados por los mismos grupos
filogenéticos pertenecientes al dominio bacteria (Chloroflexi, Proteobacteria, Firmicutes y
Sinergistetes) (Bovio et al. 2020), y al dominio de las Archaeas (Euryarchaeotas), variando en

sus abundancias relativas (Qiao et al. 2013).

En la primera etapa, la hidrolisis, los compuestos organicos complejos como polisacaridos,
proteinas y grasas, que son en su mayoria insolubles, son degradados a mondmeros solubles
mas simples como monosacaridos, aminoacidos y acidos grasos. Dichos mondmeros pueden
penetrar la membrana celular de bacterias fermentadoras. En la etapa de hidrdlisis, participan
enzimas extracelulares del grupo de hidrolasas (amilasas, proteasas y lipasas) producidas por
las bacterias hidroliticas (Conrad 1999; Amani et al. 2010).

En la segunda etapa, la fermentacion o etapa acidogénica, las bacterias fermentativas
convierten los compuestos solubles (incluidos los productos de la hidro6lisis previa), en acidos
grasos volatiles (por ejemplo: férmico, acético, propidnico, butirico y pentanoico), alcoholes
(metanol y etanol), aldehidos, diéxido de carbono e hidrégeno. Esta etapa suele ser la mas
rapida en todo el proceso y la llevan a cabo un grupo muy diverso de bacterias fermentadoras
(\Van Lier 2008)

En la tercera etapa, la acetogénesis, las bacterias acetogénicas convierten los acidos grasos
volatiles generados en la fase de acidogénesis en acetato, dioxido de carbono e hidrdgeno,
que seran utilizados por las Archaeas metanogénicas en la etapa final del proceso (Schink
1997). La formacion de hidrogeno, tanto en la etapa de fermentacion como en la de

acetogenesis, es desfavorable termodindmicamente a 25 °C y 1 atm (variacion de energia
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libre de Gibbs positiva). Por lo tanto, la presion parcial de hidrégeno debe mantenerse en
bajos niveles mediante su consumo por Archaeas metanogénicas hidrogenotroficas. Esta
relacion entre bacterias acetogénicas y Archaeas metanogénicas se denomina sintrofismo
(Schink 1997; de Bok et al. 2005). De esta forma la concentracién de hidrogeno se mantiene
en niveles adecuados cuando las Archaeas metanogénicas crecen activamente (Hattori 2008).
La concentracién de hidrogeno en el medio y la transferencia de hidrogeno interespecies es de
vital importancia para regular el proceso global en la digestion anaerobia.

La cuarta y ultima fase, la metanogénesis, consiste en la produccion de metano
exclusivamente por Archaeas metanogenicas a través de tres vias principales. Dichas vias se
diferencian en el compuesto dador de electrones: via acetotrofica/acetoclastica (utilizan el
acetato), via hidrogenotrofica (utilizan el Hz y CO.), y via metilotrofica (utilizan compuestos
metilados). Se ha postulado que la via acetoclastica contribuye hasta en un 72% de la
generacion total de metano a partir del acetato (Gujer and Zehnder 1983), aunque este hecho
tiene algunas excepciones. Por ejemplo, se ha reportado que ante una concentracién elevada
de amoniaco en el reactor, las Archaeas metanogénicas acetoclasticas podrian verse inhibidas
por ser mas susceptibles. Por lo tanto, el acetato se podria degradar a través de la via de
oxidacion sintrofica del acetato (SAQ), al mismo tiempo que la metanogénesis se daria por la
via hidrogenotrofica (Schnirer and Nordberg 2008; Fotidis et al. 2014). Las Archaeas
metanogeénicas se caracterizan por ser anaerobias estrictas y ser muy sensibles a variaciones
de pH (Van Lier 2008). Es en esta etapa de la digestion anaerobia en la que la DQO (materia
organica medida como demanda quimica de oxigeno) del agua residual o del residuo sélido

se convierte a una forma gaseosa que abandona el reactor.

1.2.2.2 Reactores anaerobios de tratamiento de aguas residuales

Los reactores anaerobios de aguas residuales pueden dividirse en dos grandes grupos con
base en el tipo de crecimiento microbiano: 1. de lecho fijo, formando biopeliculas (los
microorganismos se unen a un soporte inerte fijo), y 2. de crecimiento libre o suspendido
(formacion de granulos a fléculos debido a las propiedades de auto-inmovilizacion de los
microorganismos). Dentro de los reactores de biomasa no unida a un soporte, se encuentran
por ejemplo los reactores CSTR (Continuously Stirred Tank Reactors), IC (Internal
Circulation), EGSB (Expanded Granular Sludge Bed Reactor) y los UASB (Up-flow
Anaerobic Sludge Blanket Reactor).
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El reactor tipo UASB fue desarrollado en la decada del 70-80 por un grupo de Holanda
dirigido por el Profesor Lettinga (Lettinga et al. 1980). Esta tecnologia anaerobia, tiene la
ventaja de soportar un alto contenido de materia organica en el agua residual. El éxito de los
reactores UASB puede atribuirse a su capacidad de retener altas concentraciones de biomasa,
debido a que es capaz de separarla eficientemente del agua residual tratada y del biogas
generado. El reactor UASB consiste en un tanque rectangular o circular, en el cual el agua
residual fluye en direccidn de flujo ascendente tomando contacto con la biomasa granular
(altamente sedimentable), la cual ocupa alrededor de la mitad del volumen del reactor (Figura
1.4 (A)).

A Biogas B

Biogas
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Biogas
Influent outlet

UASB effluent
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UASB reactor
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/
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Digested sludge

Figura 1.4. Esquema de cuatro configuraciones distintas de reactores anaerobios: A) Reactor
tipo UASB (Chong et al. 2012), B) Reactor tipo EGSB (Chan et al. 2009), C) Reactor tipo IC,
modificado de (Su et al. 2020), D) Reactor tipo CSTR (Merlin and Hervé 2013).

De esta forma, la materia organica presente en el agua residual es degradada por la
comunidad microbiana, generando gas metano, el cual a su vez ayuda a la mezcla dentro del
reactor, facilitando el contacto del agua residual con la biomasa (Lettinga and Hulshoff Pol
1991). La parte superior del reactor UASB contiene un separador trifasico (gas-solido-
liquido), el cual separa el agua residual tratada, del biogas generado y permite que la biomasa
granular permanezca dentro del reactor (Lettinga and Hulshoff Pol 1991). La ventaja de este
tipo de reactor es que permite desacoplar el tiempo de residencia hidraulica del tiempo de
residencia celular, logrando una mayor concentracion de biomasa, altas cargas y bajos
tiempos de residencia hidraulica.

A partir del reactor UASB se han realizado modificaciones en su configuracion, generando

por ejemplo los reactores EGSB vy los reactores IC.
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Los reactores EGSB han sido desarrollados principalmente para mejorar el contacto sustrato-
biomasa dentro del sistema de tratamiento, mediante la expansién del lecho de lodo con una
mayor velocidad de flujo ascendente del liquido (Figura 1.4 (B)) (Chan et al. 2009). El
aumento de la velocidad se logra mediante un mayor flujo de recirculacion de lodos y una
mayor relacion entre la altura y el ancho del reactor (Von Sperling and de Lemos
Chernicharo 2015). Esto mejora el rendimiento y la estabilidad del reactor.

Los reactores IC también estan disefiados para mejorar la transferencia de masa. Por otro
lado, es mas econdmico ya que contiene un elevador de aire interno para lograr la circulacion
de liquido mixto en lugar de la circulacion externa, que depende de una bomba (Figure 1.4
(C)). Por lo tanto, el reactor IC podria mantener una mayor concentracion de biomasa en un
tiempo de retencién hidraulica menor manteniendo una alta eficiencia operativa y estabilidad,
incluso para una alta tasa de carga organica (Luo et al. 2016).

En general los reactores UASB, EGSB e IC tienen una alta eficiencia de remocion de materia
organica tanto a cargas altas como a temperaturas bajas; bajo consumo de energia, ya que no
se necesita calentar el influente ni airear el sistema, y ademas se produce energia en forma de
biogés (metano). Estos sistemas generan menor cantidad de biomasa comparado con sistemas
de tratamiento aerobios debido a que los microorganismos anaerobios tienen tasas de
crecimiento mas bajas (Chong et al. 2012). Los sistemas anaerobios presentan la desventaja
de tener baja remocion de patégenos y nutrientes (como nitrégeno y fésforo), por lo que en
general se hace necesario un post-tratamiento (Chernicharo 2006; Khan et al. 2011). A pesar
de ser sistemas de tratamiento robustos, los microorganismos involucrados en cada fase del
proceso de digestion anaerobia son interdependientes a través de la alimentacion cruzada y/o
del mantenimiento de gradientes quimio-termodindmicos. Es por esto que el proceso puede
alterarse cuando una de las cuatro fases de la digestion anaerobia esta en desequilibrio, como
podria suceder ante una acumulacion de acidos grasos de cadena corta, lo que generaria una
acidificacion de todo el sistema (Chen and Dong 2005).

Ademas de los reactores anaerobios antes descriptos que tratan aguas residuales, los reactores
de tipo CSTR son comunmente utilizados para el tratamiento de residuos sélidos, como
puede ser el lodo excedente de plantas de tratamiento de lodos activados. La mezcla en este
tipo de sistema es mediante un agitador mecanico (Figura 1.4 (D)), lo que da como resultado

un sistema completamente mezclado.

28



1.2.2.3 Granulacion de la biomasa

La clave para un proceso biotecnolégico moderno de alta carga, sin importar el sistema que
sea considerado, es la inmovilizacion adecuada de los microorganismos. Los reactores UASB
y sus variantes (como EGSB e IC) se caracterizan por tener la biomasa inmovilizada en

forma de granulos compactos (Figure 1.5 (A, B, C)).

Figure 1.5. Micrografia electronica de barrido de granulos enteros de distintos reactores
UASB (Yamada et al. 2005a).

El proceso de granulacién ocurre gracias a las propiedades de auto-inmovilizacion de los
microorganismos. La parte central del granulo consiste en una matriz de compuestos inertes
organicos e inorganicos, a la cual se van adhiriendo los microorganismos. Existen varios
factores microbioldgicos que afectan la granulacion de la biomasa, como la hidrofobicidad
superficial de las células (Grotenhuis et al. 1992; Daffonchio et al. 1995; Schmidt and Ahring
1996), la presencia de polimeros extracelulares (Schmidt and Ahring 1996; Veiga et al. 1997)
y la composicion de la comunidad microbiana (Wiegant and de Man 1986; Pol et al. 1988;
Schmidt and Ahring 1996). Por ejemplo, los microorganismos del género Methanosaeta
(Archaea) son filamentosos y se consideran importantes en la generacion de los nucleos de
los granulos mediante la construccion de estructuras en forma de red (Wiegant and de Man
1986). La etapa de granulacion ocurre al inicio de la etapa de arranque de los reactores y
puede alcanzar una duracién de entre 2 y 8 meses (Adhikari and Lohani 2019). Las particulas
mas pequefias y dispersas se eliminardn del sistema saliendo junto con el agua residual ya
tratada, mientras que los granulos mas compactos y de mayor densidad quedaran retenidos en
el reactor (Hulshoff Pol et al. 2004a). Normalmente, los granulos tienen un diametro que
varia de 0,14 mm a 5 mm. La distribucion espacial de Archaeas y bacterias en los granulos ha
sido estudiada mediante Hibridacion in situ Fluorescente (FISH) con sondas de
oligonucleotidos especificas para ambos grupos (Sekiguchi et al. 1999; Yamada et al. 2005b;
Satoh et al. 2007). Estos estudios han determinado que los granulos tienen estructuras

multicapa de diferentes grupos filogenéticos, donde las bacterias hidroliticas se encuentran en

29



la parte mas externa del granulo, seguidas por bacterias acetogénicas, y en la parte mas

interna se encuentran las Archaeas metanogenicas (Sekiguchi et al. 1999).

1.2.3 Sistemas de remocion de Nitrogeno

Sistemas de remocidn de nitrégeno convencionales

La remocidn bioldgica de nitrogeno convencional implica los procesos de nitrificacion y de
desnitrificacion, las cuales se llevan a cabo en dos reactores separados. El proceso de
nitrificacion, implica la oxidacién de amonio a nitrito o nitrato, disminuyendo la demanda de
oxigeno del efluente, pero sin eliminar el nitrogeno del sistema (Wei et al. 2014). Esta etapa
del proceso esta caracterizada por ocurrir en condiciones aerobias estrictas, llevandose a cabo
en dos etapas de oxidacién. Inicialmente el amonio (NH4") es oxidado a nitrito (NO2),
proceso conocido como nitritacion, y posteriormente se da la oxidacion de nitrito a nitrato

(NOs3), proceso denominado nitratacion (Figura 1.6).
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Figura 1.6. Ciclo del nitrégeno microbiano: (1) Fijacion de nitrogeno; (2) oxidacion aerobia
de amonio; (3) oxidacion aerobia de nitrito; (4) desnitrificacion; (5) oxidacion anaerobia de
amonio; y (6) reduccion disimilatoria de nitrato y nitrito a amonio (Jetten, 2008).

Ambos procesos son realizados por bacterias nitrificantes autotrofas las cuales requieren de la
presencia de oxigeno, por lo tanto, si predominan condiciones reductoras se dificulta la
formacion del nitrato (Locey and Lennon, 2016). Cada etapa de oxidacion es llevada a cabo

por diferentes géneros de bacterias, como las bacterias oxidantes de amonio y las bacterias
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oxidantes de nitrito, que usan amonio o nitrito como fuente de energia respectivamente (Ahn
2006). El género mas comun de bacterias autotrofas que lleva a cabo la oxidacion del amonio
es Nitrosomonas, en el caso de la oxidacion de nitrito es Nitrobacter (Kim et al. 2008).
Nitrosococcus, Nitrosospira, Nitrosovibrio y Nitrosolobus también son capaces de oxidar
amonio a nitrito (Yu et al. 2010a).

En un segundo reactor, se lleva a cabo la desnitrificacion, en donde el nitrato es convertido en
oxido nitroso (N20, desnitrificacion parcial) o nitrégeno gaseoso (N2, desnitrificacion
completa), los cuales finalmente son eliminados a la atmdésfera (Figura 1.6) (Zhang et al.
2012). El proceso de desnitrificacion se lleva a cabo por enzimas especificas que catalizan el
proceso de reduccidn en etapas: nitrato reductasa (Nar), nitrito reductasa (Nir), 6xido nitrico
reductasa (Nor) y 6xido nitroso reductasa (Nos) catalizan el proceso de reduccion en etapas
(Zumft 1997; Ji et al. 2015). La desnitrificacion ocurregeneralmente en condiciones andxicas
por bacterias heterétrofas facultativas que reducen el nitrato hasta nitrogeno molecular. Esta
reaccién ocurre en etapas consecutivas apareciendo como productos intermedios el nitrito
(NOy), 6xido nitrico (NO) y éxido nitroso (N20O); dado que estos compuestos nitrogenados
son gases insolubles, no pueden ser incorporados al material celular, sino que escapan a la
atmosfera (Gerardi 2002). Las bacterias desnitrificantes utilizan el carbono organico para la
sintesis celular y fuente de energia y el nitrato como aceptor final de electrones constituyendo

un mecanismo respiratorio alterno.

1.2.3.1 Reactores anammox

La oxidacion anaerobia de amonio (anammox) convierte directamente el amonio (NH4") en
gas nitrogeno (N2) utilizando el nitrito (NO2") como aceptor de electrones en condiciones
anoxicas (Strous et al. 1998). Desde su descubrimiento a mediados de la década de 1990, el
proceso anammox es considerado un método eficiente y econdmico en la eliminacion de altas
concentraciones de amonio en aguas residuales con baja cantidad de materia organica, en
comparacion con los sistemas convencionales (Tang et al. 2011; Ma et al. 2013). Este tipo de
sistema se utiliza generalmente como tratamiento bioldgico terciario de aguas residuales ricas
en nitrégeno.

La principal ventaja que tienen los sistemas anammox sobre los sistemas convencionales de
nitrificacion-desnitrificacion es el menor costo de operacion, ya que no requiere aireacion y el
proceso ocurre en un solo reactor, ademas de tener menor emision de gases de efecto

invernadero (ya que el 6xido nitroso N2O no es un producto intermedio) (Ali et al. 2016;
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Wang et al. 2016). En los reactores anammox, una de las estrategias desarrolladas para

enriquecer en bacterias anammox los reactores y lograr un rendimiento estable es la
granulacion de la biomasa (Tang et al. 2017) (Figura 1.7).
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Figura 1.7. Granulos pertenecientes a un reactor anammox (Speth et al. 2016).

El filo Chloroflexi ha sido detectado con alta abundancia en los sistemas anammox,
coexistiendo junto a bacterias anammox. Inclusive, en reactores anammox alimentados con
aguas residuales sintéticas que contenian NH4* como Unico donante de electrones y en
ausencia de compuestos organicos (Strous et al. 2006; Cho et al. 2011; Kindaichi et al. 2012).
Una de las hipotesis propuestas, es que los organismos del filo Chloroflexi podrian estar
metabolizando materia organica derivada de las células de bacterias anammox, productos
solubles microbianos o exopolisacaridos, provenientes de microorganismos autotrofos
(Kindaichi et al. 2012; Chu et al. 2015). Un trabajo reciente, sugiere que los microorganismos
del filo Chloroflexi podrian facilitar el loop de nitrito con bacterias anammox o colaborar en
la desnitrificacion completa debido a la expresion de genes de la reduccion disimilatoria de
nitrato a amonio, 0xido nitrico reductasa (norZ) y nitrito reductasas (nirK, nirS), mejorando
asi el rendimiento en la eliminacion nitrégeno en el reactor (Lawson et al. 2017; Zhao et al.
2018).

1.3 El filo Chloroflexi

Se estima que un 99% de las especies microbianas no tienen representantes en cultivo puro,
por lo tanto, su filogenia y funcién en diversos ecosistemas contintan siendo desconocidas
(Ward et al. 1992; Torsvik et al. 1996; McCaig et al. 2001). Por lo tanto, estos
microorganismos reciben la denominacion de "materia microbiana oscura" (del inglés
“microbial dark matter”). Sin embargo, se ha logrado demostrar mediante técnicas
independientes del cultivo que dichos microorganismos estan activos en sus respectivos
habitats (Hawley et al. 2017; Castelle and Banfield 2018; Vavourakis et al. 2018). El filo
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Chloroflexi esta representado por un grupo diverso fisiologica y filogenéticamente, donde la
gran mayoria de sus organismos no tienen representantes cultivados, formando parte de dicha
“materia microbiana oscura”. Hasta 2001, este filo consistia en una tnica clase denominada
Chloroflexia que contenia dos 6rdenes Chloroflexales y Herpetosiphonales, cada uno con una
sola familia (es decir, Chloroflexaceae y Herpetosiphonaceae) y en conjunto compuesto por
cinco géneros (Garrity et al. 2001; Gupta et al. 2013). Sin embargo, en los Gltimos 20 afos,
este filo bacteriano ha experimentado una enorme expansion, inicialmente, por la fusion de
especies que anteriormente formaban parte de otros filos bacterianos (por ejemplo,
Thermomicrobia y Actinobacteria) (Garrity et al. 2001; Hugenholtz and Stackebrandt 2004),
y posteriormente por la inclusion de algunas especies aisladas o genomas obtenidos a través
del ensamblado de metagenomas.

Actualmente, el filo Chloroflexi comprende 8 clases: Dehalococcoidia, Anaerolineae,
Caldilineae, Ktedonobacteria, Thermomicrobia, Ardenticatenia, Thermoflexia y Chloroflexia
(Figura 1.8) (Kawaichi et al. 2013; Dodsworth et al. 2014; Hanada 2014).

Thermoflexia
Thermoflexus hugenholtzii | AD2 KC526151
Dehalococcoidia

HH Dehalococcoidia MSBLS EU487937
Ca.dlllneae a. Dehalobium chlorocoercia DF-1 AF393781
Caldilinea aerophila STL-6-01 AB067647 Dehalococcoides mecartyi CBDBI AJ 965256

Thermomarinilinea lacunifontana SW7 AB669272 Dehalococcoides mecartyi CG4 CPO06950
Pelolinea submarina MO-CFX1 AB598277 . .
Ornatilinea apprima P3M-1 ] Q292916 Dehalococcoides mecartyi 195 CP000027

Bellilinea caldifistulae GOMI-1 AB243672
Anaerolinea thermolimosa | MO-1 AB109437

i Dehalogenimonas formicexedens NSZ-14 KX274280
Anaerolineae e e e
\ Ca. Dehalogeni theniformans GP KY777753
oo Dehalogeni lykanthroporepellens BL-DC-9 EU679419
Thermomicrobia

Dehalococcoidia SCGC AB-540-C11 LNTV01000010

Nitrolancea hollandica Lb | Q345500 Dehalococcoidia Sh7658-AG-111 GQ143778

Thermomicrobium roseum ATCC 27502 M3411 idi i-48- 7
Thermomicrobium carboxidum Ki3 KF193529 TSI - S
Paraburkholderia tropica QTYC56b KM974662 Dehalococcoidia GIF9 KC631548
H Dehalococcoidia SCGC AB-539-) 10 KC880080
Chloroflexia .

Dehalococcoidia FS117-238-02 F) 665220

Roseifl tenholzii DSM 13941 CPO00B04
e Thermobaculum terrenum ATCC BAA-798 CPOO1825

Kouleothrix aurantiaca EJ2M-A AB079638
Oscillochloris trichoides DG-6 AF09342 / .
Candidatus Chlorothrix halophila AY395567 KtedonObaCterla
Kallotenue papyrolyticum ) KG1 | X848544 T”’";:“”""""W’ : foliort "”":;N'_: “5”::'35 —
Herpetosiphon geysericola ATCC 23076 AF039293 e S e

Figura 1.8. Arbol filogenético del filo Chloroflexi construido a partir del gen de ARN
ribosomal de 16S de representantes cultivados y organismos Candidatus (Yang et al. 2020).

La gran diversidad del gen de ARNr 16S que presentan dichas clases también es evidente en
los andlisis filogenéticos y comparativos de genomas. Se ha sugerido que el filo Chloroflexi
sensu stricto solo deberia consistir en las clases Chloroflexia y Thermomicrobia, mientras

que otros miembros deberian reclasificarse (Gupta et al. 2013). En un esfuerzo por
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estandarizar la taxonomia del dominio Bacteria basada en la filogenia de genomas, (Parks et
al. 2018) propuso una reclasificacion del filo Chloroflexi (*Chloroflexota™) en las siguientes
8 clases: Anaerolineae, Chloroflexia, Dehalococcoidia, Ktedonobacteria, UBA2235,
UBA4733, UBA5177 y UBA6077. En la clasificacion taxondmica utilizada por la base de
datos de SILVA (version 138), el filo Chloroflexi estd dividido en las clases Anaerolineae,
Chloroflexia, Dehalococcoidia, Ktedonobacteria y otras clases que aiun no tienen
representantes cultivados. Segun esta clasificacion, la clase Anaerolineae comprende los
ordenes Anaerolineales, Ardenticatenales, Caldilineales, Thermoflexales y otros 6rdenes de

los cuales aiin no hay representantes cultivados.

1.3.1 Relevancia de la clase Anaerolineae en sistemas de tratamiento de aguas residuales
Dentro del filo Chloroflexi, generalmente la clase Anaerolineae conforma el grupo central de
microorganismos (core) presente en reactores anaerobios (Mcllroy et al. 2016; Sun et al.
2016; Xia et al. 2016; Petriglieri et al. 2018), en reactores Anammox (Kindaichi et al. 2012;
Cao et al. 2016; Wang et al. 2016) y en reactores de lodos activados (Bjornsson et al. 2002;
Kragelund et al. 2007; Speirs et al. 2009; Yamada and Sekiguchi 2009; Speirs et al. 2011;
Nierychlo et al. 2018). Desde el 2005, solo han sido aisladas 15 especies de la clase
Anaerolineae (Tabla 3), de las cuales 6 fueron recuperadas de sistemas de tratamiento
anaerobio (5 especies aisladas de reactores de aguas residuales y 1 especie aislada de un
reactor de residuos solidos).

En los Gltimos afios, los esfuerzos por ensamblar genomas a partir de metagenomas en
sistemas de aguas residuales han aumentado debido a la dificultad de obtener cepas de
Chloroflexi en cultivo puro. Recientemente, se ensamblaron genomas de la clase
Anaerolineae a partir de metagenomas en sistemas de tratamiento aerobios y anaerobios
correspondientes a los Ordenes Anaerolineales (Candidatus Brevefilum fermentans),
Ardenticatenales (Candidatus Promineofilum) y Caldilineales (Candidatus Amarolinea
aalborgensis) (Mcllroy et al. 2016; Mcllroy et al. 2017; Andersen et al. 2018) (Tabla 1.3). A
partir del dltimo genoma, los autores proponen la creacion de una nueva familia, la cual
denominaron Amarolineaceae. Ademas del ensamblado de genomas, se han logrado la
caracterizacion fisiologica in situ mediante la técnica de FISH-MAR de algunos organismos
de la clase Anaerolineae como Ca. Villigracilis y Ca. Sarcinithrix (Nierychlo et al. 2019a).
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Tabla 1.3. Resumen de cepas aisladas y genomas ensamblados de la clase Anaerolineae.

Family Species Isolation source Temperature optimum _ Physiology Electron acceptor conditio Carbon sources/electron References

Facultative anaerobe: O, Carbohydrates; proteins;

Ardenticatenia Ardenicaena mariima Coastal hydrothermal field Thermophile Chemoheterotroph R !
NO,’ (to NH or N,*); Fe(ll) fatty acids

(Kawaichi et al. 2013)

Chemoheterotroph; Facultative anaerobe: O,

Ca. Promineofilum breve Activated sludge Mesophile N Carbohydrates (Mcllroy et al. 2016)
Autotroph?; Fermenter NO,™ (to NH5*); N,O*
Chemoheterotroph;  Facultative anaerobe: O
SIA-15 Ca. Amarolinea aalborgensis Activated sludge Mesophile P ? Carbohydrates (Andersen et al. 2018)
Fermenter NO, (to NH5*)
Ch heterotroph
Anaerolineae Ca. Brevefilum fermenans Anaerobic digester Mesophile Ferer;neontZrEm roph; Strict anaerobe Carbohydrates; proteins** (Mcllroy et al. 2017)
. . Chemoheterotroph; w
Bellilinea caldifisulae Thermophilic anaerobic digester Thermophile Fermenter Obligate anaerobe Carbohydrates; proteins”  (Yamada et al. 2007a)
Flexiliniea Flocculi (Sun et al. 2016)
Ch heterotroph
Levilinea saccharolyica Mesophilic anaerobic digester ~ Mesophile Ferer;neDntZrEm roph; Obligate anaerobe Carbohydrates; proteins  (Yamada et al. 2006)
0 § Chemoheterotroph;
Longilinea arvoryzae Rice paddy soil Mesophile Fermenter Obligate anaerobe Carbohydrates; proteins  (Yamada et al. 2007a)
" . Chemoheterotroph; ’ .
Lepolinea ardivialis Mesophilic anaerobic digester ~ Mesophile Fermenter Obligate anaerobe Carbohydrates; proteins ~ (Yamada et al. 2007a)
Chemoheterotroph;
Pelolinea submarina Marine sediment Mesophile Fermenter Obligate anaerobe Carbohydrates; proteins  (Imachi et al. 2014)
Chemoheterotroph;
Ornailinea apprima Hot water bath microbial mat Mesophile Fermenter Obligate anaerobe Carbohydrates; proteins  (Podosokorskaya et al. 2016)
. L Chemoheterotroph; . )
Anaerolinea hermophila Thermophilic anaerobic digester Thermophile Fermenter Obligate anaerobe Carbohydrates; proteins”  (Sekiguchi et al. 2001a)
- " P Chemoheterotroph;
Anaerolinea hermolimosa Thermophilic anaerobic digester Thermophile Fermenter Obligate anaerobe Carbohydrates; proteins  (Yamada et al. 2006)
e . . Chemoheterotroph; ’
hermomarinilineae lacunofonalis ~ Hydrothermal vent Thermophile Fermenter Obligate anaerobe Proteins (Nunoura et al. 2013)
Chemoheterotroph;
Aggregailinea lena Marine subsurface sediment Mesophile Fermenter Facultative anaerobe Fumarato, piruvato (Nakahara et al. 2019)
. Chemoheterotroph; .
hermanaerohrix daxensis Deep hot aquifier Thermophile Fermenter Obligate anaerobe Carbohydrates (Grégoire et al. 2011b)
Ch heterotroph G hydrates; t 3
Caldilinea aerophila Hot spring biomat Thermophile emoneterotroph; . liative anaerobe: 0,  CorPONVArates;  proteins; o et al. 2003)
Fermenter fatty acids
il . . ch heterotroph; Anaerobe (tolerates <1.5% . L
Caldilineae ¢ ijineq arbellica Deep hot aquifier Thermophile emoneterotrop ( Carbohydrates; proteins  (Grégoire et al. 2011a)
Fermenter 0,)
Liorilinea aerophila Intertidal hot spring Thermophile Chemoheterotroph Aerobe: O, Carbohydrates; proteins  (Kale et al. 2013)

Tanto las especies aisladas de la clase Anaerolineae en cultivo puro, como los genomas
ensamblados y las especies caracterizadas in situ, comparten la mayor parte de las
caracteristicas fenotipicas y fisiologicas. Los microorganismos de las especies aisladas son
heterétrofos, presentan morfologia filamentosa, pueden ser anaerobios estrictos o
facultativos, mesofilos a moderadamente termdfilos, y utilizan carbohidratos y aminoacidos
(o péptidos) como fuente de carbono (Tabla 1.3).

A pesar de haber avanzado gracias a las técnicas de biologia molecular, el rol ecoldgico de la
clase Anaerolineae sigue siendo desconocido en sistemas de tratamiento debido a la escasez
de aislamientos. Todas las especies aisladas de Anaerolineae, excepto Ornatilinea apprima,
son microorganismos de crecimiento lento con tiempos de duplicacion de 10 a 100 horas en
condiciones 6ptimas (Yamada and Sekiguchi 2009; Grégoire et al. 2011; Podosokorskaya et
al. 2016). El crecimiento relativamente lento de este grupo y la coexistencia de diversas
bacterias heterétrofas de rapido crecimiento en diversos ambientes podrian ser la causa de la
dificultad de enriquecer y aislar especies de Anaerolineae (Nunoura et al. 2013). Debido a la
dificultad existente para obtener representantes cultivados, y la ausencia de la posibilidad de
clasificar los organismos no cultivados detectados mediante distintas técnicas de
secuenciacion en sistemas de lodos activados, recientemente se desarrollé una base de datos
especifica para sistemas de tratamiento de aguas residuales denominada MiDAS (Microbial

Diversisty Activated Sludge) (Nierychlo et al. 2020). Gracias a un gran esfuerzo colaborativo
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entre varios paises de todo el mundo (en el cual Uruguay fue participe contribuyendo en la
recoleccion de muestras de varias plantas de tratamiento de lodos activados), se logro reclutar
muestras de sistemas de tratamiento, a partir de las cuales se secuencio el gen de ARNr 16S
completo. MIDAS incluye ademés de estas secuencias especificas de comunidades
microbianas en sistemas de tratamiento, la base de datos de referencia del Silva, por lo tanto
se basa en la misma clasificacién taxonomica. MiDAS facilita la comprension de la
diversidad y funcion de la comunidad en sistemas de tratamiento de aguas residuales. Una de
las ventajas que presenta esta base de datos, es que permite la comparacion de
microorganismos no cultivados entre distintos trabajos, ya que a cada secuencia de referencia
a la cual no es posible clasificar taxondmicamente, se le asigna un codigo alfanumérico, por

lo tanto serd identificada, y podra ser comparada entre distintas investigaciones.

1.3.2 Rol de organismos del filo Chloroflexi en sistemas de tratamiento de aguas residuales
Debido a la dificultad de aislar estos microorganismos en cultivo puro y a la poca
informacion existente sobre su metabolismo, ain no se conoce el rol de estos
microorganismos en los diferentes sistemas de tratamiento de aguas residuales. Existen varias
hipdtesis generadas a partir de los pocos aislamientos o las caracterizaciones in situ sobre la
posible predominancia de la clase Anaerolineae en sistemas de tratamiento. Estas hipOtesis
tienen que ver con su metabolismo hidrolitico y fermentador, la posible relacién sintréfica
con Archaeas metanogénicas en sistemas anaerobios, su morfologia filamentosa y
propiedades de adherencia y el potencial rol en la formacion de granulos y floculos. Las
cepas aisladas y caracterizadas en cultivo puro, asi como también, las especies caracterizadas
in situ, tienen la capacidad de fermentar diversos compuestos organicos como azucares,
proteinas y aminoacidos. Esto favoreceria su crecimiento en estos sistemas, metabolizando la
materia organica proveniente de residuos sélidos o liquidos, asi como también degradando
restos celulares. Otra hipétesis planteada es que debido a que todos los microorganismos
descriptos tienen morfologia filamentosa, podrian estar implicados en la formacion del
esqueleto de granulos y fléculos, jugando un papel importante en la formacion, compactacion
y buena sedimentacién los mismos (Bjornsson et al. 2002; Yamada et al. 2005b). Sumado a
esto, se ha postulado una posible asociacion sintrofica entre algunas de las cepas aisladas de
la clase Anaerolineae con Archaeas metanogénicas. Por ejemplo, algunas de las especies de
Anaerolineae aisladas de reactores anaerobios, requieren co-cultivo con metandgenos para un

crecimiento eficiente (Sekiguchi et al. 2001a; Yamada et al. 2005a; Yamada et al. 2006).
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Ademas de los trabajos donde se ensamblaron 3 genomas de la clase Anaerolineae a partir de
los cuales se determinaron sus potenciales funciones metabolicas, recientemente un estudio
realizado en un reactor termofilo, determind la existencia de genes relacionados a la
adhesividad celular en los genomas recuperados (Xia et al. 2016). Esta caracteristica podria
conferir a algunos organismos de la clase Anaerolineae cierta ventaja para su permanencia en

los reactores, asi como también un rol importante en la formacion de granulos y floculos.

1.3.3 Problemas de bulking ocasionados por sobrecrecimiento de bacterias filamentosas del
filo Chloroflexi

El crecimiento excesivo de bacterias filamentosas es uno de los obstdculos més desafiantes
para la estabilidad estructural de granulos y fldculos, ya que generalmente causa el deterioro
de dichas estructuras, disminuyendo su sedimentabilidad e incluso comprometiendo la
operacion general de los sistemas de tratamiento (Moura et al. 2018). Durante un episodio de
bulking, se deben tomar medidas rapidas para controlarlo (Liu et al. 2019). Actualmente
existen métodos especificos y no especificos para el control del bulking (Martins et al. 2004;
Liu and Liu 2006). Sin embargo, las dificultades para conocer los factores que desencadenan
estos eventos limitan la aplicacion de los métodos especificos, asi como también las
modificaciones del reactor, la capacidad de tratamiento y las caracteristicas del efluente a
tratar (Guo et al. 2012a; Fan et al. 2018). Por otro lado, los métodos no especificos pueden
utilizarse antes de que se identifiquen las causas que conducen a la acumulacion de lodos.
Los biocidas son uno de los sustratos mas eficientes y mas utilizados en el control de
bacterias filamentosas en condiciones de bulking grave (Guo et al. 2012b). Dado que los
filamentos sobresalen de los granulos o floculos, es posible atacarlos en su mayoria sin
incidir tanto sobre las bacterias formadoras de floculos que se encuentran mas internamente
en estas estructuras (Liu and Liu 2006; Guo et al. 2012b). Si bien pareceria que los
organismos del filo Chloroflexi podrian ser ventajosos para los sistemas de tratamiento de
aguas residuales debido a su capacidad para degradar materia organica y posiblemente
favorecer en la estructura de granulos y floculos, su sobrecrecimiento ha sido identificado
como el agente causante de episodios de bulking, generando pérdida de biomasa del reactor y
el lavado del mismo (Sekiguchi et al. 2001a; Yamada et al. 2007; Borzacconi et al. 2008; Li
et al. 2008; Sekiguchi et al. 2015). Como se menciond anteriormente, la dificultad de aislarlos
en cultivo puro limita el entendimiento de los factores que desencadenan su

sobrecrecimiento. Profundizar en la filogenia y metabolismo de este grupo a partir del
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aislamiento y del ensamblado de genomas a partir de metagenomas, servira como

herramienta para entender su rol estructural y funcional en estos ecosistemas.

1.3.3.1 Bulking en reactores de lodos activados

El bulking filamentoso es un problema frecuente en sistemas de lodos activados. El
sobrecrecimiento de bacterias filamentosas en estos sistemas genera el esponjamiento y la
interconexion de los floculos, disminuyendo su rigidez y sedimentabilidad, teniendo como

resultado un clarificado deficiente (Figura 1.9).

Figura 1.9. Micrografias de contraste de fases de la estructura de los floculos: a) Presencia de
bacterias filamentosas excesiva, b) Bacterias filamentosas dominantes (Deepnarain et al.
2020).

A pesar de la gran cantidad de trabajos cientificos enfocados en el estudio de bacterias
filamentosas y los posibles desencadenantes de su sobrecrecimiento, el bulking parece ser un
problema continuo en la operacion de sistemas de lodos activados. Comparado con reactores
anaerobios, en sistemas de lodos activados se ha identificado una mayor diversidad de
bacterias filamentosas (pertenecientes a distintos filos) que estan frecuentemente relacionados
con episodios de bulking, tales como Candidatus Microthrix (Rossetti et al. 2005), Gordonia,
y Skermania (Carr et al. 2006; Kragelund et al. 2006) y Candidatus Nostocoida (Schade et al.
2002), asi como también especies del filo Chloroflexi (Bjérnsson et al. 2002; Kragelund et al.
2007; Speirs et al. 2011; Mcllroy et al. 2016; Nittami et al. 2017).

El sistema de identificacién convencional para los microorganismos filamentosos mas
frecuentes en lodos activos fue publicado por Eikelboom en 1975 (Eikelboom 1975).
Posteriormente, Eikelboom y Jenkins desarrollaron claves de identificacion dicotémicas a

partir de una serie de caracteristicas morfoldgicas y reactivas a las tinciones diferenciales
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clasicas, entre ellas Gram y Neisser (Eikelboom and van Buijsen 1983; Jenkins et al. 2003b).
De esta forma, las bacterias filamentosas fueron agrupadas bajo caracteristicas comunes,
estableciéndose su denominacion con un codigo de cuatro cifras precedido por la
denominacion 'tipo o morfotipo' y en algunos casos a nivel de género. Inicialmente, muchas
de las bacterias filamentosas pertenecientes a Chloroflexi, habian sido identificadas en
reactores aerobios a partir de técnicas de microscopia y definidos como morfotipos de
Eikelboom (Jenkins et al. 2003b). La gran desventaja de esta identificacion, es que dos
especies distintas podian tener el mismo morfotipo. Pero en los Gltimos afios, con los avances
en técnicas de biologia molecular su identificacion ha sido facilitada. Aun asi, estos
microorganismos identificados mediante secuenciacion de su ADN, permanecen sin un
representante cultivado. Es por esto que en 1995, el Comité Internacional de Sistematica en
Bacteriologia recomend6 que se implementara la categoria Candidatus, propuesta por Murray
y Stackebrandt (Murray and Stackebrandt 1995). De esta forma, es posible denominar a
supuestos taxones de procariotas que no han podido ser aislados, de los que se cuenta con
cierta informacién ademés de su secuencia de ADN, pero para las que faltan las
caracteristicas requeridas para la descripcion de acuerdo con el Cddigo Internacional de
Nomenclatura de Bacterias. Ademas de la informacién gendmica para determinar la posicién
filogenética en la descripcion de un taxon provisional (Candidatus), es necesario describir sus
caracteristicas estructurales, metabolicas y reproductivas, junto con el entorno natural en el
que fue detectado. Algunos ejemplos de morfotipos de Eikelboom del filo Chloroflexi
provenientes de reactores aerobios que fueron posteriormente nombrados como taxones
provisionales son Ca. Amarolinea y Ca. Promineofilum (Eikelboom type 0092), Kouleothrix
(Eikelboom type 1851), Ca. Sarcinithrix (Eikelboom type 0914), Ca. Amarithrix (type 0675)
y Ca. Catenibacter (type 0041). Recientemente, especies pertenecientes al género Ca.
Amarolinea, junto con especies del género Ca. Microthrix, fueron reportados como agentes
causantes de episodios de bulking en plantas de tratamiento aerobias en Dinamarca
(Nierychlo et al. 2020b). Uno de los mayores problemas en determinar qué factores
desencadenan los episodios de bulking debido al sobrecrecimiento de bacterias del filo
Chloroflexi es que son dificiles de aislar en cultivo puro, lo que dificulta el estudio detallado
del metabolismo de estos organismos. Las condiciones operacionales de sistemas escala real
en las cuales se da el episodio de bulking generalmente son escasamente documentadas, por
lo tanto, se dificulta la posibilidad de correlacionar estos eventos con las condiciones
operacionales de las plantas de tratamiento. Estudiando la ecofisiologia de bacterias

filamentosas (ya sea en cultivo puro o mediante la aplicacion de técnicas in situ,

39



metagendmica y metatranscriptomica) se busca conocer el rol metabdlico en estos sistemas

para poder determinar los factores desencadenantes de su sobrecrecimiento.

1.3.3.2 Bulking en reactores anaerobios tipo UASB

Los sistemas anaerobios generalmente presentan menos problemas de bulking que los
sistemas de lodos activados, y también presentan menor diversidad de organismos vinculados
al bulking. Dentro de los grupos bacterianos mas reportados como agente causante de bulking
se encuentra el filo Chloroflexi (Figura 1.10 (A, B, C)) (Sekiguchi et al. 2001a; Yamada et al.
2007; Borzacconi et al. 2008; Li et al. 2008; Sekiguchi et al. 2015).
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Figura 1.10. Granulos de un reactor UASB: A) Con estructura compacta, B) Con
sobrecrecimiento de bacterias filamentosas del filo Chloroflexi, C) Granulo con

sobrecrecimiento de bacterias filamentosas (Sekiguchi et al. 2001a).

El bulking filamentoso genera un aumento del volumen de los granulos, disminuyendo su
densidad y sedimentabilidad, generando la pérdida de biomasa del reactor por flotacion de
dichos granulos (Appels et al. 2011; Sekiguchi et al. 2015). En Uruguay en el afio 2008, se
detect6 una pérdida de eficiencia en un reactor metanogénico (UASB) de una industria
procesadora de malta debido al sobrecrecimiento de bacterias filamentosas. Mediante la
técnica de FISH con sondas especificas para el filo Chloroflexi, se determind que este grupo
era el responsable de la pérdida de densidad de los granulos y su flotacién. Se hipotetizd que
su sobrecrecimiento podria deberse al alto contenido de células en el reactor, y también a la
lisis celular debida a una bajada abrupta del pH (Borzacconi et al. 2008). Esta lisis celular
podria haber causado la disponibilidad de materia organica para ser consumida por bacterias
del filo Chloroflexi. La degradacion de restos celulares ha sido demostrada en algunos

trabajos, donde organismos del filo Chloroflexi fueron capaces de metabolizar N-
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acetilglucosamina que es un componente de la pared celular (Kindaichi et al. 2004; Miura et
al. 2007; Campbell et al. 2014).

1.3.3.3 Bulking en reactores anammox

Como se ha mencionado anteriormente, la buena sedimentabilidad de los granulos depende
en gran medida de su compactacion y densidad. Los granulos también ofrecen gran cantidad
de polimeros extracelulares (EPS) que aumentaran la resistencia de bacterias anammox a
factores adversos (Batchelor et al. 1997). Algunos trabajos han encontrado que el filo
Chloroflexi presenta menor abundancia relativa en granulos compactos (12%) y mayor en
granulos de baja sedimentacion (20%) (Song et al. 2017) (Figure 1.11). Sin embargo, otros
encontraron una alta abundancia relativa de Chloroflexi (28%) en granulos que tenian una
estructura compacta (Chu et al. 2015). Probablemente las poblaciones de Chloroflexi que
integraban cada uno de estos reactores presentaban caracteristicas distintas, por ejemplo de
adhesividad, de formacion de exopolisacaridos, o de posicion espacial en los granulos. Estas

caracteristicas podrian ser claves en el desarrollo de estructuras de granulos no beneficiosas.
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Figure 1.11. Fotografias de los granulos anammox: A) y B) flotacion de granulos, D)

granulos con aumento de volumen (esponjamiento), E) y F) granulos compactos (Song et al.
2017).
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Por otro lado, los eventos de bulking filamentoso generado por el filo Chloroflexi no
parecerian ser muy comunes en los reactores anammox, ya que en literatura solo aparecen las

citas antes mencionadas.

1.4 Meétodos moleculares aplicados al estudio de comunidades

microbianas en sistemas de tratamiento

En los dominios de Bacteria y Archaea, el marcador evolutivo por excelencia es el gen de
ARNr 16S, debido a que es ubicuo en procariotas, evoluciona a un ritmo constante (reloj
filogenético), y consta de regiones altamente conservadas y regiones hipervariables (V1-V9)
(Janda and Abbott 2007). Por lo tanto, a partir de la determinacion de su secuencia mediante
métodos de secuenciacion de ADN es posible saber la relacién filogenética y taxondmica de
los microorganismos en estudio. Las distintas regiones variables y conservadas permiten el
uso de primers especificos y primers universales, respectivamente. En las Gltimas décadas se
han desarrollado distintas técnicas de biologia molecular basadas en el estudio del gen del
ARNr 16S, como por ejemplo, electroforesis en gel de gradiente desnaturalizante (DGGE),
polimorfismos de longitud de fragmentos de restriccion terminales (T-RFLP), hibridacion in
situ fluorescente (FISH) y varios tipos de secuenciacion de ADN para determinar la
composicién taxonomica y funcional de las comunidades microbianas. La secuenciacion del
gen de ARNTr 16S es el método més usado para estudiar la abundancia, taxonomia y filogenia
de las comunidades microbianas complejas presentes en sistemas de tratamiento
(Wojnowska-Baryta et al. 2010; Cabezas et al. 2015b). En los tltimos afnos, con los avances
tecnoldgicos en secuenciacion de genomas, metagenomas y metatranscriptomas se ha logrado
profundizar en el estudio de la diversidad, funcién y evolucion, desde candidatos a nuevos
filos hasta la descripcion de nuevas especies (Albertsen et al. 2013; Matsuura et al. 2015;
Mcllroy et al. 2016; Andersen et al. 2018). Cada técnica apunta a contestar distintas
preguntas y es recomendable utilizar varias técnicas en un mismo estudio de forma

complementaria (Figura 1.12).
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Figura 1.12. Esquema de distintas preguntas que pueden ser formuladas en un trabajo de
investigacion y las técnicas moleculares que pueden ser utilizadas para su abordaje (Cabezas
et al. 2015b).

El ensamblado de genomas a partir de metagenomas y la secuenciacion de genomas por
Single Cell Genomics de organismos no cultivados son aproximaciones que estan en
constante aumento, debido a la necesidad de la reconstruccion de modelos metabdlicos que
intenten explicar la fisiologia de los microorganismos mas en detalle y su posible rol en cada
ecosistema. A su vez, estos modelos metabdlicos forman la base de otras técnicas
moleculares como la caracterizacion in situ de células individuales, metatranscriptomica,
protedmica, asi como también en el disefio de medios de cultivo (Koch et al. 2014). Para
comprender la ecologia de los sistemas de tratamiento de aguas residuales se requiere una
mejor identificacion de los microorganismos que son dificiles de cultivar y la determinacion
de sus roles funcionales (Nielsen et al. 2010). En el caso de sistemas de tratamiento de aguas
residuales, varios estudios basados en secuenciacion del gen de ARNr 16S han revelado que
existe un core de microorganismos para cada tipo de sistema, que son muy abundantes y que
estan presentes de manera estable a lo largo del tiempo (Riviere et al. 2009; Werner et al.
2011; Sundberg et al. 2013; De Vrieze et al. 2015; Saunders et al. 2016; lzadi et al. 2020).

Sin embargo, queda mucho por comprender sobre la diversidad y funcién de las comunidades
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microbianas en estos sistemas, y dada las interacciones sinérgicas de algunos
microorganismos, no es posible un enfoque reduccionista para comprender la ecologia del
sistema (Kaeberlein et al. 2002; Fuhrman et al. 2015). A continuacidn se describen las

técnicas de biologia molecular utilizadas en esta tesis.

1.4.1 Hibridacion in situ Fluorescente (Fluorescent in situ hybridization - FISH)

La hibridacién in situ fluorescente es una técnica de hibridacion especifica, donde se disefian
sondas de ADN marcadas con un fluorocromo en el extremo 5°, que hibridan especificamente
con una secuencia de ARN blanco complementaria en células intactas (Moter and Gobel
2000). El procedimiento incluye los siguientes pasos: (i) Fijacion de la muestra, (ii)
Preparacion de la muestra, lo que puede incluir pre-tratamientos especificos, (iii) Hibridacion
con sondas especificas, (iv) Lavados del preparado para remover la sonda excedente, (V)

Montaje, visualizacion y captura de iméagenes (Figura 1.13).
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Figura 1.13. Esquema béasico del procedimiento de la técnica de FISH (Moter and Gobel
2000).

En esta técnica, el fluorocromo unido al extremo 5” es excitado por un laser a una longitud de
onda especifica. La emision de fluorescencia es detectada mediante un microscopio de
epifluorescencia o confocal. La técnica de FISH permite la identificacion y visualizacion de
células individuales (Amann and Fuchs 2008). En sistemas de tratamiento de aguas
residuales, ademas de la identificacion, esta técnica permite determinar la disposicién

espacial de bacterias filamentosas del filo Chloroflexi. Por ejemplo, en sistemas de lodos
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activados permite determinar si se encuentran dentro de los fléculos, o interconectando

fléculos.

1.4.2 Reaccidn en cadena de la polimerasa cuantitativa (g-PCR)

El g-PCR se ha empleado desde mediados de 1990 (Heid et al. 1996) y actualmente se
considera el método més preciso para detectar y cuantificar secuencias especificas de &cidos
nucleicos como ADN y ARN. Este método no solo detecta la presencia de secuencias de
interés con primers especificos sino que cuantifica en nimeros absolutos. La cuantificacion
de microorganismos facilita la vinculacion de los cambios en la estructura de la comunidad
con los cambios en variables ambientales o pardmetros operacionales. En el PCR
convencional la concentracion de ADN es medida de forma semi-cuantitativa inicamente en
el punto final de la amplificacion. Debido a las limitaciones y sesgos del PCR la
concentracion de punto final no es proporcional a la concentracion inicial de ADN molde
(Zhang and Fang 2006). En el g-PCR se puede monitorear en tiempo real el progreso de la
amplificacion del ADN vy visualizar la fase de amplificacién exponencial (Heid et al. 1996).
Esta monitorizacion en tiempo real, que es la clave para la cuantificacion absoluta de las
secuencias blanco, se consigue midiendo continuamente la fluorescencia emitida en la fase
exponencial de amplificacion. Entre las distintas quimicas de deteccion utilizadas en g-PCR,
el agente intercalante SYBR Green | (Figura 1.14 (A)) y las sondas TagMan (Figura 1.14

(B)) son los métodos mas utilizados.

A) SYBR Green | assay B) TagMan assay
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Figura 1.14. Quimicas de deteccién mas usadas en la g-PCR: (A) SYBR Green | y (B)
sondas TagMan (Kim et al. 2013).

45



El agente intercalante SYBR Green | se une inespecificamente al surco menor de la doble
hebra de ADN, emitiendo una fluorescencia 1000 veces mayor que cuando no estd unido
(Wittwer et al. 1997). Por tanto, la sefial de fluorescencia aumenta a medida que se acumula
mas ADN de doble hebra durante la PCR permitiendo la monitorizacion de la reaccion en
tiempo real. Una de las limitaciones del uso del SYBR Green | que puede generar resultados
falsos positivos, es la union no especifica al ADN doble hebra (ej, unién a dimeros de
primers). En el caso de usar compuestos fluorescentes inespecificos, la especificidad del g-
PCR estara determinada unicamente por los primers elegidos. La especificidad de la
amplificacion se puede verificar mediante el analisis de las curvas de melting ya que un
determinado producto de amplificacién tiene una temperatura de melting (Tm) especifica
dependiente de la secuencia de ADN (Ririe et al. 1997). Por lo tanto, se puede visualizar la
presencia de productos de amplificacion no especificos que tienen Tm distintas a la secuencia
blanco.

La quimica TagMan implica el uso de un oligonucleétido adicional denominado sonda
TagMan, ademas de los primers utilizados en la amplificacion por PCR. Dicha sonda tiene un
marcado doble, un fluoréforo en el extremo 5' y una molécula quencher en el extremo 3'. En
una sonda TagMan intacta, el quencher absorbe la fluorescencia del fluor6foro a través de la
transferencia de energia por resonancia de fluorescencia (FRET) (Giulietti et al. 2001).
Durante la amplificacion por PCR, las sondas TagMan que se hibridan con las secuencias
complementarias en el ADN blanco, se degradan por la actividad exonucleasa de la ADN
polimerasa a medida que tiene lugar la extension de la hebra de ADN. Por lo tanto, la
separacion del fluoréforo del quencher, permite la emision de fluorescencia. Por lo tanto, la
intensidad de la fluorescencia emitida indica la cantidad de amplicones producidos,
permitiendo la monitorizacion en tiempo real de la amplificacion por PCR. La utilizacion de
una sonda TagMan en conjunto con los primers, mejora significativamente la especificidad

en comparacion con el agente intercalante inespecifico SYBR Green I.

1.4.3 Terminal restriction fragment length polymorphism analysis (T-RFLP)

La técnica de T-RFLP permite la deteccion de fragmentos de ADN de distintas longitudes
que son producto de una restriccion enzimatica. En el T-RFLP, se amplifica por PCR un gen
de interés con primers universales o especificos, donde el primer forward esta marcado con

un fluorocromo en el extremo 5°. En un segundo paso, el producto de PCR es sometido a
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digestion enzimatica, generando fragmentos de restriccion (T-RF) de distinto tamafio de

acuerdo al sitio de corte de la enzima utilizada (Figura 1.15).
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Figura 1.15. Esquema de la técnica de T-RFLP (Walker et al. 2017).

Los T-RF obtenidos son separados y detectados con un secuenciador de ADN del método de
Sanger con un capilar automatico. La diversidad microbiana en una muestra se puede estimar
analizando el nimero y la altura de los fragmentos de T-RF obtenidos en el cromatograma, ya
que distintos microorganismos, con diferente secuencia, tienen distintos sitios de restriccion.
La comparacion del nimero y tipo de picos en las muestras puede dar una idea de la
composicién y diversidad de la comunidad microbiana en el tiempo (Liu et al. 1997; Dunbar
et al. 2001). Sin embargo, la técnica es mas adecuada para comunidades microbianas con una
rigueza de baja a intermedia, ya que especies distintas pueden tener un mismo sitio de corte.
Al igual que todas las técnicas basadas en amplificacién de ADN por PCR, el T-RFLP tiene

sesgos de amplificacion y de la eleccion de los primers.

1.4.4 Técnicas de secuenciacion masiva de segunda generacion

Las tecnologias de secuenciacion de segunda generacidn, permiten la secuenciacién masiva
de muestras en paralelo, reduciendo costos y tiempo en comparacion a la secuenciacion
Sanger.

Las técnicas de secuenciacion utilizadas en esta tesis se describen brevemente a continuacion:
Pirosecuenciacion o tecnologia 454: fue la primera plataforma de secuenciacion masiva de
fragmentos cortos de ADN en salir al mercado entre 2004 y 2005 (Margulies et al. 2005). En
esta tecnologia, cada secuencia de ADN es ligada mediante un adaptador a una perla, la cual
quedara embebida en una emulsion de aceite-agua que contiene todos los reactivos necesarios
para la amplificacion en emulsién por PCR. El disefio de este sistema permite que una unica
molécula de ADN se una a cada perla, generando una amplificacion clonal del ADN (Figura
1.16 (A)). Las perlas junto a los reactivos de PCR quedaran ubicados en los pocillos de un

microchip, donde se llevara a cabo la secuenciacién del ADN por sintesis (Figura 1.16 (B)).
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Figure 1.16. Esquema del proceso de Pirosecuenciacion (Heather and Chain 2016).

La estrategia utilizada en pirosecuenciacion, es la deteccion de bioluminiscencia producida
por la accién de la luciferasa cada vez que se incorpora un dNTP en la extension del ADN.
La incorporacion de un dNTP libera un grupo pirofosfato (Ppi), la ATP sulfurilasa convierte
el Ppi en ATP en presencia de ADP, el ATP junto con la luciferasa cataliza la conversion de
luciferina a oxiluciferina, emitiendo luz. La cantidad de luz emitida corresponde al nimero y

orden de cada dNTP afiadido durante la reaccion.

lon Torrent: La tecnologia de secuenciacién lon Torrent sali6 al mercado en 2010 y es muy
similar a la plataforma 454, difieren en el método de deteccion utilizado. En esta plataforma,
se detectan los protones liberados por la polimerasa durante de extension de la cadena de
ADN luego de cada adicién de nucleétidos (A, G, C o T). La liberacion de protones
resultante genera una variacion de pH que provoca la acumulacién de carga positiva en la
placa de deteccion. La variacion de pH refleja cuantos nucle6tidos se agregaron en la
elongacién de la cadena. Al terminar con la incorporacion y lectura de un determinado
nucleotido, se efectla un lavado y se agrega otro nucleétido distinto para continuar con la

secuenciacion.

[llumina: La tecnologia Illumina fue lanzada al mercado en 2006 (www.illumina.com), y

difiere de las anteriores principalmente en que: (1) La libreria de ADN con los adaptadores se
depositan en una flow-cell que contiene en su superficie adaptadores complementarios, (2) El

método de secuenciacion es mediante terminadores de cadena reversibles (método similar a la
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secuenciacion de Sanger). El paso previo consiste en la union complementaria de los
adaptadores del ADN a la flow-cell. La amplificacion en Illumina se denomina amplificacion
“por puente” (otra de las diferencias con las plataformas anteriores), donde se obtienen
secuencias clonales del fragmento inicial (Figura 1.17 (A, B)).
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Figura 1.17. Esquema del proceso Illumina (Heather and Chain 2016).

1.5.5 Procesamiento de datos obtenidos mediante secuenciacion masiva de amplicones

Las principales preguntas enfocadas en muestras ambientales refieren a cudl es la
composicion taxondmica de la comunidad y la abundancia de sus individuos, y como se
relacionan con el ambiente. Para llegar a obtener estos resultados, es necesario comenzar con
el pre-procesamiento de las secuencias crudas. Este paso es especialmente necesario para
datos de secuenciacion de amplicones. En este proceso, se eliminan secuencias erréneas y de
baja calidad, asi como artefactos de amplificacion (quimeras), lo que mejora
significativamente la precision del andlisis (Bakker et al. 2012; D’Amore et al. 2016).
Ademas, el control de calidad es esencial para evitar una sobreestimacion de la diversidad de
especies de la comunidad. Si este paso se omite, es probable que se introduzcan errores
durante la agrupacién de secuencias similares en la construccion de las “unidades
taxonomicas operacionales” (OTUs) (Huse et al. 2010) o en la determinacién de las
‘amplicon sequence variants’ (ASV) (Callahan et al. 2017). Brevemente, el control de calidad
generalmente comprende (no necesariamente en este orden): [i] eliminacion de adaptadores
de secuenciacion, primers y barcodes (cddigo de barras que identifica cada secuencia con su
respectiva muestra, introducido en la etapa de preparacion de la libreria), filtrado y/o corte de
secuencias de baja calidad, de-replicacion (identificacion de secuencias idénticas y seleccion
de una secuencias representativa con un recuento de abundancia) para disminuir el volumen
de datos, y la deteccion y eliminacion de secuencias quiméricas (generadas por la hibridacion
cruzada de diferentes fragmentos de ADN durante el PCR).

Después del pre-procesamiento, el analisis se puede dividir en tres bloques principales: (1)
determinacion de OTU o ASV, (2) clasificacion taxonémica y (3) analisis multivariados. En

referencia al paso (1), los avances recientes han hecho posible analizar datos de
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secuenciacion sin recurrir a la construccion habitual OTUs, definidas como un grupo de
secuencias que difieren entre ellas en menos de un umbral de disimilitud fijo, generalmente
del 97%. Los nuevos métodos de anélisis controlan los errores lo suficiente como para que las
variantes de las secuencias de amplicones (ASV) tengan una resolucion de un solo nucleétido
entre secuencias (Callahan et al. 2017). La clasificacion taxondmica de las OTUs o ASVs
estd basada en busquedas de similitud de sus secuencias, con secuencias de bases de datos de
referencia de genes de ARNTr 16S (ej: RDP, SILVA, Greengenes, MiDAS).

1.5.6 Aplicaciones de la secuenciacién masiva de amplicones del gen de ARNr 16S para el
estudio de comunidades microbianas

El uso de la secuenciacion masiva de amplicones para el estudio de las comunidades
microbianas complejas ha aumentado drasticamente en los Ultimos afios. Las razones
incluyen la disminucidén en los costos de secuenciacion y la capacidad de caracterizar con una
mayor profundidad las comunidades microbianas, lo que permite la deteccion de taxones
“raros” (<0.1%) (Sogin et al. 2006). En el caso del estudio de la diversidad y abundancia de
bacterias y Archaeas presentes en las comunidades microbianas, los primers seleccionados en
general estan dirigidos a alguna de las nueve regiones hipervariables del gen de ARNr 16S
(V1-V9) (Pace et al. 1986; Hugenholtz and Pace 1996; Clooney et al. 2016).
Desafortunadamente, no existe un set de primers mas apropiado para secuenciar
eficientemente todos los taxones y tipos de ecosistemas, esta decisidén en general se toma en
base a consejos de la literatura publicada o pruebas in silico (Clooney et al. 2016). Una de las
principales limitaciones de la secuenciacion de amplicones es la longitud de los mismos, que
actualmente ronda los 200-500pb. Considerando que el gen de ARNr 16S contiene 1542 pb,
en la mayoria de los casos solo es posible alcanzar una clasificacion taxonémica hasta nivel
de género o familia, alcanzando pocas veces a una clasificacion a nivel de especie (Zhang et
al. 2011). Aunque algunas regiones hipervariables del gen de ARNr 16S proporcionan una
buena aproximacion de la diversidad de la comunidad, la mayoria no distingue polimorfismos
entre taxones estrechamente relacionados, lo que podria evitarse mediante la secuenciacion
completa del gen de ARNr 16S (Johnson et al. 2019). Ademas, la presencia de multiples
copias intragenomicas de este gen, podrian llevar a sustituciones sutiles de nucledtidos
sobreestimando la abundancia microbiana (Johnson et al. 2019). Dentro de las limitaciones de

esta técnica se encuentran los sesgos asociados con la técnica de PCR y la eleccion de los
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primers, estos ultimos limitan la resolucion de una fraccion sustancial de la diversidad en la
comunidad (Hong et al. 2009; Sharpton et al. 2011; Logares et al. 2014).

La secuenciacion de amplicones del gen del ARNr 16S proporciona informacion sobre la
composicion taxondmica de la comunidad, no pudiendo resolver directamente las funciones
bioldgicas asociadas con estos taxones. En algunos casos, la reconstruccion filogenética se
puede utilizar para inferir las funciones bioldgicas que estan codificadas en un genoma que
contiene una secuencia del gen del ARNr del6S similar (Langille et al. 2013). Pero, la
precision con la que estos métodos estiman la verdadera diversidad funcional de una
comunidad estd ligada a qué tan bien la diversidad gendmica de la comunidad esta
representada por los genomas disponibles en las bases de datos. Por ultimo, debido a que
puede haber transferencia horizontal del gen de ARNr 16S entre taxones relacionados pero
lejanamente, el andlisis de las secuencias del gen de ARNr 16S puede resultar en sobre-

estimaciones de la diversidad de la comunidad (Acinas et al. 2004).

1.5.7 Procesamiento de datos obtenidos mediante secuenciacion de metagenomas

A diferencia de los estudios basados en secuenciacion de amplicones, la metagendmica evita
los sesgos relacionados a utilizacion de primers y amplificacion por PCR. El control de
calidad sobre las secuencias obtenidas en los metagenomas, se lleva a cabo de forma anéloga
a los pasos aplicados en analisis de secuenciacion de amplicones, omitiendo los pasos que
tratan en particular con los errores y artefactos relacionados con la amplificacion.

A continuacién, se describen algunos de los enfoques para abordar el analisis de datos de
metagenomica (Figura 1.18):

(1) Clasificacion taxonomica de las secuencias del ARNr 16S presentes en el metagenoma.
Es adecuado para responder preguntas relacionadas con la composicion taxonémica de una
muestra o relacionadas con la presencia o ausencia de organismos.

(2) Ensamblado de las secuencias de forma contigua (por alineamiento de secuencia),
generando secuencias de mayor longitud denominadas contigs. A partir de este punto existen
dos caminos principales: a) La anotacién funcional de los contigs para determinar el perfil
metabdlico de la comunidad total; b) Los contigs son sometidos al proceso de binning, donde
son agrupados segun algunas caracteristicas como contenido en GC o frecuencias de
tetrameros, generando bines (o genomas). Posteriormente, cada bin es anotado para
determinar su potencial metabdlico y/o se determinan relaciones filogendmicas a partir del

alineamiento de genes marcadores de copia Unica presentes en cada bin.
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Figura 1.18. Esquema simplificado de los principales pasos en el analisis de metagenomas.

Los rectangulos indican resultados, y los Ovalos representan pasos del procesamiento

(Junemann et al. 2017). WGS= whole generation sequence.

1.5.8 Aplicaciones de la Metagendmica al estudio de comunidades microbianas

Mediante la secuenciacion de metagenomas se obtiene informacion sobre el potencial
metabdlico de la comunidad completa (procariotas, eucariotas, virus, etc) (Su et al. 2012;
Shakya et al. 2013). El andlisis de metagenomas puede tener varios objetivos, como
determinar la diversidad y abundancia de las comunidades, determinar sus funciones
metabolicas, recuperar genomas presentes en la muestra y determinacion de filogenia y
metabolismo (Sharpton 2014). Debido a que todo el ADN gendémico presente en la muestra
es secuenciado, es posible explorar dos aspectos de una comunidad microbiana: ¢qué
microorganismos estan presentes y que son capaces de hacer?

El andlisis de datos de metagendmica presenta varios desafios. La complejidad y tamafio de
los datos dificulta el andlisis bioinformatico, y la mayoria de las comunidades son tan
diversas que los genomas recuperados generalmente no estan completamente representados
por las secuencias obtenidas. Como resultado, es posible que dos secuencias pertenecientes al
mMismo gen no se superpongan y no puedan ser ensambladas (Schloss and Handelsman 2008;
Sharpton et al. 2011). Cuando las secuencias se superponen, no siempre es evidente si son del
mismo genoma o de distintos genomas, lo que puede desafiar el ensamblado de secuencias
(Mavromatis et al. 2007; Mende et al. 2012).
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1.5 Marco del trabajo y objetivos

1.5.1 Marco del trabajo: persistencia de microorganismos del filo Chloroflexi en sistemas
de tratamiento de aguas residuales

La principal linea de investigacion de nuestro laboratorio es el estudio de la microbiologia de
sistemas de tratamiento de aguas residuales. Para ello aplicamos técnicas de biologia
molecular que nos permiten estudiar las comunidades sin aislar los microorganismos. Se
trabaja en colaboracion con grupos de Ingenieria de reactores de nuestro pais (BioProA,
Facultad de Ingenieria, UDELAR) y de otros paises de Latinoamérica y Europa. Los colegas
ingenieros disefian y operan los reactores y nuestro laboratorio se centra en estudiar la
microbiologia involucrada en los procesos con la finalidad de poder optimizarlos y conocer
cdémo funcionan. Se han estudiado sistemas anaerobios metanogénicos a escala real (Callejas
et al. 2019; Cabezas et al. 2020), sistemas de laboratorio de produccion de hidrégeno
(Castello et al. 2009; Perna et al. 2013; Ferraz Junior et al. 2015) y sistemas de remocion de
nitrégeno convencionales (Cabezas et al. 2009) y sistemas anammox (Costa et al. 2014). A lo
largo de estos afios fue sorprendente encontrar que, salvo en los reactores de produccién de
hidrdgeno (Etchebehere et al. 2016), en todos los otros reactores estudiados tanto aerobios
como anaerobios el filo Chloroflexi estuvo presente en las comunidades microbianas
estudiadas. Sin embargo, hasta el momento se conoce poco del rol que juegan estos
microorganismos en los sistemas de tratamiento de aguas residuales.

El interés de nuestro laboratorio por el estudio del filo Chloroflexi comenz6 antes del afio
2001, en el trabajo de Tesis de Doctorado de la Dra. Etchebehere. En esta Tesis se estudid la
microbiologia de un reactor UASB desnitrificante alimentado con lixiviado de relleno
sanitario. Con las técnicas de PCR, clonado y secuenciacion de Sanger de genes del ARNr
16S, se observo que dos clones que representaban el 15 % de la comunidad se clasificaron
dentro del filo Green-non-Sulfur Bacteria (posteriormente renombrado como Chloroflexi). En
ese trabajo se postulé que estos microorganismos podrian estar relacionados con la
degradacion de compuestos recalcitrantes presentes en el reactor (Etchebehere et al. 2002).

En el afio 2008, nuestros colegas del laboratorio BioProA de Facultad de Ingenieria (liderado
por la Dra. Liliana Borzacconi) detectaron pérdida de eficiencia en un reactor metanogénico
de una industria procesadora de malta debido al sobrecrecimiento de bacterias filamentosas.
Mediante la técnica de FISH con sondas especificas para el filo Chloroflexi, se determiné que
este grupo era el responsable de la pérdida de densidad de los granulos y su flotacién (Figura

5). Se hipotetizd que su sobrecrecimiento podria deberse al alto contenido de células en el
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reactor producida por lisis celular debida a una bajada abrupta del pH. Los resultados ademas
de buscar soluciones al problema de la industria permitieron publicar un trabajo en conjunto
(Borzacconi et al. 2008).

En el afio 2012 obtuvimos financiacion del Fondo Clemente Estable (FCE_2_ 2011 1 7062)
para estudiar la diversidad y abundancia de Chloroflexi en reactores metanogénicos escala
real en nuestro pais. Con este proyecto se inicié este posgrado de Biotecnologia el cual se
financié con beca de Maestria y Doctorado de la ANII y de finalizacién de CAP. Por otro
lado, la Dra. Angela Cabezas realizd una pasantia en el laboratorio de la Dra. Anne Kristin
Kaster, en ese entonces directora del grupo de Single Cell Genomics de DSMZ (Alemania),
para secuenciar genomas de Chloroflexi detectados en un sistema aerobio de una planta
vitivinicola de Uruguay mediante Fluorescence-activated cell sorting (FACS) y Single Cell
Genomics. Este trabajo fue recientemente publicado en Frontiers in Microbiology (Dam et al.
2020).

En 2018 el proyecto Fondo Vaz Ferreira (I/FVF2017/135) liderado por la Dra. Angela
Cabezas tenia como objetivo secuenciar metagenomas y ensamblar genomas de Chloroflexi
de un reactor anaerobio y de un reactor aerobio. Al mismo tiempo, Patricia Bovio obtuvo
financiacion a través de la beca de movilidad ANIl (MOV_CA 2017 1 138200) para su
capacitacion en el analisis de metagenomas en el Instituto de Investigaciones en Ingenieria
Genética y Biologia Molecular “Dr Héctor N. Torres” (INGEBI-CONICET, Buenos Aires)
bajo la orientacion del Dr. Leonardo Erijman y el Dr. Leandro Guerrero. Esto permitio
ensamblar y analizar 8 genomas de especies nuevas de organismos del filo Chloroflexi
distribuidos en distintas familias. Gracias a la formacion de Patricia Bovio en el analisis de
metagenomas, recibimos en 2019 una estudiante de Doctorado de la Universidad Auténoma
de Barcelona, para formar en el analisis de metagenomas de reactores anammox generando
nuevas colaboraciones.

En esta Tesis se abordd un tema muy poco explorado de Microbiologia basica aplicado a
entender como funcionan los sistemas de tratamiento de aguas residuales. A lo largo del
trabajo se fueron aplicando nuevas metodologias siendo un gran desafio para este trabajo de
Tesis la puesta a punto de las mismas. Se generd conocimiento en un tema muy poco

conocido y con gran potencial de aplicacion en Biotecnologia Ambiental.
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1.5.2 Objetivo general
Conocer la composicién taxonomica y funcién de microorganismos del filo Chloroflexi en

sistemas de tratamiento de aguas residuales y residuos solidos.

Preguntas a responder en este trabajo de Posgrado en Biotecnologia

1- ¢Cual es la composicion taxondémica de los microorganismos del filo Chloroflexi en
reactores anaerobios metanogénicos a escala real?

2- ¢Son los mismos grupos que predominan en todos los reactores metanogénicos 0 son
diferentes dependiendo del sustrato y tipo de reactor?

3- ¢Cuél es su abundancia y de qué depende?

6- ¢Los microorganismos del filo Chloroflexi presentes en reactores anaerobios
metanogeénicos, aerobios de lodos activados y anammox son los mismos?

7- ¢ Tienen el mismo rol en los diferentes tipos de reactores?

8- ¢Es posible conocer el rol a partir de datos de metagenomas?

1.5.3 Objetivos especificos

1. Conocer la diversidad de organismos del filo Chloroflexi en reactores metanogénicos
escala real instalados en Uruguay.

2. Conocer la diversidad y distribucion global de organismos del filo Chloroflexi en
reactores metanogénicos de tratamiento de aguas residuales y de residuos solidos a
escala real, a partir del meta-analisis de datos recuperados de bases de datos.

3. Comparar la composicion taxonémica y el metabolismo de organismos del filo
Chloroflexi en reactores de lodos activados, anammox y metanogénicos utilizando

técnicas de ensamblado de genomas.

1.5.4 Estrategia de investigacion

Objetivo especifico 1: Conocer la diversidad, composicion taxondémica y abundancia de
organismos del filo Chloroflexi en reactores metanogénicos escala real instalados en Uruguay
Un primer abordaje fue estudiar especificamente reactores metanogénicos a escala real que
estaban operando en nuestro pais y que podian ser monitoreados a lo largo del tiempo.
Debido a la dificultad en el aislamiento de organismos del filo Chloroflexi, el estudio de este
grupo de bacterias se decidié abordar con distintas técnicas de biologia molecular como T-

RFLP, FISH, g-PCR y secuenciacion masiva del gen del ARNr 16S. En las tres primeras
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técnicas se usaron primers especificos para filo Chloroflexi. Se determind la diversidad,
abundancia y morfologia de de este grupo en 5 reactores UASB escala real instalados en
Uruguay. Los resultados de este trabajo fueron publicados en el afio 2019 en Journal of
Applied Microbiology bajo el titulo de “Preliminary analysis of Chloroflexi populations in
full-scale UASB methanogenic reactors” (DOI: 10.1111/jam.14115), y se presentan en el
Capitulo 2.

Objetivo especifico 2- Conocer la diversidad, abundancia y distribucion global de organismos
del filo Chloroflexi en reactores metanogénico de aguas residuales y de residuos sélidos
escala real, a partir del meta-analisis de datos recuperados de bases de datos

Con el objetivo de ampliar la diversidad de configuraciones de reactores metanogénicos y de
sustratos, nos planteamos realizar un meta-analisis a partir de sets de datos de secuenciacion
masiva del gen de ARNr 16S depositados en bases de datos. En este trabajo logramos incluir
datos de 17 articulos publicados que representaban 62 reactores de tratamiento de aguas
residuales y digestores de sélidos. Este tipo de andlisis presentd el gran desafio de analizar
datos crudos provenientes de distintas plataformas de secuenciacion, utilizando distintos set
de primers y por lo tanto, regiones amplificadas del gen de ARNr 16S no superpuestas. Los
resultados de este trabajo se publicaron en el afio 2021 en Frontiers in Microbiology bajo el
titulo de “Database Mining to Unravel the Ecology of the Phylum Chloroflexi in
Methanogenic Full Scale Bioreactors” (DOI: 10.3389/fmicb.2020.603234), y se presentan en
el Capitulo 3.

Obijetivo especifico 3- Comparar la composicién taxonémica y el metabolismo de organismos
del filo Chloroflexi en reactores de lodos activados, anammox y metanogénicos utilizando
técnicas de ensamblado de genomas

En los capitulos 2 y 3 se estudid principalmente la diversidad y abundancia del filo
Chloroflexi en reactores metanogénicos. El siguiente paso, ademas de conocer méas sobre la
diversidad y abundancia, fue abordar la pregunta de qué rol cumple el filo Chloroflexi en
distintos sistemas de tratamiento de aguas residuales como, por ejemplo, un reactor
metanogénico, un reactor de lodos activados y un reactor anammox. Y ademas, determinar si
las vias metabolicas presentes en los genomas eran distintas entre los distintos reactores.
Mediante la secuenciacion de metagenomas de los distintos reactores y el ensamblado de los
genomas de Chloroflexi, se determiné el potencial metabdlico de este grupo en cada sistema.

Los resultados se presentan en el capitulo 4 y el manuscrito se encuentra en preparacion con
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el titulo: Functional redundancy of diverse Anaerolineae genomes in activated sludge,

methanogenic reactors and anammox reactors.
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Abstract

Aims: The phylum Chloroflexi is frequently found in high abundance in methanogenic
reactors, but their role is still unclear as most of them remain uncultured and understudied.
Hence, a detailed analysis was performed in samples from five Up-flow anaerobic sludge
blanket (UASB) full-scale reactors fed with different industrial wastewaters. Methods and
Results: Quantitative PCR shows that the phylum Chloroflexi was abundant in all UASB
methanogenic reactors, with higher abundance in the reactors operated for a long period of
time, which presented granular biomass. Both T-RFLP and 16S rRNA gene amplicon
sequencing revealed diverse Chloroflexi populations apparently determined by the different
inocula. According to the phylogenetic analysis the sequences from the dominant Chloroflexi
were positioned in branches where no sequences of the cultured representative strains are
placed. FISH analysis performed in two of the reactors showed filamentous morphology of
the hybridizing cells. Conclusions: While members of the Anaerolineae class within phylum
Chloroflexi were predominant, their diversity is still poorly described in anaerobic reactors.
Due to their filamentous morphology, Chloroflexi may have a key role in the granulation in
methanogenic UASB reactors. Significance and Impact of Study: Our results bring new
insights about the diversity, stability, dynamics and abundance of this phylum in full scale
UASB reactors which aid in understanding their function within the reactor biomass.
However, new methodological approaches and analysis of bulking biomass is needed to
completely unravel their role in these reactors. Combining all this knowledge with reactor
operational parameters will allow to understand their participation in granulation and bulking

episodes and design strategies to prevent Chloroflexi overgrowth.
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key words: Anaerobic digestion, Chloroflexi, microbial community, methanogenic reactor,
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2.1 Introduction

Anaerobic digestion is composed by a series of biological reactions performed by
microorganisms which can be used as a form of biological treatment of organic waste and
wastewater. At least four microbial trophic groups contribute to the organic waste
degradation forming CH4 and CO: as final products: hydrolytic bacteria, fermenting bacteria,
syntrophic bacteria and methanogenic archaea (Amani et al. 2010). Anaerobic digestion has
been successfully applied in various industries at full scale for several decades (Angenent et
al. 2004; Verstraete et al. 2005). The anaerobic treatment of wastewater can produce energy
in the form of methane, with a low biomass production, high efficiency and a low energy
demand (Van Lier 2008; Angelidaki et al. 2011). In Uruguay, these systems have been
applied for the treatment of several agro-industrial wastewaters from dairy, brewery and
bioethanol production industries, reducing its environmental impact and achieving renewable
energy generation (Lopez 2016).

Up-flow anaerobic sludge blanket (UASB) technology has been used widely because of its
ability to treat a broad range of organic waste streams at high loading rates (Lettinga 1995;
Chong et al. 2012; Hinken et al. 2014). Sludge granulation is a necessary phenomenon in
UASB reactors as it provides appropriate settling ability, high biomass retention time and
increases the resistance to high organic loading rates and toxic shocks (Speece 1996). The
granules are composed by the previously mentioned trophic groups (hydrolytic bacteria,
fermenting bacteria, syntrophic bacteria and methanogenic archaea), inorganic minerals and
extracellular polymers (Lettinga 1995; Sekiguchi and Kamagata 2004). Sludge granulation
favors the syntrophic process between the fermentative bacteria and methanogenic archaea
facilitating interspecies hydrogen transfer (Ariesyady et al. 2007).

Chloroflexi has been reported as one of the most predominant phyla present in anaerobic
wastewater treatment systems and has even been defined as part of the core group together
with Proteobacteria, Bacteroidetes and Firmicutes (Chouari et al. 2005; Narihiro et al. 2009;
Riviere et al. 2009; Shu et al. 2015). Within the Chloroflexi phylum, members of the
Anaerolineae class are predominant but their role in these systems has not been completely

addressed (Yamada and Sekiguchi 2009). This is mainly due to the difficulties to cultivate
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and isolate members from this class as indicated by the efforts performed by several research
groups to retrieve strains within this class (see Table 2.1 for references). The cultivated
members are mainly slow growing fermenting bacteria with filamentous morphology (Table
2.1).

Table 2.1 Characteristics of isolated strains from species belonging to the classes

Anaerolineae, Caldilineae and Dehalococcoidia within the phylum Chloroflexi.

Species Isolation source Physiology Carbon and energy source Reference
Anaerolinea the rmophila UNI-1 UASB sludge § Strictly anaerobic T Carbohvdrates, proteins *  (Sekiguchi et al., 2003)
Anaerolinea thermolimosa IMO-1 UASB sludge § Strictly anaerobic T Carbohvdrates, proteins *  (Yamada et al., 2006)
Levilinea saccharolytica KIBI-1 UASB sludge £ Strictly anaerobic T Carbohvdrates, proteins *  (Yamada et al., 2006)
Leplolinea tardivitalis YMTK-2 UASB sludge £ Strictly anaerobic T Carbohvdrates, proteins *  (Yamada et al., 2006)
Bellilinea caldifistulae GOMI-1 Anaerobic sludge § Strictly anaerobic T Carbohvdrates, proteins *  (Yamada et al., 2007)
Longilinea arvoryzae KOME-1 Rice paddysoil 1  Strictly anaerobic T Carbohydrates, proteins *  {Yamada et al., 2007)

Class Anaerolincae D terrestrial hot _ . . .
Ornatilinea apprima P3M-1 melii?er Irfes Strictly anaerobic T Carbohydrates; proteins (Podosckorskaya et al., 2016)
Thermomarinilinea lacunofonialis SW7  Hydrothermal vent § Strictly anaerobic T Proteins (Nunoura et al., 2013)
Thermanaerothrix daxensis GNS-1 Deep hot aquifer §  Strictly anaerobic T Carbohydrates * (Grégoire et al., 2011b)
Pelolinea submarina MO-CFX1 Marine sediment  Strictly anaerobic T Carbohvdrates * (Imachi et al., 2014)
Flexilinea floccule TC1T UASB sludge Strictly anaerobic T Carbohvdrates * (Sunetal. 2016)

) Facultativel Carbohydrates, ami id . .
Caldilinea aerophila STL-6-01 Hot spring § et ¥ [ AUPOICrates, B A4 rseliguct etal., 2003)
aeropic
Class Caldili
ass Hhneae Caldilinea tarbellica D1-25-10-4 Deep hot aquifer §  Strictly anaerobict Carbohydrates * (Grégoire et al., 2011a)

Litorilinea aerophila PRI-4131 Hot spring § Aerobic t Carbohydrates (Kale etal., 2013)

Class Strictly anaerobic.

Dehalococcoidia Dehalogenimonas alkenigignens IP3-3  Groundwater T _ Chlorinated compounds (Bowman et al, 2013)

Irregular cocci

* Yeast extract was required for growth
T Multicellular filamentous morphology
I Mesophilic

§ Thermophilic

Recently, the preliminary annotation of the CAMBI-1 genome (Candidatus Brevefilum
fermentans) belonging to the Anaerolineae class, obtained from an anaerobic digester by
metagenomics, was performed. The results indicate that this bacteria might be anaerobic
chemoorganoheterotrophs with a fermentative metabolism. In addition, their high abundance
in the reactor, make them likely important primary fermenters in digester systems (Mcllroy et
al. 2017).

Apart from their potential role as primary fermenters, it has been postulated that they are
involved in granule formation in UASB reactors due to their filamentous morphology
(Sekiguchi et al. 2001). But, in a previous study on the performance of an UASB reactor
installed in our country, the overgrowth of filamentous Chloroflexi was related to an unusual
anaerobic bulking process that caused sedimentation problems (Borzacconi et al. 2008). This

bulking process seriously affects the performance of UASB reactors as it produces sudden
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washout of the granular sludge biomass. Consequently, the reactor fails in performing
effluent treatment at high loading rates (Sekiguchi et al. 2001; Yamada et al. 2007b, 2011;
Borzacconi et al. 2008; Li et al. 2008). With the installation of full scale UASB reactors, the
prevention of this problem has become important in order to obtain optimal reactor
performance and avoid environmental contamination. The conditions favoring the
overgrowth of these bacteria remains unknown. Increasing the knowledge about this group is
essential to control their growth, sustain granule formation and prevent bulking episodes.

In order to contribute to the understanding of the role of Chloroflexi in UASB reactors we
studied their taxonomic composition, diversity, abundance, dynamics and morphology in five
full scale UASB reactors treating three different industrial wastewaters. Specific terminal
Restriction Fragment Length Polymorphism (T-RFLP) and quantitative PCR (g-PCR)
techniques were designed to analyze the diversity and abundance of the phylum Chloroflexi.
The Chloroflexi taxonomic composition was studied by 16S rRNA gene amplicon
sequencing. The cell morphology was observed by Fluorescent in situ Hybridization (FISH)

with specific probes targeting this phylum.

2.2 Materials and methods

2.2.1 UASB methanogenic reactors and sample collection
Anaerobic sludge samples were taken from five UASB methanogenic reactors treating

effluents from four industries located in Uruguay (Table 2.2).

Table 2.2 Operational parameters of the five UASB

reactors.

Volune Organic loading rate  HRT* Temperature CODf removal CH,

UASB reactor Wastewater Stage/Sampling period (days) References

_(m) (keCOD/m d)t  (days) (°C) (%) (%)
Start-up/
AL Vinasse 100 3.0-54 8.60 Oct-25 60-78 1 68 § (Lopezetal., 2017)
0- 456
Start-up/
SR Dairy 100 1.5-6.0 0.83 Jun-26 55-90 f 75§ (Fernandez, 2016)
0- 334
Stable operation
COA Dairy 40 1.5-4.0 0.71 21-31 29.97 1 78§ (Passeggi etal., 2009)
/0-424
Stable operation
COB Dairy 40 1.5-4.0 0.71 20-31 19-97 1 7%$ (Passeggi etal., 2009)
/0-424
Stable operation
MO Malting 250 4.0-5.0 0.67 13-22 35-80 1 77§ (Borzaccomi et al., 2006, 2008)
/0-542

* HRT: Hydraulic retention time
1 COD: Chemical oxygen demand

I Values expressed as range
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8§ Values expressed as average

All reactors were operated under mesophilic conditions. Reactors COA and COB, which
belong to the same wastewater treatment plant, were previously studied by Passeggi et al.
(2009). Both reactors were connected in parallel, receiving effluent with the same
characteristics, and were installed underground, therefore, the seasonal temperature
fluctuations were lower. Reactors AL and SR were previously studied by Lopez et al. (2017)
and Ferndndez (2016), respectively. Reactor MO was previously studied by Borzacconi et al.
(2006, 2008). Reactor AL and SR were sampled during the start-up period. Reactors COA
and COB were sampled during stable operation after 5 years of operation and reactor MO
was sampled during stable operation after more than 10 years of operation. In reactor MO our
group detected sedimentation problems due to overgrowth of Chloroflexi filaments
(Borzacconi et al. 2008). The inoculum for reactors AL, COA, COB and SR were taken from
the same anaerobic lagoon treating slaughterhouse wastewater but at different time points. A
sample from this inoculum was taken at the moment of reactor SR inoculation and was
named SR(i). Reactor MO was inoculated with sludge taken from another anaerobic lagoon
also used for the treatment of slaughterhouse wastewater. Samples from all reactors were
taken at different heights and then homogenized. In total, 60 samples (1 | each
approximately) were obtained from the five UASB reactors. Sub samples (50 ml) were stored
at -20 °C until DNA extraction. As the storage method might impact the microbial
community we stored all samples under the same conditions which is highly important in
order to avoid biases as shown previously for soil microbial communities (Rubin et al 2013,
Lauber et al 2010). For reactors AL and SR, day 0 means the day of inoculation. For reactor
MO, COA and COB, day 0 indicates the first sampling day. Information about the reactors

operation condition and performance at the day of sampling were included in Table S2.1.

2.2.2 DNA extraction

Sludge samples were thawed and centrifuged (5 min, 10,000 g). Approximately 0.35 g of wet
pellet was used for DNA extraction with the ZR Soil Microbe DNA MiniPrepTM kit (Zymo
Research) according to the manufacturer’s instructions. The quality of the extracted genomic
DNA was determinate by 1% agarose gel electrophoresis (Nucleic Acid Stain, GoodView™,
Beijing) and stored at -20 °C until further use.
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2.2.3 Terminal restriction fragment length polymorphism (T-RFLP) analysis

A specific approach was optimized in our laboratory to determine the structure and dynamics
of Chloroflexi by 16S rRNA gene T-RFLP. For this, the PCR conditions and the enzymatic
restriction were optimized using an environmental Chloroflexi clone (Clone 131, AJ412677).
The protocol was optimized to obtain only one peak or T-RF for the clone. Samples were
amplified using PCR primer set 27 forward (Edwards et al. 1989) labeled at the 5’-end with
the 6-carboxyfluorescein dye and the specific primer for Chloroflexi, designed based on the
FISH probe CFX1223R (Bjornsson et al. 2002) (Table 2.3).

Table 2.3 Primers and probes used in this study for g-PCR, T-RFLP, 454-pyrosequencing,
lon Torrent sequencing and FISH.

L Probe/ o e '3
Application Primer set Specificity Sequence (53°—3’) References
phylum .
GNSB941 . AAACCACACGCTCCGCT Gich et al. (2001)
Chlorofiexi
q-PCR, FISH -
CFX1223r PXum CCATTGTAGGGTGTGTGTMG  Bjomsson et al. (2002)
Chlorofiexi
T-RFLP 27F-6FAM  universal primer  AGAGTTTGATCMTGGCTCAG Park et al. (2006)
CFxio3g Phylum CCATTGTAGGGTGTGTGTMG  Bjomsson et al. (2002)
Chlorofiexi
Pyrosequencing 515F universal primer  GTGCCAGCMGCCGCGGTAA
: . Caporaso et al., (2012)
806R universal primer GGACTACVSGGGTATCTAAT
Ton Torrent 520F universal primer  AYTGGGYDTAAAGNG Claesson et al., (2009)
802R universal primer TACNNGGGTATCTAATCC

The PCR protocol was performed as previously described (Gich et al. 2002) using the PCR
cycle as follows: 94 °C for 5 min, followed by 30 cycles at 94 °C for 30 s, 56 °C for 30 s, 72
°C for 45 s and a final extension at 72 °C for 5 min. Each PCR mixture (50 ul) contained 1 pl
of template DNA, 0.4 uM each primer, 0.2 mM each deoxynucleoside triphosphate, 5 pl of
10x PCR buffer, 1.5 mM MgCl,, and 1.25 U of Tag Polymerase (Fermentas, USA).
Purification of the PCR product was performed using the DNA Clean kit & ConcentratorTM-
25 (Zymo Research, Orange, CA) according to the manufacturer's instructions. Quantification
was performed using Nanodrop 1000 (Thermo Scientific, Wilmington, DE, USA). The
restriction enzyme digestion was done according to Pycke et al. (2011), using the enzyme
Mspl (Fermentas, USA) with the following modifications of the protocol: the concentration
of PCR product was optimized at 50 ng I of DNA per reaction, and an incubation time of
16 h at 37 °C, with subsequent inactivation at 80 °C for 20 min was used. The selection of

restriction enzyme was performed from in silico digestion of 16S rRNA gene sequences
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belonging to the phylum Chloroflexi cultivated members obtained from the NCBI database.
For this, the in silico terminal restriction fragment sizes were calculated for each sequence
using the restriction site of different enzymes (Mspl, Sau3A, EcoRlI, Tagl, Kpnl, Sacl, Smal,
BamHI, Hindlll and Pstl). The Mspl was the restriction enzyme where the highest level of
discrimination between species belonging to Anaerolinea and Caldilinea genera was
obtained.

Separation and detection of fragments was performed using a sequencer 3130 (Applied
Biosystems) with a GeneScan marker -1200 internal Liz (Applied Biosystems) at the Pasteur
Institute, Uruguay. The chromatograms were analyzed using Peak Scanner v.1.0 (Applied
Biosystems, Halle, Belgium). The peak relative abundances were determined by calculating
the ratio between the height of each peak and the total peak height of all peaks within one
sample. Only peaks with more than 3% abundance/intensity were considered. Nonmetric
multidimensional scaling (NMDS) analyses using the Bray—Curtis similarity index (considers
presence/absence as well as relative abundance of peaks) were performed to plot the
similarity rank order of T- RFLP profiles where distances are exactly expressed on a two-
dimensional ordination (greater distances represent greater dissimilarities). The diversity of
the Chloroflexi community in each reactor was calculated using the Shannon H index
(Shannon et al. 1963). NMDS and Shannon H index were performed using PAST
(PAleontological Statistics Version 3.11) (Hammer et al. 2001).

2.2.4 Quantitative PCR

A protocol was optimized to specifically quantify Chloroflexi using described Chloroflexi
primers based on the FISH probes GNSB941 and CFX1223R (Table 3) (Bjornsson et al.
2002; Gich et al. 2002). All PCR reactions were performed in a Rotor-Gene 6000 (Corbett
Life Science, Sydney, Australia) with SYBR Green PCR Kit (Qiagen, Hilden, Germany).
Fluorescence was detected at the end of the extension step. The g-PCR protocol was as
follow: 52 °C for 2 min, 95 °C for 10 min followed by 40 cycles at 95 °C for 15 s, 60 °C for
60 s. Each PCR mixture (15 pl) contained 5 pl of diluted DNA template, 10 uM of each
primer, and 10x of SYBR Green master mix. DNA concentrations were determined using the
Qubit fluorometric quantitative analyser (Life Technologies, Carlsbad, CA, USA). The
specificity of the amplified PCR product was assessed by performing a melting curve
analysis; fluorescence readings were consecutively collected during the melting process from
60 to 95 °C at a heating rate of 5 °C s,
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Quantification was made using calibration curves prepared from serial dilutions of DNA from
an environmental Chloroflexi (Clone 131, AJ412677). This PCR product was obtained by
amplifying the insert from a plasmid using the primers for the plasmid (T3 and T7). To
prepare the standard curve, DNA was diluted to yield 10-fold dilutions in the range of 10°-10°
DNA copies. All quantitative PCR reactions were carried out in duplicates. The efficiencies
of the quantitative PCR assays ranged from 99 % to 106 %, and the R? value for each
standard curve line always exceeded 0.98. Boxplots were constructed with the results from
the quantifications using PAST software. In order to find relationships between the quantified
Chloroflexi and the operational parameters, Pearson's correlation analyses were performed

using the PAST Software considering a significance level alpha = 0.05 (Hammer et al. 2001).

2.2.5 Fluorescence in situ hybridization (FISH)

FISH analysis was performed using probes targeting the phylum Chloroflexi GNSB941 and
CFX1223R labeled with Cy3 (Bjornsson et al. 2002; Gich et al. 2002) (Table 3). The analysis
was performed to determine the morphology of members affiliated to the Chloroflexi phylum
detected in these samples. For reactor COB the sample was taken during the study (COB10).
For reactor MO the fixed sample was taken two years before our study. Fixation of the
samples and FISH was performed according to the protocol of Amann et al. (1995).
Hybridization was performed according to Bjoérnsson et al. (2002), with the conditions
established by these authors. For cellular staining 4°, 6’-diamin-2-phenylindole (DAPI) was
used. The pure culture of Sphaerobacter thermophilus strain DSM 20745 was used as
positive control, and Escherichia coli strain DH50 was used as negative control. The glass
slides with the samples were embedded in Citifluor AF1 (Citifluor, Canterbury, United
Kingdom). Images of fluorescent cells were recorded using a confocal laser scanning
microscope (LSM 800, Carl Zeiss, Oberkochen, Germany). For detection of DAPI and Cy3-
labeled cells, the 405 nm and 543 nm lasers were used, respectively. Samples from AL, COA
and SR were not analyzed by FISH due to an experimental error in the fixation procedure.

2.2.6 Bacterial 16S rRNA gene analysis by next generation sequencing

The taxonomic composition of the Chloroflexi community was studied by next generation
sequencing of the 16S rRNA gene. For that, one sample per reactor was selected: AL320,
SR77, COA286, COB286 and M0O205. For samples AL320, SR77, COA286 and COB286
DNA was dehydrated with 95% ethanol and sent to the Institute for Agrobiology Rosario
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(INDEAR, Rosario, Argentina) where the pyrosequencing analysis was performed using a
Roche Genome Sequencer FLX Titanium. The 16S rRNA genes were amplified with primers
for region V4 (set 1): 515F (5-GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-
GGACTACVSGGGTATCTAAT-3") (Caporaso et al. 2012) (Table 3). Due to
discontinuation of the pyrosequencing platform service, for sample M0O205, sequencing was
performed on an lon Torrent PGM (Life Technologies) in the platform at the Biological
Research Institute “Clemente Estable” (Montevideo, Uruguay), with primers which cover a
similar region for region V4 (set 2): 520F (5’-AYTGGGYDTAAAGNG-3’) and 802R (5°-
TACNNGGGTATCTAATCC-3") (Claesson et al. 2009) (Table 3). The coverage of the
primers was checked using the test prime tool in the Silva web page (www.arb-silva.de),
setting the parameters to 1 mismatch for the Maximum number of mismatches and 5 bases
for the Length of 0-mismatch zone at 3' end, as recommended by the testprime tutorial. The
primers presented similar coverage for the classes within the Chloroflexi phylum (Table
S2.2). However, in silico prediction of primer coverage might not ensure that same
microorganisms are detected which limits our study. Testing primers with mock communities
and compare the results from environmental samples analyzed by metagenomic approach
without PCR biases would be needed to fully evaluate the effectiveness of these primers in

detecting most Chloroflexi species.

2.2.7 Bioinformatic processing

The QIIME Pipeline Version 1.9.1 was used for amplicon sequence analysis (Caporaso et al.
2010). All sequence reads were sorted based on their unique barcodes. After filtering the low-
quality reads (coefficient greater than 25), trimming the primers, adapters and barcodes, and
filtering reads with a length of less than 200 bases, a total of 4,176 to 229,365 effective reads
for all samples were obtained. The chimeras and noise in the sequencing reads were further
removed, after which only high-quality reads for these samples remained (number of
reads). Sequences were clustered into operational taxonomic units (OTU) using UClust
algorithm (Edgar 2010), based on the 97% identity threshold (de novo-based OTU picking
strategy). OTUs represented by one sequence (singletons) were removed from the analysis.
For the taxonomic classification of the reads, the Silva database release 128 and confidence
threshold of 80% was used. The raw data was deposited at National Center for Biotechnology
Information (NCBI) under accessing number: PRINA453814.
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2.2.8 Phylogenetic analysis of selected reads

For a detailed phylogenetic analysis, a phylogenetic tree was constructed with representative
sequences from OTUs classified within the phylum Chloroflexi with a relative abundance
higher than 2%. The sequences were compared with sequences deposited in the NCBI
database (www.ncbi.nlm.nih.gov) using the tool BLASTN. A total of 30 sequences
corresponding to sequences closely related to ours as well as sequences of cultivated member
within the phylum Chloroflexi were used to construct the phylogenetic tree using MEGA 7
(Kumar et al. 2016). Sequences were aligned with ClustalW (Thompson et al. 1994) and the
phylogenetic tree was built applying the maximum likelihood method (Maidak et al. 1994)
and inferring 1000 replicates of bootstrapping to estimate the reliability of phylogenetic
reconstructions (Felsenstein 1985). The analyses of Evolutionary Divergence between
Sequences was conducted using the Maximum Composite Likelihood model (Tamura et al
2004) with MEGAT7 program. Distance matrix is the result of the number of base
substitutions per site from between sequences. Three clusters (1, 2 and 3) were defined in the
phylogenetic tree where a branch with high bootstrap value formed by dominant OTUs, other
environmental sequences within Chloroflexi and no sequence belonging to a cultured
member of the Chloroflexi phylum we detected, as this might indicate possible novel

members within the Chloroflexi phylum.

2.3 Results

2.3.1 Chloroflexi were abundant and persistent in UASB reactors

Quantitative PCR showed that microorganisms from the phylum Chloroflexi were present in
all samples and persistent over time with values over 10’ Chloroflexi 16S rRNA gene copy
number per ng DNA for all samples analyzed (Figure 2.1 (a-€)).
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Figure 2.1 Quantification of members of phylum Chloroflexi in samples taken over time
(days) for each reactor by specific g-PCR. Each point represent the mean value from
duplicate reactions. The error bars represents the standard deviations. The data were
presented from each reactor a AL, b COA, ¢ COB, d SR, e MO.

In order to compare the values from the different reactors a boxplot was constructed (Figure
2.2).
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Figure 2.2 Abundance of Chloroflexi phylum in the five studied reactors. BoxPlots of
Chloroflexi 16S rRNA gene copy numbers (log 10 copy number per ng of DNA) from each
reactor is presented. The bottom and the top of each box present the first and third quartiles,
the band inside is the median and the whiskers (short horizontal lines) represent the minimum
and maximum value of each data set. Values outside the inner fences are shown as circles;
values further than 3 times the box height from the box (the "outer fences") are shown as

stars.

The samples from reactors AL and SR, studied during start-up periods, presented lower
abundance of Chloroflexi (mean values 9.7 x 10" + 7.9 x 108 1.7 x 10% + 2.5 x 10’
Chloroflexi 16S rRNA gene copy number per ng DNA, respectively) than the samples from
reactors COA, COB, and MO, (mean values 4.1 x 10° + 1.5 x 10°, 1.2 x 10%*° + 3.3 x 10° and
1.2 x 10° + 2.8 x 108 Chloroflexi 16S rRNA gene copy number per ng DNA, respectively)
which had years of stable operational conditions. Reactor COB presented the highest
abundance while reactor AL the lowest.

Linear correlation analysis was applied to examine relationships between the abundance of

the phylum Chloroflexi and the operational data of the reactors (Table 2.4).
Table 2.4 Pearson Linear correlation parameters between abundance of the phylum

Chloroflexi and reactor's operational data. The data analysis was performed using PAST

Software
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Reactor VSS (¢/*  Organic load (keCOD/m*.d) HTR (days)t CH4(%) § pH T(C%)§

AL r 0.397 -0.078 0.085 -0.518 -0.328  0.027

P 0.179 0.830 0.815 0.125 0.472  0.927

COA 1 n/d -0.101 n/d n/d 0.585  0.267
P n/d 0.871 n/d n/d 0.059  0.427

COB r n/d n/d n/d -0.064  -0.146
P n/d n/d n/d 0.852  0.668

SR r 0.654 -0.173 -0.231 -0.298 0.248  0.546

2 0.040 0.711 0.551 0.516 0.752  0.056

MO r 0.233 n/d n/d n/d -0.445  -0.610
p 0.767 n/d n/d n/d 0.555 0.198

* Volatile suspended solids VSS
T Hydraulic retention time HTR
1 Biogas production (CHa)

8§ Temperature n/d: no data available for each sample date

The abundance of the phylum Chloroflexi was positively correlated with the load applied in
samples from reactor COB (Pearson test, n = 13; r?2 = 0.80; p-value < 0.05). A positive
correlation between the abundance of the phylum Chloroflexi and the amount of biomass in
the reactor (volatile suspended solids, VSS) in samples from reactor SR was also detected
(Pearson test, n = 14; r2 = 0.95; p-value < 0.05). No other significant correlations between the

abundance of Chloroflexi and reactor operational data were observed.

2.3.2 High dominance and stability of a particular Chloroflexi T-RF detected by specific T-
RFLP

The results from T-RFLP analysis showed strong dominance of one Terminal Restriction
Fragment (T-RF) and a low diversity for all reactors (Figure 2.3 (a)). For samples from
reactors AL, COA, COB and SR, the predominant T-RF detected presented a length of 511
bp while for samples from reactor MO a T-RF of 501 bp was dominant. These predominant
T-RFs presented high stability over time while T-RFs with less relative abundance were more

variable.
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Figure 2.3 A) Specific Chloroflexi T-RFLP analysis of reactor samples taken along operation
time. Relative abundances of T-RFs are indicated in different colors. Only T-RFs with
relative abundance higher than 3 % for each sample were considered. () 52 (*¥) 58 (M) 70
(W) 79 () 87 (W) 140 (M) 148 (M) 161 (M) 167 (M) 182 (M) 200 (W) 272 (W) 369 () 447 (W)
457 (W) 470 (M) 501 (W) 511 ( ) 520 (W) 625 (M) 633 B) NMDS ordination using T-RFLP
data (®) AL (@) COA (@) COB (®) SR (®) MO. Community similarity is based on the
Bray—Curtis index which includes the presence/absence as well as the relative abundances of
T-RFs. The stress value of 0.16 indicates good quality of the NMDS result.

According to the Shannon similarity index the Chloroflexi community of reactor MO was the
most diverse while the Chloroflexi community of reactor COB was the least diverse (mean
values obtained for the samples taken from each reactor were: reactor AL: 0.84; reactor
COA:1.05; reactor COB: 0.81; reactor SR: 1.32 and reactor MO: 1.37).

The NMDS analysis showed that samples from reactors AL, COA, COB and AL grouped

closely while MO samples formed a separate group. This grouping was related with the
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inoculum source which was the same for reactors AL, COA, COB and SR and different for
reactor MO (Figure 3b).

2.3.3 Uncultured Chloroflexi dominate the communities

One sample per reactor was analyzed by 16S rRNA gene amplicon sequencing. The number
of reads obtained after processing the raw data were as follows: AL320: 4,063 reads;
COA286: 12,202 reads; COB286: 12,257 reads; SR77: 4,307 reads and MO205: 228,109
reads. In order to compare between samples, the numbers of sequences were normalized to
the same sequencing depth (4024 reads) using QIIME.

The community composition at phylum level showed that Chloroflexi was detected in all
reactors with a relative abundance higher than 20% in four of the five samples. A relative
abundance of 2.8% were observed in sample M0O205 (Figure 2.4 (a)). Other predominant
phyla shared by the five reactor samples were: Firmicutes, Proteobacteria, Spirochaetes and

Synergistetes.
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Figure 2.4 Taxonomic distribution according to the 16S rRNA gene amplicon sequencing

analysis. One sample from each reactor were analyzed. The results were presented as: a at
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phylum level: (M) Acidobacteria (M) Aminicenantes (M) Bacteroidetes (M) Caldiserica (°)
Chlamydiae () Chloroflexi (M) Fibrobacteres (M) Firmicutes (™) Hydrogenedentes ()
Lentisphaerae (") Omnitrophica (M) Parcubacteria () Planctomycetes (M) Proteobacteria (

) Spirochaetae (M) Synergistetes (M) Tenericutes (™) Thermotogae (M) Verrucomicrobia ()
Others lower than 1%. b at class level within the phylum Chloroflexi: (l) Anaerolineae (M)
Caldilineae (M) Chloroflexia (M) Dehalococcoidia (M) Gitt-GS-136 (M) JG30-KF-CM66 (M)
JG37-AG-4 (W) KD4-96 (M) Ktedonobacteria (") SBR2076 (M) SHA-26 () SJA-15 ()
SJA-68 () Thermoflexia (") Thermomicrobia () TK10 (") unc. Bacteria. ¢ at OTU level
within the phylum Chloroflexi: (l) OTU271 (M) OTU299 (M) OTU304 (M) OTU371 (M)
OTU677 (M) OTU733 (M) OTU928 (W) OTU1228 (M) OTU1353 (=) OTU1407 (M)
OTU1632 () OTU1649 (M) OTU1650 (W) OTU1668 (=) OTU1821 (1) OTU2086 (M)
OTU2360 (M) OTU2545 () OTU2612 () OTU2616 () OTU2620 () OTU2814 (=)
OTU3200 () OTU3208 (" ) OTU3509 () OTU4169 (M) OTU4170 () Others lower than
2%. The sequences showing an abundance below 1.0% for phyla a and 2% for OTUs c in all

samples were grouped into ‘Others’.

In order to determine the taxonomic composition of Chloroflexi in each sample, a specific
analysis of the sequencing data was performed using only the sequences affiliated to the
phylum Chloroflexi (Figure 2.4 (b)). The Anaerolineae class was dominant in all reactors,
with the following relative abundance: 98.2% in sample AL320; 99.3% in sample SR77,
99.0% in sample COA286, 98.7% in sample COB286; and 54.3% in sample MO205. The
sample from reactor MO presented co-dominance of the classes Dehalococcoidia (19.0%)
and SJA-15 (22.9%).

In all samples analyzed one particular OTU was predominant which was in accordance with
T-RFLP results (Figure 2.4 (c)). This predominant OTU was shared between reactors AL and
SR (OTU 1649), and between reactors COA and COB (OTU 1650). OTU 677 and OTU 2612
were co-dominant and specific for reactor MO. The OTU 1650 was the only OTU shared by
all samples with relative abundance higher than 1.8 % within the Chloroflexi phylum.

A phylogenetic tree was constructed in order to get a closer insight into the phylogeny of the

Chloroflexi sequences present in the reactors (Figure 2.5).
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Figure 2.5 Phylogenetic distance tree of the bacterial phylum Chloroflexi constructed based
on 16S rRNA gene sequence, including environmental clones, cultured representatives

belonging to the phylum Chloroflexi and OTU sequences classified within the phylum
Chloroflexi (‘) AL (.) COA (O) coB (O) SR (.) MO. Bootstrap values (greater than

50%) obtained with the maximum likelihood method based on 1000 replications are shown at
branch nodes. Thermus aquaticus YT-1 was used as outgroup. Bar indicates 0.05
substitutions per site. The relative abundance of the OTUs in the samples is show in brackets.
Each reactor was identified with a different label. Only OTUs higher than 5% was used in the

analysis.

The predominant OTUs in reactors AL, SR, COA and COB (OTU 1632, 1649, 1650, 3208,
4170) clustered together with sequences classified as uncultured Anaerolineae retrieved from
anaerobic and aerobic reactors. These sequences form a branch without any cultured
representatives (Cluster 1, Figure 2.5). The sequence from CAMBI-1, whose genome was
obtained by metagenome sequencing, presented the lowest phylogenetic distance with these
OTUs ranging from 0.02 to 0.03 (Figure 2.5).

The predominant OTUs detected in the sample from reactor MO clustered with a sequence
from a cultured member of Dehalogenimonas genus (OTU 677), with a phylogenetic distance
of 0.03 (Cluster 2), and cultured members of Caldilineae class (OTU 2612), with a
phylogenetic distance of 0.04 (Cluster 3). Sequence from OTU 2612 were positioned in a
branch with a sequence retrieved from a psychrophilic anaerobic sediment which was used to

inoculate anaerobic psychrophilic reactors (Xing et al., 2010).
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2.3.4 FISH revealed a filamentous morphology of Chloroflexi cells
The simultaneous hybridation with GNSB41 and CFX1223R probes was positive in samples
from reactors COB and MO (Figure 2.6 (a, b)).

Figure 2.6 Micrographs taken from samples from COB and MO by confocal laser scanning
microscopy (digitally produced images with pseudocolors). The samples were simultaneously
hybridized with probes Cy3-labeled directed to the phylum Chloroflexi GNSB941 and
CFX1223R (green), and DAPI staining (blue) (bar, 10 um) a COB and b MO. Arrows

indicate different types of filaments detected in each reactor.

The microscopic images showed that all labeled cells with the Chloroflexi-specific probe had
filamentous morphology. The analyzed sample from reactor MO presented two types of
filaments, thin and thick (Figure 2.6 (b), red arrow and yellow arrow, respectively). On the
other hand, in reactor COB very short filaments (Figure 2.5 (a), white arrow) and thin
filaments (Figure 2.5 (a), orange arrow) were detected.

2.4  Discussion

2.4.1 Abundance of Chloroflexi in UASB reactors

g-PCR quantification showed that Chloroflexi were abundant in all anaerobic UASB reactors
studied during the monitored operation period. High abundances of Chloroflexi have been
detected in other anaerobic reactors and it has been suggested that they are part of the core

community (Chouari et al. 2005; Riviére et al. 2009). However, no Chloroflexi-specific g-
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PCR quantification was performed in these samples and the abundance was calculated from
the relative abundance of clone sequences.

In aerobic activated sludge reactors treating municipal wastewater, specific Chloroflexi g-
PCR was used and values within the range of 5.0 x 10* to 3.0 x 10° 16S rRNA gene copy
number per ng of DNA were found (Yoon et al. 2010; Nittami et al. 2017). According to this,
the abundance found in the anaerobic reactors studied here (between 9.7 x 107 + 7.9 x10° and
1.2 x 10% + 3.3 x10° Chloroflexi 16S rRNA gene copy number ng of DNA) was higher than
the abundance detected in the above mentioned aerobic reactors. Chloroflexi has also been
quantified by g-PCR with the same set of primers as in our work in other anaerobic
environments like marine sponges, presenting an abundance between 5.0 x10° and 5.2 x 10°
Chloroflexi 16S rRNA gene copy number ng DNA which is lower than the range of values
found in our reactors (Bayer et al. 2017). This further supports the importance of these
microorganisms in anaerobic UASB reactors.

Regarding the abundance of Chloroflexi in the different UASB reactors studied, the sludge
from reactors COA, COB and MO with granular biomass presented higher abundance of
Chloroflexi than reactors AL and SR. It has to be taken into account that reactors AL and SR
were studied during start-up and were inoculated with disperse biomass from a anaerobic
lagoon. The relative abundance of Chloroflexi in reactors AL and SR increased after
operation day 280, moment where an increase in the granulation was detected (Fernandez
2016; Lopez et al. 2017).

It has been previously proposed that filamentous Chloroflexi-like bacteria contribute to the
formation and maintenance of dense and rigid granule structures by growing in layers around
other microorganisms (Ariesyady et al. 2007) and play an important role in sludge
granulation in mesophilic and thermophilic anaerobic reactors (Uemura et al. 1993; Sekiguchi
et al. 1999, 2001; Yamada et al. 2005). The filamentous morphology favors retention in the
granule as well as in the open structure of the flocs in activated sludge (Yamada et al. 2005;
Yamada et al. 2007a). This is in accordance with the “spaghetti theory” of granulation, which
considers the presence of filamentous bacteria important for making cores of sludge granules
by constructing web-like structures (Wiegant, 1987). Due to the filamentous morphology of
these bacteria, it is possible to suggest that Chloroflexi members might have a key role in
granule formation. Their participation in granule formation retains Chloroflexi filaments as
they form a web structure and are surrounded by other bacteria. This might be the reason for
the high abundances of Chloroflexi in anaerobic reactors with granular biomass such as the

UASB reactors studied here. It can also explain the higher abundance of Chloroflexi in
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reactors with granular biomass (COA, COB and MO) compared to reactors with flocculent
biomass (AL and SR), and the increase of abundance observed with the increase of
granulation in start-up reactors. A deeper FISH analysis using the whole granule would give
further information on their location within the granule. Moreover FISH using more specific
probes targeting the predominant OTUs detected combined with metagenomic analysis would
give more insights into their role in these systems. However, optimizing FISH for uncultured
groups of microorganisms represents a technical challenge due to the lack of positive controls
using isolated strains.

It has been previously shown that high abundance of Chloroflexi might cause bulking
episodes (Sekiguchi et al. 2001; Borzacconi et al. 2008; Li et al. 2008; Yamada et al. 2011).
Although there was high abundance of Chloroflexi in all reactors, no bulking episodes of the
sludges were observed. No data of the abundance of this group in bulking biomass are
available, then more work is needed to determine the bulking threshold values.

The positive correlation between Chloroflexi abundance and the load applied for reactor COB
has been observed previously in UASB reactors where there was an increment of Chloroflexi
members due to the increase in the carbohydrate content (Sekiguchi et al. 2001). In this
example, the reactor presented sludge bulking problems with an organic load six times higher
than in reactor COB which had good settling properties. Suggesting that the overgrowth of

these microorganisms can be caused by a strong increment in the substrate concentration.

2.4.2 The biomass used as inoculum influences the Chloroflexi community structure and
composition

Reactors AL, SR, COA and COB were inoculated with sludge from the same anaerobic
lagoon and had the same predominant TRFs in the T-RFLP analysis, while reactor MO,
inoculated with sludge from a different lagoon, had a different predominant TRF. This was
also reflected in the sequencing results where the microbial composition was different in the
MO reactor. However, it has to be taken into account that a different primer pair was used for
this reactor.

The two predominant OTUs obtained for reactors AL, SR, COA, COB were the same, and
were affiliated to the Anaerolineae class, while OTUs affiliated to Caldilineae and
Dehalococcoidia were dominant in reactor MO.

Even though reactors COA and COB had been operating in stable conditions for several years

and reactors AL and SR were in a transition state, the predominant Chloroflexi selected were
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the same. This suggests that the inoculum source influence the predominant member of
Chloroflexi. It has to be taken into account that the chemical composition of the wastewater
treated in reactor AL (vinasse generated during ethanol production) differ from the
wastewater treated in the dairy industries (Table S2.3). This confirms the idea that the
inoculum shapes the Chloroflexi community and not the wastewater composition.

These findings are in accordance with the results from a lab scale spiral symmetry stream
anaerobic bioreactor (S SAB) presented by Xu et al. (2017). The authors reported that the
abundance of Chloroflexi increased over time and that the most dominant genus were
Levilinea and Longilinea. They showed that these genera were present in the inoculum and
were maintained throughout the whole operation, indicating that they play an important role
in sludge granulation and growth (Xu et al. 2017). Moreover, it was demonstrated that the
inoculum source deterministically contributes in shaping the total community structure and
specific ecosystem function (Perrotta et al. 2017).

The predominant members of Chloroflexi detected in the five UASB reactors presented
stability and low dynamics over time in each reactor. This is in contrast with the results
obtained for the total microbial community where a high dynamics and no stability was found
in UASB reactors by T-RFLP analysis (Pycke et al. 2011). This could be related to the
important role of this phylum in the granule formation, the fermentative metabolism utilizing

probably carbohydrates and their capacity to be retained in granules.

2.4.3 Uncultured Chloroflexi were predominant in the reactors

The Chloroflexi community dominating four of the five UASB reactors presented a high
abundance of OTUs classified within the Anaerolineae class which formed a separate branch
in the phylogenetic tree with no cultured representative. Moreover, the sequences in this
cluster were detected with a relative abundance between 55.2 % and 66.9 % of the total
Chloroflexi sequences. Anaerolineae has been reported as a group with natural and
biotechnological relevance (Yamada and Sekiguchi 2009), indicating that these organisms
play a relevant role in these systems. Our results indicate that probably a new Anaerolineae
species dominates the Chloroflexi community in these UASB reactors. High relative
abundance of Anaerolineae is frequently reported in anaerobic reactors by metagenomic
sequencing or amplicon sequencing (Guo et al. 2015; Shu et al. 2015; da Silva Martins et al.
2017; Mcllroy et al. 2017). Moreover, uncultivated clades related to Chloroflexi were

ubiquitously found in anaerobic reactors and enrichments (Narihiro et al. 2015). These

93



features suggest that efforts should be made to isolate more members of this group in order to
better understand their physiology. This knowledge could be used to control their overgrowth
in industrial reactors.

Regarding reactor MO, predominant Chloroflexi OTUs were classified within the class
Dehalococcoidia with an abundance of 19.0 % of the total Chloroflexi sequences. Members
of this class were isolated from an anaerobic reactor, river sediments and contaminated
groundwater (Seshadri et al. 2005; Moe et al. 2009; Yan et al. 2009; Loffler et al. 2013; Key
et al. 2017). Some cultivated members of Dehalococcoidia class are implicated in the
bioremediation of chlorinated solvent-contaminated sites and most rely exclusively on the
anaerobic respiration of halogenated hydrocarbons (Loéffler and Edwards 2006). The most
abundant OTU in reactor MO was closely related with Dehalogenimonas sp., this is in
accordance with the results obtained by Enitan et al. (2017) where this group was found in a
full-scale UASB reactor treating brewery wastewater. The role of Dehalogenimonas related
OTUs in the treatment of this substrate remains unknown and further research is needed.
However, the metabolism of some members of Dehalococcoidia class was elucidated from
metagenomics data, the results suggests that they are anaerobes which are likely involved in
sugar and plant-derived-compound degradation to acetate (Hug et al. 2013). Therefore, these
group might be involved in carbon degradation in UASB reactors instead of respiration of
halogenated hydrocarbons.

A second OTU predominated in the sample from reactor MO and according to the
phylogenetic tree, the sequence from this OTU was positioned in a branch with sequences
from the Caldilineae class. The culture representatives of this class presents the capacity to
degrade carbohydrates (Table 1). None of these strains were isolated from anaerobic reactors,
but they are frequently found in aerobic reactors (Kragelund et al. 2011, Zhang et al. 2012).
As some of the species can also grow in anaerobic conditions, it could be expected to find
these groups also in anaerobic reactors, but the presence of this group is not frequently
reported in anaerobic reactors. In conclusion, the phylum Chloroflexi was abundant in all
studied UASB methanogenic reactors and exhibited various filamentous morphologies in two
of the reactors. Members of the Anaerolineae class were predominant, stable over time and
were not affiliated to any species from cultured representatives indicating that the diversity is
still poorly described in anaerobic reactors. According to our results, the inoculum source
might influence which Chloroflexi species will prevail in each reactor and therefore the
Chloroflexi diversity. In UASB reactors with longer operation time and granular biomass,

Chloroflexi was more abundant than in reactors in start-up period with flocculent biomass,
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indicating that Chloroflexi have a key role in the granulation in methanogenic UASB
reactors.

This preliminary study contributes to the understanding of the role of filamentous Chloroflexi
in full scale UASB reactors. Future studies using new approaches as single cells analysis and
genome reconstruction through metagenomic data may help to elucidate their metabolic
potential. The knowledge about this bacterial phylum in conjunction with reactors operational
parameters and analysis of bulking UASB sludge will be of great value to develop better and
more efficient control strategies to prevent sludge bulking by overgrowth of members of

phylum Chloroflexi.
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2.6 Material suplementario

Table S2.1. Reactor’s operation data at sampling days. The temperature for reactors COA
and COB were measured inside reactors. The temperature for the other reactors was
determined as the average ambient temperature for the sampling day according to INUMET
(https://www.inumet.gub.uy). The data presented for reactors COA, COB and MO were
supplied by the personal in charge of the wastewater treatment plant. The data presented for
the reactors SR and AL were retrieved from the work presented by Fernandez, 2016 and
Lépez et al., 2017.

Organic load
VSS
(kg COD. HRT Temperature
Reactor Day of sampling @glh (m.d)*? (day)  CHa4 (%) pH (°C)
14 6.6 3.34 8.6 75 nd 19
35 19.7 2.45 8.6 66 nd 23
58 9.9 1.11 8.6 65 nd 25

73 to 255 Non feeding due to stop in the production of the industry

AL 256 20.1 121 16.3 70 nd 18
266 8.6 5.39 7.8 72 7.6 18
291 24.2 1.76 185 70 7.5 12
305 21.8 2.61 12.5 69 7.4 19
320 23.5 2.89 155 65 7.3 13
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343 36.0 4.03 9.2 74 7.3 18
354 14.6 5.17 7.7 74 7.1 16
10 1.07 6.41 25
38 152 6.75 23
72 0.60 6.39 21
106 0.88 6.33 24
141 0.87 5.59 25
COA 168 nd 6.20 28
257 nd 7.55 31
286 nd 7.10 30
320 nd 6.42 27
341 nd 5.90 26
375 nd 5.62 24
10 1.07 6.50 25
38 1.52 6.78 23
72 0.60 6.33 20
106 0.88 6.29 24
141 0.87 5.61 25
168 nd 6.23 28
COB
257 nd 7.23 31
258 Addition of enzymes to favor the fat degradation only to COB
286 nd 7.12 30
320 nd 6.48 27
341 nd 5.92 25
375 nd 5.60 24
14 30.1 11 0.16 nd 7.72 21
35 245 1.6 0.06 72 7.10 10
49 26.0 4.0 0.04 67 nd 15
63 22.1 35 0.04 72 nd 17
77 21.2 nd 0.04 76 nd 6
SR 91 pH increase due to a NaOH spill
102 255 2.3 0.05 64 nd 14
153 29.6 18 0.05 78 nd 12
183 51.4 25 0.05 58 7.61 18
197 29.7 2.0 0.04 nd nd 25
259 305 0.9 0.03 nd nd 22
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1 7.7 6.7 13

96 34 6.6 20

205 nd nd 20
MO

339 nd nd 15

371 1.0 1.7 15

542 10.9 7.0 22

nd= non data available for this sampling day

Table S2.2. Coverage percentage of the different Chloroflexi classes using the primer pairs
of each sequencing platform. Coverage was performed using the test prime tool in the Silva

web page (www.arb-silva.de).

Primer coverage (%)

Class 454 FLX? lon Torrent PGMP
Chloroflexi 74 84
Anaerolineae 67 85
Ardenticatenia 40 88
C10-SB1A 100 100
Caldilineae 91 92
Chloroflexia 92 84
Dehalococcoidia 77 78
JG30-KF-CM66 94 91
Ktedonobacteria 97 97
SBR2076 0 0
SJA-15 89 94
SJA/68 0 0
TK10 86 70
Thermomicrobia 90 88

2 Primer pair: 515F GTGCCAGCMGCCGCGGTAA/806R GGACTACVSGGGTATCTAAT

b Primer pair: 520F AYTGGGYDTAAAGNG/802R TACNNGGGTATCTAATCC

Table S2.3. Chemical composition of wastewaters used to feed the industrial reactors studied
in this work. The two dairy industries studied did not include cheese whey in their
wastewater. For the sugar cane vinasse the data were obtained from Lopez et al., 2017, for the
malting wastewater the data were supplied by the personal of the industry, for the dairy

industry wastewater the data were obtained from Passeggi et al., 2009. The main chemical
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compounds of the wastewaters were retrieved from the following bibliography: Parnaudeau

et al., 2006 (vinasse), Herrera, 2003 (malting wastewater) and Demirel et al., 2005 (dairy

wastewater).
Malting wastewater Dairy wastewater
Sugar cane vinasse
COD (g L-1) 36.00 2.53 2.52
TKN (g L-1) 0.8 nd 36
N-NH4* (mg L-1) nd 21.0 nd
P total (mg L-1) nd 25.3 nd
K (g L-1) 4.5 nd nd
S04 (g L-1) 1.5 nd nd
NOsz (mg L-1) nd 7.9 nd
Fats (mg L-1) nd nd 495
pH 45 7.1 7.4
Carbohydrates (glucose,
saccharose, fructose,
Main chemical trehalose), organic acids Proteins (legumin, Proteins (casein)
compounds (acetate, oxalate, fibrin), carbohydrates carbohydrates (lactose),
P aconitate), alcohols and (maltose, arabinose) lipids (triacylglycerides)

polyols (glycerol,
arabitol, aconitol)

nd= non data available *The pH was adjusted to 7 before feeding the reactor.
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Abstract

Chloroflexi populations have been reported as one of the most predominant phyla in full-
scale anaerobic wastewater treatment systems. However, their global diversity in these
systems is still poorly described. The present meta-analysis focuses on analyzing the
abundance and diversity of Chloroflexi in full-scale wastewater treatment anaerobic reactors
(WTARS) and solid waste treatment anaerobic reactors (STARs). We built a diversity dataset
with 16S ribosomal RNA gene sequence data from 62 full-scale methanogenic reactors
studied worldwide. Microbial diversity analysis revealed that a cluster within the MiDAS
phylotype T78 (Anaerolineae class) dominated WTARs and STARs with different core
populations. According to the phylogenetic analysis, most of the sequences detected by high-
throughput sequencing formed clusters with no cultured representatives. Anaerolineae class

was more abundant WTAR (granular biomass) than in STARs (disperse biomass) suggesting
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that Anaerolineae contribute to the granules structure due to their filamentous morphology..
Our results show that cross-study comparisons can be fruitfully used to understand diversity
of Chloroflexi. However, more efforts are needed to standardized protocols because
differences in experimental procedures may produce variation that outweighs biological

differences.

Key words: Chloroflexi, full-scale methanogenic reactors, filamentous bacteria, 16S rRNA

amplicon sequence, meta-analysis.

3.1 Introduction

Anaerobic digestion is an efficient biological process widely applied to treat solid organic
waste and wastewater, where the organic matter can be converted into a renewable energy
source known as biogas. As it is a mixture containing mainly methane (CH4) and carbon
dioxide (CO2), it can be used as a replacement for fossil fuels to generate heat or electricity
(Angenent et al., 2004; Appels et al., 2011; Verstraete et al., 2005).

Chloroflexi has been reported as one of the most predominant phylum present in solid waste
and wastewater treatment systems (Bovio et al., 2019; Petriglieri et al., 2018; Shu et al.,
2015). In particular, the Anaerolineae class has been identified as one of the core microbial
populations in full-scale anaerobic reactors (Bovio et al., 2019; Nelson et al., 2011; St-Pierre
and Wright, 2014). From 12 isolated strains within the Anaerolineae class, five have been
isolated from wastewater treatment anaerobic reactors (WTARs) and one from solid-waste
treatment anaerobic reactors (STARS) (Sekiguchi et al., 2003; Sun et al., 2016; Yamada et al.,
2007a, 2006). All isolated species share similar phenotypic traits such as filamentous
morphology, strict anaerobic growth, and the ability to ferment carbohydrates or amino acids.
However, the ecological role of the Anaerolineae remains uncertain due to the scarcity of
isolates and annotated genome sequences.

In recent years, efforts to assemble genomes from metagenomes have increased due to the
difficulty to obtain Chloroflexi strains in pure culture. Genomes belonging to Anaerolineales
(Candidatus  Brevefilum  fermentans CAMBI-1), Ardenticatenales (Candidatus
Promineofilum) and Caldilineales (Candidatus Amarolinea aalborgensis) orders have been
assembled from shotgun metagenomic sequencing data obtained from aerobic and anaerobic
reactors (Andersen et al., 2018; Mcllroy et al., 2017, 2016). These genomes showed similar

potential metabolism compared to isolated members. It has been suggested that the common
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prevalence of Anaerolineae class in WTARs and STARs might be due to their advantageous
cellular adhesiveness, their potential as cellulose degraders and/or because of being anaerobic
syntrophs (Xia et al., 2016). For example, some Anaerolineae species require syntrophic
association with hydrogenotrophic methanogens for efficient growth (Sekiguchi et al., 2001a;
Yamada et al., 2006, 2005a).

The two most common types of anaerobic digestion systems currently in use are up-flow
anaerobic sludge blanket (UASB) reactors and continuously stirred tank reactors (CSTR). In
UASB systems, and variations such as expanded granular sludge bed (EGSB) and internal
circulation (IC) reactors, the active microbial biomass form compact anaerobic granules
which settle against the hydraulic up-flow inside the reactor, preventing biomass washout
(Skiadas et al., 2003). Contrastingly, in CSTR systems, generally used for solid waste
anaerobic treatment, the active microbial biomass typically does not exhibit granulation but
grow in suspension and is constantly removed from the system (Hofman-Bang et al., 2003;
Klocke et al., 2007). It has been hypothesized that Chloroflexi are relevant for the granule
skeleton formation in WTARs as they grow as filaments and therefore play an important role
in sludge sedimentation (Yamada et al., 2005b). On the other hand, Chloroflexi has been
reported to be occasionally involved in bulking episodes in WTARs, caused by their
overgrowth, generating biomass washout (Borzacconi et al., 2008; Li et al., 2008; Sekiguchi
et al., 2015a, 2001b; Yamada et al., 2007b). Meanwhile, it has been suggested that, in STARs
some of these Chloroflexi derive and migrate from the aerobic activated sludge community
when they are coupled together, although many were identified as being exclusive to the
digester (Kirkegaard et al., 2017; Petriglieri et al., 2018).

The phylum Chloroflexi has been studied in STARs and WTARs mainly by molecular
methods in separate studies. However, a comparison of Chloroflexi diversity and abundance
between full scale STARs and WTARs has still not been investigated. During the last decade,
the amount of studies using amplicon sequencing to analyze the microbial community in
STARs and WTARs have been in constant growth, but the experimental approaches or data
analysis differ widely. This strongly limits our ability to compare among studies and draw
general conclusions regarding their diversity or the identification of important taxa. The
recent ecosystem-specific Microbial Database for Activated Sludge (MIDAS) 16S rRNA
gene amplicon sequencing-based survey, facilitates the understanding of wastewater
treatment ecosystem diversity and function (Nierychlo et al., 2020). Data analysis appears to
be an important area where further improvements and unification of experimental procedures

are necessary. The main objective of this study was to answer the following questions: Is
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there a particular Chloroflexi population predominant in all anaerobic reactors or are there
several groups? Is there a selection of different groups between STARs and WTARs? To
address these questions, we conducted a meta-analysis of publicly available microbial
datasets generated by high-throughput sequencing in 62 full scale anaerobic reactors treating

29 different solid wastes or wastewaters.

3.2 Materials and methods

3.2.1 Data collection and composition

This meta-analysis includes sequences from published papers, all of which used bacterial 16S
rRNA gene sequencing to survey the microbial community in full-scale anaerobic reactors.
Seventeen studies were selected that comprised 62 methanogenic reactors: 27 reactors
treating wastewater (WTAR) and 35 reactors treating solid waste (STAR). The configuration
of the reactors, operational data, substrates, sequencing platforms and primer sets are

summarized in Table 3.1 (Supplementary Table S3.1).

Table 3.1 Studies included in this meta-analysis and operational parameters

Reactor Amount of

~ R Substrate Temperature Platform Primers Study
configuration _ reactors
UASB 4
Ic 1 Brewery Roche 454 FLX =~ 27F-338R ‘Werner et al. 2011
EGSB 4
UBF 1 High-Strencth Pharmaceutical . Tlumina MiSeq 8F -338R Ma et al. 2017
Meszophilic
2 Pulp and paper
1 Starch
. Roche 454 GS-FLX 357F-926R Shu et al. 2015
1 Juice
WTAR 2 Municipal and campus domestic sewage
UASB 1 Potato NA Tlumina MiSeq  515F -806R Zhu et al. 2016
1 Poultry slaughterhouse Ton 31§™ STTF -924R Delforno et al. 2016
1 Vinasse
3 Dairy Mesophilic _ Toci¢ 434 FLX  S15F -806R Bovio ef al. 2018
1 Malting Ton Torrent PGM  520F-802R
1 Paper mill NA 515F -B06R Sposob et al. 2018
AnaEG 1 Cassava, potato, maize starch . . Qinefal 2018
c 1 Ulumina MiSeq 5,1 gosm
Ethanol processing wastewater Qinetfal. 2019
AnaFG 1
- 1 _ Municipal solldwast.es Mesaphilic 27F -518R__Cardinali-Rezende et al. 2016
Plue-flow 2 Dairy cattle mamure suppl. with cheese
e Cattl e manure withice cream waste Roche 454 27F -519R St-Pierre et al. 2013
Complete mix 1 Catfl ¢ manure with oil waste
1 Food waste-recycling wastewater Thermophilic 787F-1492R. Tceetal 2016
2 Primary and biological sewage sludge Ton Torrent PGM  515F -806R. Hao etal. 2016
Mixed sludge
STAR CSTR 3 Thin still age Tlumina MiSeq  515F -805R Liu et al. 2017
Agricultural waste
; Maize silage Mesophilic Roche 454 GS 27F -519R Lucas et al. 2015
L Cattle mamre
USR L Tlumina MiSeq  515F -806R Li etal. 2015
Swine mamre
CSTR 1
4 Sewage sludge Roche 454 GS-FLX 787F-1492R Shin et al. 2016
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PCR-generated amplicons from bacterial 16S rRNA genes were sequenced using a diversity
of primer sets targeting different regions of the 16S rRNA gene of Bacteria and Archaea
(Table 3.1, Supplementary Table S3.1). The data sets were retrieved from the Sequence Read
Archive (SRA) of the National Center for Biotechnology Information (NCBI, USA) or were
requested from the authors directly. The sample metadata for the processing of the raw data
were extracted from published articles or provided by the authors. Some other operational
data such as temperature, chemical oxygen demand removal (COD), pH, hydraulic retention
time (HTR) and volatile fatty acid (VFA) were also collected in this study, but these data
were only present for some reactors. Accordingly, we did not include those variables in this

meta-analysis.

3.2.2 Data processing, clustering and taxonomic assignments
Raw reads (FASTQ) from each study were assessed for nucleotide quality and adaptors
contamination with FastQC v0.11.5

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). The raw reads were processed
through Trimmomatic v0.38 (Bolger et al., 2014) for removal of ambiguous reads, adapters,
and low-quality sequences to obtain high quality reads (slidingwindow:4:25, minlen:200).
Depending on the sequencing platform (single-end or paired-end) the pre-processed raw data
was imported in QIIME2 v.2019.10 (Bolyen et al., 2019). For demultiplexing the raw data,
giime cutadapt demux-paired or demux-single plugins were used with default settings. All
chimeras and borderline chimeras were detected and discarded using the giime vsearch

uchime-denovo plugin (vsearch v2.7.0) with defaults settings (Rognes et al., 2016).

3.2.3 Analysis strategy of the sequencing data

Given the heterogeneity of the selected hypervariable regions targeted within the 16S rRNA
gene, we used Closed-reference OTU picking method. In this method, the input sequences are
clustered against a reference database as a means of being able to combine non-overlapping
tags (Rideout et al., 2014). Because input sequences are not compared directly to one another
(de novo OTU picking method), but rather to an external reference, the input sequences don’t
need to overlap. This is essential for this analysis because we are performing a meta-analysis
including sequences derived from different amplification products of the same marker gene,
such as the V1-V2 and V3-V4 regions of the 16S rRNA (e.g., as in the meta-analysis
performed in (Caporaso et al., 2010). As a result, for each short read we obtained a
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representative reference sequence of approximately 1500 bp, which enabled the comparison
of non-overlapping tags. For this reason, it was not possible to use the ASV method in which
overlapping sequences are needed. OTUs were then picked at 97% sequence identity against
the SILVA 138 reference database using the plugin of vsearch cluster-features-closed-
reference plugin (--p-perc-identity 0.97) (Glockner et al., 2017; Quast et al., 2012).
Taxonomy was assigned with giime feature-classifier-sklearn (--p-confidence 0.8) plugin
against the MIDAS 3.6 database (Nierychlo et al., 2020). MiDAS 3.6 database is a
comprehensive ecosystem-specific reference database for activated sludge and anaerobic
digesters which provides a taxonomic classification at all ranks for all sequences (Dueholm et
al., 2019; Nierychlo et al., 2020). The singletons were deleted and each count table was then
normalized to the lowest number of reads (561 reads per sample). Even though this sequence
number is low, we decided to prioritize the inclusion of all samples and all variable regions
amplified by the most frequently used primers. After the normalization, 10 reactors presented
0 Chloroflexi sequences which were the reactors with lowest relative abundance (below

0.5%) of Chloroflexi in the microbial community.

3.2.4 Data analysis and visualization

As equal variances are a prerequisite of Permutational multivariate analysis of variance
(PERMANOVA) (Daniels et al., 2011), previous to this analysis we performed a variance
homogeneity check (betadisper function of the ‘vegan’ package) (Oksanen et al., 2013). In
order to decipher the significant influence of explicative factors on the microbial diversity
(e.g. reactor type, platform, target region and substrate, Table 3.1), a PERMANOVA with
Adonis function, and principal coordinates analysis (PCoA) based on Bray-Curtis
dissimilarity distance was calculated using R software version 3.5.1 (R Core Team 2013) in
R Studio environment Version 1.0.153. Correction for multiple hypothesis testing was
performed with the Benjamini—Hochberg (BH) procedure using the p.adjust function in R
(Benjamini and Hochberg, 1995). Two-way analysis of variance (ANOVA) performed with
R was used to test the effect of reactor type, platform, target region and substrate on the
relative abundance of phylum Chloroflexi. The differences and correlations were considered
significant at p < 0.05. In order to determine significant difference in the relative abundance
of Chloroflexi between STAR and WTARs, the Shapiro-Wilk (to test normal distribution)
and Kruskal-Wallis (to test equality of means) tests were applied in R. The correlation

between the relative abundance of Euryarcheota and Chloroflexi was performed with the
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Spearman’s rho correlation test in R.

The diversity indices (Shannon H, Evenness and Chao-1), and the t-test and Kruskal-Wallis
test (for normal and non-normal distribution, respectively) to test the equal means over
diversity indexes was performed using past software (v4.02). Boxplots and PCoA plots were

generated using R package ggplot2 (Wickham, 2017).

3.2.5 Phylogenetic tree

A phylogenetic tree was constructed to evaluate the phylogenetic diversity of the phylum
Chloroflexi. It included the reference OTUs obtained with the closed-reference OTU picking
method with a relative abundance greater than 5% in at least one sample, reference OTUs
which were part of the core microbiome (defined as Chloroflexi members composed by
OTUs shared by 50% of the STARs or WTARS) and 16S rRNA sequences from assembled
genomes and cultured representatives from the phylum Chloroflexi. Thermotoga spp.
sequence served as an outgroup for rooting the tree. The phylogenetic tree was performed
using the maximum likelihood phylogenetic tree method with the generalized time reversible
(GTR) (Nei and Kumar, 2000) substitution model and GAMMA distribution model using
1,000 bootstraps in MEGA X (Kumar et al., 2018). The resultant phylogenetic trees were
visualized in iTOL (Letunic and Bork, 2019).

3.2.6  Primer coverage rate

The coverage rates for Chloroflexi populations of the different primer sets used can differ
with the target location within the 16S rRNA gene. The Silva database Test Prime tool
(Klindworth et al., 2013) was used to evaluate primer bias over Chloroflexi populations at
different taxonomic levels with settings recommended in the Silva database Test Prime

tutorial (1 mismatch and 5 bases).

3.3 Results
In the present study, high-throughput 16S rRNA sequence data from 17 different studies were

compiled, including 62 full-scale anaerobic reactors that treat 29 different types of
wastewaters or solid wastes. The data retrieved was generated using different primer pairs,
sequencing platforms and sequencing depth which required bioinformatics tools to be
adapted in order to be able to compare the data properly. Moreover, the primer coverage for

the target group was also determined and analyzed. Finally, the diversity, phylogeny and
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abundance of the Chloroflexi population across these methanogenic reactors, applying

closed-reference method, were determined.

3.3.1 Insilico analysis of the coverage rate of Chloroflexi primer pairs

As different primer pairs were used to generate sequences in the different investigations, we
analyzed how this might affect the recovery of Chloroflexi populations, at different
taxonomic levels, frequently found in methanogenic reactors. The in silico analysis
performed showed different coverage of the phylum when different primer pairs are used.
The primer sets directed to the region between V3 and V5 hypervariable regions (forty-seven
reactors) showed the highest coverage for the Chloroflexi phylum (between 78% and 91%)
(Table 3.2).

Table 3.2 In silico primer coverage prediction for the 10 primers sets used in the studies
restricted to the phylum Chloroflexi in SILVA Test Prime analysis (SSU Ref 138 NR). Color
red indicates higher primer coverage, while green color indicates lower primer coverage.
Numbers indicate the primer coverage as a percentage of the total sequences of the data base

detected by the primer set.

Targetregion WINZ VI3 WIW5 VIV WD W VoG
Prirmers 2TF-3FR GF-336R 27F-5ER 27F-519R 357F-026R, F4IF-G05R STIF-0MR SI5F-G0eR. S20F-G0ZR TEYF-KOR,
Bovio etal. 2019
Sposob et al. 2008
References Qin etal. 208 Hao etal. 2006
Lucas etal. 015 Qin etal. 208 Zhu etal 015 Lesetd. 2006
Cadinali-
W erner etal. 2011 Ma etal. 2017 Reza;glesetd St Piene etal. 2018 Shu et d. 2015| Liu etal. 2017 | Delfomoetal. 2016 Lietd 2005 Bowio et al. 208 Shin etal. 2016
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Meanwhile, the coverage for families commonly found in methanogenic reactor as
Anaerolineaceae, Ardenticatenaceae and Caldilineaceae was between 71% and 100%. The
primer sets that covered hypervariable regions V1-V2 and V5-V9 (fifteen reactors) were the
least efficient covering the Chloroflexi phylum (58-70%). For Anaerolineaceae,
Ardenticatenaceae and Caldilineaceae the coverage was between 61% and 100%, with the

exception of V1-V2 region which showed a coverage of 5% for Anaerolineaceae (Table 3.2).

3.3.2 Microbial community structure in STARs and WTARS

In total, 1,082,904 high quality sequences from 62 reactors, were retrieved from public
databases, ranging from 561 to 164,994 (median of 11299). All samples were randomly re-
sampled at the same depth of 561 sequences before analyzing the data. To be able to compare
sequences from different regions, closed-reference OTUs picking method was used. In this
method, input sequences are aligned against a reference database. Because input sequences
are not compared directly to one another, but rather to an external reference, they do not need
to overlap. The closed-reference method allows performing a meta-analysis including
sequences derived from different amplification products of the same marker gene. Clustering
the pruned and combined data sets from all studies resulted in 13,165 no-singletons OTUs at
a similarity threshold of 97%. Bacterial community diversity at phylum level was evaluated
for all reactors. Proteobacteria, Chloroflexi, Bacteroidetes, and Firmicutes were the
predominant phyla in WTAR and STAR (Figure 3.1). For WTARs the most abundant
phylum was Proteobacteria, while Firmicutes dominated STARs. According to the PCoA
analysis, the type of reactor (solid waste vs liquid wastewater treatment) influences the total
bacterial community composition. PERMANOVA tests revealed that 15% of the variation of
the total community was attributable to the type of reactor (PERMANOVA, p < 0.001)
(Figure 3.2, Table 3.2).
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Figure 3.1 Boxplot of the total community for STARs and WTARSs showing the phyla with a

relative abundance higher than 2% in at least one reactor.
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PCoA, Bray-Curtis square-rooted Total Community
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Figure 3.2 PCoA analysis and PERMANOVA test of the total community. The different
colors indicate the different wastes or wastewaters used to fed the reactors. The
PERMANOVA test results are shown at the top of the figure (see Table 3.3).

Regarding the abundance of the Chloroflexi phylum, we detected higher abundance in
WTARSs than in STARs. Moreover, Chloroflexi was detected in all reactors studied except for
four STARs. In order to determine which variable significantly affected the relative
abundance of Chloroflexi, two-way ANOVA analysis was applied. The variables tested were
reactor type, primer pair target region, sequencing platform and substrate on the relative
abundance of Chloroflexi. Our results revealed that the reactor type had the strongest impact
on the abundance of Chloroflexi at phylum level (R?>=9.944, p < 0.001) followed by the target
region (R?=6.045, p < 0.001) (Supplementary Table S3.2).

Interestingly, the hypervariable region VV3-V5 recovered the highest relative abundance of the
phylum Chloroflexi (median value 7%) followed by V1-V2 (median value 6%) and V5-V9
(median value 0.5%) (Supplementary Figure S1). This is in accordance with the results

obtained with the Silva test primer analysis (Supplementary Table S3.3).
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3.3.3 Chloroflexi community composition

The classification of Chloroflexi sequences at the class level showed that Anaerolineae class
was predominant in all reactors independently of the substrate, reactor type, 16S rRNA-
targeted region and sequencing platform (Figure 3.3 (A)). The relative abundance of the
Anaerolineae in the total community ranged between 1.4% and 31.1% (average: 13.2%) for
WTARs and between 0.2% and 24.9% (average: 4.8%) for STARs. The difference in the
median relative abundance of Anaerolineae was significantly different when comparing
STARs and WTARs (Kruskal-Wallis test p-value < 0.001). Other minor classes detected

were Chloroflexia and Dehalococcoidia present in some STARs and WTARS.
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Figure 3.3 Boxplot of the Chloroflexi phylum for STARs and WTARSs showing the relative
abundance at: (A) class level (showing all the classes present in the systems); (B) genus level

(showing the 25 most abundant genus which belong to the Anaerolinea class).

The diversity of the Chloroflexi community (Shannon index) was significantly higher in
WTARs than in STARs (t-test, t=2.32, p=0.024) (Supplementary Table S3.4). The Chaol and
Evenness indices did not show significant differences (Kruskal-Wallis test, p> 0.05).

In this meta-analysis, most of the genera detected within the phylum Chloroflexi had no
cultured representatives. The recent ecosystem-specific MiDAS 16S rRNA gene amplicon
sequencing-based survey, facilitates the understanding of wastewater treatment ecosystem
diversity and function (Nierychlo et al., 2019). The advantage of MiDAS 3.6 database is that

it provides provisional alphanumeric names at genus and species levels allowing comparisons
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between unclassified members from different investigations. We found that the four most
abundant genera were the same in STARs and WTARs with changes in their relative
abundances: midas_g_467, midas_g_156, Bellilinea and Leptolinea (Figure 3.3 (B)). While
midas_g_467 was abundant in both systems, midas_g_156 was more abundant in W TARs.
Despite that both belong to the T78 cluster and are therefore closely related.

PCoA analysis and PERMANOVA tests revealed that 33% of the variation within
Chloroflexi populations was attributable to the primer target region (PERMANOVA, p <
0.001) (Figure 3.4, Table 3.3), while 10% of the variation was attributable to reactor type
(Supplementary Figure S2), Table 3.3).

PCoA, Bray-Curtis square-rooted Chloroflexi diversity

Permutational
ANOVA R2= 0.33 p-value= 0.001
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Figure 3.4 PCoA analysis and PERMANOVA test of the phylum Chloroflexi populations,
the different colors indicate the different hypervariable regions. The PERMANOVA test

results are shown at the top of the figure (see Table 3.3).

Table 3.3 PERMANOVA (adonis) and multivariate homogeneity of groups dispersions
analysis (betadisper) results. Groups that satify the homogeneity group condition to perform

PERMANOVA test are highlighted in grey. P values were corrected for multiple tests using
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the Benjamini-Hochberg correction factor. Substrate refers to the feeding according to Table
3.1

Total community Chloroflexi population
betadisper adonis Benjamini betadisper adonis Benjamini
(anova) Hochberg (anova) Hochberg

R® p-value R° p-value Adj. P-value| R® p-value R° p-value Adj. P-value
Reactor type 0.447 0507 0.15 0.001 0.001 0.001 0.988 0.095 0.001 0.001
Platform  8.202 0.001 0.13 0.001 0.001 8.65 0001 0.124 0.001 0.001
Targetregion 3.33 0.007 0.308 0.001 0.001 1.469 0.208 0.33 0.001 0.001
Substrate  7.297 0.001 0.733 0.001 0.001 4.697 0.025 0.654 0.001 0.001

When performing PERMANOVA test, only with reactors in which the VV3-V5 hypervariable
region was amplified to avoid the primers bias, 12% of the variation of Chloroflexi
populations was attributable to the reactor type (Supplementary Table S3.2). STARs and
WTARSs shared 23 of the 25 most abundant OTUs. STARs were dominated by midas_s 6158
(midas_g_467), midas_s_ 1625 (midas_g_467), midas_s_1462 (midas_g_467), midas_s 3887
(Leptolinea) and midas_s 667 (midas_g _667) (Figure 3.5, Supplementary Table S3.5), while
WTARs were dominated by midas_s 6158 (midas_g_467), midas_s 956 (midas_g_156),
midas_s 6727 (Bellilinea), midas_s 3887 (Leptolinea) and midas_s_1462 (midas_g_467).
To determine if Chloroflexi populations were shared between reactors or if each reactor type
had specific Chloroflexi populations we determined the minimum Chloroflexi core
populations. Interestingly, we found that WTARs and STARs showed different Chloroflexi
core populations as no OTU was shared by 50% of the reactors (Table 3.4).
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Figure 3.5 Boxplot of the Chloroflexi phylum for STARs and WTARs showing the relative

abundance at species level (25 most abundant).
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Table 3.4 Minimum Core microbiome obtained for STARs and WTARs. The accessing
number of the sequences and the classification at the level of family, genera and species is

shown. NA: not assigned

Accession number Family Genera Species
CU922639 NA
EF515722 midas g 156 midas s 956
CU922098 -
CU926258 NA
CU918857 midas g 467 @das_s_467
CU921338 - midas_s 6158
CU922464 midas s 1462
JQ99%6679 midas g 2702 NA

WTARs CU923106 Anaerolineaceae NA NA
EF515566 NA NA
EF029839 NA NA
CuU922316
CU921229 Leptolinea  midas_s 3887
FQ660222 -
Cu923750
Q668574 Bellilinea mmdas s 6727
EF515680 =
FPLMO01002501 midas_f 7837 NA NA
CU926258 NA
STARs CLR23011 Anaerolineaceae midas g 467 Anidas_s_1462
AB700375 - .
midas s 1532
FI645708 -

Within each reactor type, cores were found. For WTARSs the core was composed by 18 OTUs
belonging to Anaerolineaceae (midas_g_ 156, midas_g_467, midas_g 2702, Leptolinea and
Bellilinea genus) and midas_f 7837 (not assigned at genus level) families, representing at
least 5 genera (Table 3.4). In STARs the core microbiome was composed by 4 OTUs
belonging to the Anaerolineaceae family (midas_g_467). Only one OTU belonging to the
Anaerolineaceae family (midas_g_467) was present in the core of both STARs and WTARs.
It should be taken into account that these would be the most abundant OTUs. The low
sequencing depth in some samples does not allow to detect OTUs with low abundances.

On the other hand, the correlation between Chloroflexi and Euryarchaeota (methanogens)
was evaluated using the relative abundances obtained from Li et al. 2015, which included 18
reactors (515F-806R). Interestingly, we found a significant correlation between these two
groups (rho: 0.60, p <0.01) (Supplementary Table S3.6).
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3.3.4 Phylogenetic analyses of the sequences affiliated to the phylum Chloroflexi

In order to determine the phylogenetic position of the most abundant Chloroflexi
microorganisms, OTUs with a relative abundance greater than 5 % in at least one reactor and
OTUs belonging to the minimum core microbiome (defined as Chloroflexi members
composed by OTUs shared between 50% of the STARs or WTARS) were used to construct a
phylogenetic tree. Most of the selected OTUs sequences were positioned within the order
Anaerolineales (52 OTUs) followed by midas_ o 1 (5 OTUs). Half of the sequences
positioned within the Anaerolineales order clustered with sequences from the T78 genus
(22/52 OTUs), including most OTUs sequences from the core microbiome (Figure 3.6).
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Figure 3.6 Phylogenetic tree of the phylum Chloroflexi inferred from the 16S rRNA gene

sequences. The tree was reconstructed using the ML method and the GTR model. ML

bootstrap values greater than or equal to 70% are shown at each node. Bar, 0.01 substitutions

per site. The reference OTUs with a relative abundance greater than 5% in at least one reactor

are represented by their GenBank accession numbers. Only OTUs from the core microbiome
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Thermotoga spp. sequence served as an outgroup for rooting tree.

124



The genus T78 was recently splitted into midas_g 156 and midas_g_467 (Nierychlo et al.,
2020). Within the Anaerolineales order, the 16S ribosomal RNA gene retrieved from the
assembled genome of Brevefilum fermentans CAMBI-1 (LT859958) was phylogenetically
closely related to the T78 cluster. A few OTUs sequences within Anaerolineales were closely
related to 16S rRNA gene sequences from isolated strains or assembled genomes members
(Figure 3.6). The sequences affiliated to the order midas_o_1 had no closely related

sequences.

3.4 Discussion

Chloroflexi bacteria are widely distributed on Earth and particularly abundant in engineered
systems such as solid waste and wastewater treatment plants. With the aim of better
describing the abundance and diversity of this phylum, we performed a meta-analysis of the
publicly available diversity datasets (i.e. 16S rRNA metabarcoding) in 62 full scale anaerobic

reactors.

3.4.1 Anaerolineae class dominate the Chloroflexi microbial communities in the anaerobic
reactors studied

Despite the bias generated from using different hypervariable regions we found that the
Anaerolineae class largely dominated in both STARs and WTARs which was consistent with
previous DNA based surveys (Bovio et al., 2019; Nelson et al., 2011; Riviere et al., 2009).
The dominance of Anaerolineae in both types of systems might be explained through several
hypotheses. First, most of the isolated strains of Anaerolineae present the potential to degrade
cellulose, carbohydrates and/or proteins anaerobically playing an important role as primary
and secondary fermenters, having relevance in the bottlenecking hydrolysis step of anaerobic
digestion (Narihiro et al., 2015a; Sekiguchi et al., 2003, 2001a; Yamada et al., 2007a, 2006,
2005b). Thus, the fact that these systems in general treat different fermentable compounds
might be favorable for the growth of Anaerolineae.

A second explanation to the predominance of Anaerolineae could be that their growth is
significantly stimulated when co-cultivated with methanogens (Narihiro et al., 2015a;
Sekiguchi et al., 2003, 2001a; Yamada et al., 2007a, 2006, 2005b) indicating some potential
for synergistic relationships. If the Anaerolineae group was a major donor of acetate or

hydrogen to methanogens (Mcllroy et al., 2017; Narihiro et al., 2015b; Zamorano-L6pez et
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al., 2020), the association in a “spaghetti-like” structure could promote the metabolites
transfer flux between both groups, resulting in high methane production rates. In addition, the
adhesiveness properties of Methanosaeta (Angenent et al., 2004; Li et al., 2015; Wiegant,
1986; Zheng et al., 2006) and members of Anaerolineae (Xia et al., 2016) could facilitate the
metabolites transfer flux improving its dominance in these systems.

Interestingly, Anaerolineae had higher relative abundance in WTARs, which generally have
granular biomass, than in STARs, in which the microbial biomass typically does not exhibit
granulation but has instead dispersed biomass growth (Hofman-Bang et al., 2003; Klocke et
al., 2007). In a previous study, we also determined that UASB reactors with granular biomass
presented higher abundance of Anaerolineae than start-up UASB reactors with disperse
biomass (Bovio et al., 2019). This might be explained by the fact that the filamentous
morphology of Anaerolineae contribute to the granule formation in WTARs (Satoh et al.,
2007; Sekiguchi et al., 2001a; Yamada et al., 2005b) presenting more abundance in reactors
with granules than in those with dispersed biomass.

Another explanation could be the fact that the higher flow velocity used in WTARs compared
to STARs, may select organisms which can adhere to each other to form well-settling
granular sludge, favoring the growth of Anaerolineae in these systems over other

microorganisms (Xia et al., 2016).

3.4.2 Four genera within Anaerolineae predominate in the full scale anaerobic reactors
studied

We found that the predominant genera and species in STARs and WTARs were the same, but
changes in their relative abundances occurred. Four genera were predominant, two of them
were closely related to previously described genera (Bellilinea and Leptolinea) and two of
them did not harbor any cultured member and were named by the MIDAS database as
midas_g_467 and midas_g_156. As for the isolated members of Anaerolineae, species
belonging to the genus Leptolinea and Bellilinea present filamentous morphology and
ferment carbohydrates and proteins (Yamada et al., 2007a, 2006). However, midas_g_467
and midas_g_156 previously named genus T78 in MiDAS database version 2 (Nierychlo et
al., 2020), does not have representative cultured members. Despite this, some possible
physiological features and ecological roles have been suggested for these genera in anaerobic
reactors, which could explain the predominance of genus T78 (Jiang et al., 2020; Kirkegaard

et al., 2017; Petriglieri et al., 2018; Zhu et al., 2017). Some of these previous reports suggest
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that their filamentous morphology and particular position within flocs or granules, might
indicate that they play a role in maintaining floc structure (Petriglieri et al., 2018) as well as
the granular structure (Zhu et al., 2017). It has also been reported that genus T78 could play
an important role in hydrolysis and fermentation steps in the anaerobic digestion process
(Jiang et al., 2019; Yuan et al., 2015). T78 also could metabolize alcohols and carbohydrates
through syntrophic interactions (Praveckova et al., 2016). In the literature we found that two
species belonging to the midas_g 467 correlated positively with different operational
parameters: being total ammonia nitrogen, biogas yield, temperature and organic loading rate
(OLR) (Jiang et al., 2020). Brevefilum fermentans CAMBI-1 (LT859958) was the most
closely related metagenome-assembled genome of the T78 cluster. The annotation of this
genome suggested that members of the phylotype are important fermenters in mesophilic
anaerobic digestion systems (Mcllroy et al., 2017). Also, they are co-localized with the
filamentous Archaea Methanosaeta spp. which suggests a potential undetermined synergistic
relationship (Mcllroy et al., 2017). Both, the potential fermenting metabolism as well as the
potential syntrophism with archaea could explain the dominance of the T78 genus in
anaerobic reactors. Our correlation analysis between Euryarchaeota and Chloroflexi supports
this hypothesis. Hence, our main hypothesis about the predominance of the same four genera
in both systems, relies on their capacity to undergo fermentative and hydrolytic metabolism.
Further studies are needed to elucidate the function of these uncultured bacteria, which seem
to have different responses to different conditions.

On the other hand, STARs and WTARs showed different core microbiomes of Chloroflexi
members. In STARs the Chloroflexi core was less diverse comprising only midas_g_ 467
genus (4 OTUs) while in WTARs it was composed by at least midas_g_ 156, midas_g_467,
midas_g_2702, Leptolinea and Bellilinea genus (18 OTUs). This result was in accordance
with the differences observed for the Shannon diversity index. The existence of a core
microbiome based on the type of reactor (STARS/WTARS) despite of the heterogeneity of
wastewater/solids and environmental factors (e.g., pH, temperature) may suggest that this
core could be functionally important in each system. Specific core of microorganism between
STARS and WTARs has been detected previously (Calusinska et al., 2018) but regarding
Chloroflexi, no previous reports were found. A possible explanation for the different
Chloroflexi cores found could be related to the biomass structure found in each type of
system. Further exploration of this hypothesis is needed which would contribute to a better
understanding of the role of Chloroflexi in the structure of granules and flocs and their

metabolic role. Systematic studies examining multiple anaerobic reactor designs with greater
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depth of coverage and using platforms that generate long-reads or primer-free alternatives
should help further define the ‘core microbiome’ of Chloroflexi populations in methanogenic
reactors. However, it is important to keep in mind that further recovery of isolated members
or interpretative genomes is required to disclose the ecological importance of Anaerolineae as

a core population in the anaerobic digestion process.

3.4.3 Challenges and limitations of comparing sequences retrieved from databases
generated with different primer sets and sequencing platforms

One of the bottlenecks in comparing microbial profiles is that different studies use different
16S rRNA gene regions generating an important bias. In the present study, we found an
underestimation of Chloroflexi populations using primers targeting regions V1-V2 and V5-
V9. An example was the underestimation of Anaerolineae class when V1-V2 regions were
used recovering only a 5% of the total population. Meanwhile, primers targeting the V3-V5
region in general better reflected the abundances at all taxonomic levels. Previous studies
investigating the influence of different hypervariable regions of 16S rRNA gene over the total
community in activated sludge identified no perfect region concerning abundant functional
genera, except for some regions with less bias, i.e. V1 and V2 (Cai et al., 2013; Guo and
Zhang, 2013). However, (Albertsen et al., 2015) recommended primers targeting the V1-V3
regions which better reflected the abundances of Chloroflexi in activated sludge. More
studies are needed to identify the best taxonomic profiling effectiveness between different
hypervariable regions of the 16S rRNA gene over Chloroflexi populations in anaerobic
reactors. As a general rule, drawing conclusions based only on one sequencing region should
be avoided due to the potential false negative results, additionally amplicon sequencing of the
16S rRNA gene often limits resolution at genus level. We need primer-free alternatives to get
the entire picture of the microbial diversity in anaerobic reactors (Karst et al., 2018). Using
the full-length sequence has the potential to become a tool for more precise microbial
community profiling that better allows global comparisons of microbiome studies and should
potentially increase the accuracy and the resolution of closely related taxa. We highlight the
effort to build the MiDAS reference database for microbes in wastewater treatment systems
since it allows comparing uncultured microorganisms in different studies (Nierychlo et al.,
2020).

Regarding the bias of different sequencing platforms, alpha diversity is significantly affected

by both sequence length and depth (Singh et al., 2015). Platforms such as pyrosequencing
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which were discontinued, had less sequencing depth. To be able to compare samples with
different sequencing depths, it is necessary to perform normalization at the lowest value of
reads per sample. This leads to a loss of information in the less dominant groups which is an
important limitation that has to be taken into account. This problem becomes relevant when
comparing data from studies performed in the past (using outdated sequencing platforms)
with data obtained more recently where the technology allows a much deeper sequencing.
Moreover, it has been reported that lon Torrent as well as Pyrosequencing platforms had
comparatively higher error rates than Illumina platform (Salipante et al., 2014; Siqueira et al.,
2012). Although it has been reported that while primer choice considerably influences
quantitative abundance estimations, the sequencing platform has relatively minor effects
when matched primers are used (Singh et al., 2015). Singh et al. reported that beta diversity
metrics are surprisingly robust to both primer and sequencing platform biases (Singh et al.,
2015).

New developments in single-cell genomics and metagenomics have in recent years provided
new insights into the ecology and evolution of many novel uncultured microorganisms
(Albertsen et al., 2013; Dam et al., 2020; Sekiguchi et al., 2015b). The genomes have enabled
the construction of metabolic models that attempt to explain the physiology of these
organisms in detail. The genome-based models form the basis for more extensive
investigations, such as in situ single-cell characterization, metatranscriptomics and

proteomics (Koch et al., 2014).

3.4.4 Importance of standardized metadata repositories for full scale methanogenic reactors
A second issue on performing a meta-analysis is the lack of standardized information on key
operational parameters. It is important to have more reactor performance data associated with
each reactor, such as compositions of influent waste/wastewater stream, COD
loading/removal rate, pH and temperature. These parameters should be fully used to infer
potential roles of lineages of interest and should also be included. In our analysis it was not
possible to correlate the microbial community with operational parameters data because in
several articles this metadata was incomplete. For this reason, it would be essential to supply
the operational parameters together with the raw data in each new study. In this sense, the
creation of metadata repositories specific for anaerobic reactors including the 16S rRNA gene

datasets must be a great advance. As far as we know there are some initiatives in other
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ecosystems as  the Microbial Antarctic Resource Systems (MARS)

(http://mars.biodiversity.aqg/) in Antarctic ecosystems.

3.5 Conclusions and future directions

From this meta-analysis, we managed to identify that four genera (midas_g_467,
midas_g_156, Bellilinea and Leptolinea) belonging to Anaerolineae class dominated WTARS
and STARs with different core populations. All the species observed had no cultured
representatives, limiting our knowledge. From the few isolated species belonged from the
genera detected, we could hypothesize that the growth of Anaerolineae could be favored by
fermentable substrates and by the syntrophic association with methanogenic archaea. In
addition, Anaerolineae was more abundant in reactors with granular biomass (WTARs), than
in those in which the microbial biomass typically does not exhibit granulation but have
instead dispersed biomass growth (STARS), suggesting that Anaerolineae members play an
important role in the granule structure due to their filamentous morphology and/or
adhesiveness properties. Despite the extensive research that has been done on microbial
communities in anaerobic reactors there is no consensus about experimental protocols,
bioinformatics analyses or operational data provided, which makes it difficult to perform
global comparisons of microbiome studies. We think that more efforts are needed in each
study to provide information on key operational parameters associated with each reactor,
since it is fundamental to infer potential roles of lineages of interest. Cross-study
comparisons can be fruitfully used to understand the complexity of the anaerobic digestion
process. The rapidly advancing fields of metagenomics and metatranscriptomics will provide
unique insights into the patterns of microbial activity in anaerobic digestion systems, even for

species which have not yet been isolated in pure culture.
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3.5 Material suplementario
Table S3.1 Studies included in this meta-analysis and operational parameters
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Table S3.2 Relative abundance in percentage of Chloroflexi in STARs and WTARS
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Target Primers Chioroflexi Reactor Reference
region (%)
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Liuetal.
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Table S3.3. Twenty-five most abundant species of the phylum Chloroflexi

Accession number Class Order Family Genus Species
CuU922464 Anaerolineae Anaerolineales Anaerolineaceae midas_g 467 midas_s_1462
AB700375 Anaerolineae Anaerolineales Anaerolineaceae midas_g 467 midas_s_1532
CR933301 Anaerolineae Anaerolineales Anaerolineaceae midas_g 156 midas_s_156
CuU923351 Anaerolineae Anaerolineales Anaerolineaceae midas_g 467 midas_s_1625
HQ183891 Anaerolineae SBR1031 midas_f 1469 midas_g_2178 midas_s_2178
JQ180422 Anaerolineae Caldilineales Amarolineaceae Ca_Sarcinithrix midas_s 2699
EF515732 Anaerolineae Anaerolineales Anaerolineaceae  Anaerolinea midas_s 3123
CU922316 Anaerolineae Anaerolineales Anaerolineaceae  Leptolinea  midas_s_3887
CuU922268 Anaerolineae Anaerolineales Anaerolineaceae midas_g_ 2702 midas_s_4236
FQ659015 Anaerolineae  Caldilineales Amarolineaceae Ca_Sarcinithrix midas_s_425
Cu923743 Anaerolineae SBR1031 midas_f 1469 midas_g_4419 midas_s_4419
Cu918857 Anaerolineae Anaerolineales Anaerolineaceae midas_g 467 midas_s_467
FJ710678 Anaerolineae Anaerolineales Anaerolineaceae Ca_Villigracilis midas_s_471
CU923695 Anaerolineae Anaerolineales Anaerolineaceae  Anaerolinea midas_s_5349
Cu924221 Anaerolineae RBG-13-54-9 midas_f 5792 midas_g 5834 midas_s_5834
CuU921338 Anaerolineae Anaerolineales Anaerolineaceae midas_g 467 midas_s_6158
AJ306792 Anaerolineae  Caldilineales Amarolineaceae midas_g 667 midas_s_667
EF515680 Anaerolineae Anaerolineales Anaerolineaceae Bellilinea  midas_s_6727
EF515619 Anaerolineae Anaerolineales Anaerolineaceae midas_g_6140 midas_s_7406
CuU927538 Anaerolineae Anaerolineales Anaerolineaceae midas_g 789 midas_s_789
AB514641 Anaerolineae  midas o 1 midas_f 813  midas_g 813 midas_s 813
FN563322 Anaerolineae  midas_o_1 midas_f 813  midas_g 824 midas_s 824
GQ182573 Anaerolineae Anaerolineales Anaerolineaceae  Leptolinea  midas_s_825
CuU923482 Anaerolineae Anaerolineales Anaerolineaceae midas_g 156 midas_s_876
EF515722 Anaerolineae Anaerolineales Anaerolineaceae midas g 156 midas s 956

Relative abundance of Chloroflexi (%)

=
=

vivz
Target region
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Figure S1 Boxplot showing the relative abundance of Chloroflexi using primers targeting for
different 16S rRNA gene region (by average).

PCoA, Bray-Curtis square-rooted Chioroflexi diversity

Permutational
ANOVA R2= 0.095 p-value= 0.001
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Figure S2 PCoA conducted using distance matrices constructed using Bray Curtis metric,
PERMANOVA test was used to determine the differences between the samples by reactor

type.
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CAPITULO 4

Genomas ensamblados a partir de metagenomas muestra la redundancia funcional de

organismos no cultivables del filo Chloroflexi en reactores de lodos activados, anammox

y metanogénicos
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Abstract

The phylum Chloroflexi is highly abundant in diverse wastewater treatment bioreactors,
including aerobic or anaerobic, carbon or nitrogen removal reactors. Nevertheless, their
function is not yet well understood as most species are not present in axenic cultures. It has
been suggested that they play relevant roles in these ecosystems, particularly in degrading
carbon compounds and on structuring flocs or granules. We here used a metagenomic
approach to investigate their diversity and metabolic potential in three completely different
bioreactors: a methanogenic full-scale reactor, a full-scale activated sludge reactor and a lab

scale anammox reactor. Differential coverage binning approach was used to assemble 17
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Chloroflexi genomes from metagenomes. The ANI value indicates that all assembled
genomes may represent novel species which emphasizes that this phylum is still understudied
in wastewater treatment systems. Even though samples analyzed were collected from
completely different bioreactors, the assembled genomes shared several metabolic features:
anaerobic metabolism, fermentative pathways and several hydrolytic enzymes. Interestingly,
Chloroflexi genomes from the anammox reactor indicate a putative role in Nitrogen
conversion. Filamentous morphology, and genes related to adhesiveness and
exopolysaccharides production were detected. Our results suggest that Chloroflexi participate
in organic matter degradation, nitrogen removal in anammox reactors and biofilm

aggregation.

4.1 Introduction

The phylum Chloroflexi, comprises an ecologically and physiologically diverse group of
bacteria, which have been detected in high abundance in methanogenic reactors (Petriglieri et
al. 2018; Bovio et al., 2020), anammox reactors (Kindaichi et al. 2012; Cao et al. 2016; Wang
et al. 2016) and activated sludge systems (Speirs et al. 2017; Andersen et al. 2018). Despite
of their high abundance in wastewater treatment systems (WWTS), the basic ecophysiology
of this group is still largely unknown because only few pure cultures have been investigated
to date (Sekiguchi et al. 2003a; Yamada et al. 2006; Yamada et al. 2007a; Yoon et al. 2010).
The study of the phylum Chloroflexi has been approached from different molecular biology
techniques, allowing the formulation of some hypotheses about its role in WWTS. The three
types of reactors above mentioned share some of these hypotheses. Based on the isolated
members, assembled genomes and in situ characterization, their role seems to be focused on
the hydrolysis of complex organic matter (eg. by expression of membrane associated
hydrolytic enzymes), fermentation of carbohydrates and proteins, and degradation of debris
from lysed bacterial cells (Kragelund et al. 2007; Nielsen et al. 2009; Mcllroy et al. 2016;
Mcllroy et al. 2017; Andersen et al. 2018; Petriglieri et al. 2018; Nierychlo et al. 2019b). On
the other hand, it has been widely speculated that Chlorofleximembers might play an
important role during the sludge granulation or flocculation process because as they grow as
filaments (and some members have advantageous cellular adhesiveness) they may form the
initial framework for small sludge particles, serving as cores or carriers in anammox,
anaerobic and aerobic reactors (Gao et al. 2011; Chu et al. 2015; Cao et al. 2016; Xia et al.

2016). On the other hand, several authors have related the overgrowth of Chloroflexi with
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bulking episodes in full scale methanogenic reactors and activated sludge, meanwhile in
anammox reactors there was only one report in a lab scale reactor (Sekiguchi et al. 2001;
Bjornsson et al. 2002a; Li et al. 2008; Song et al. 2017; Nierychlo et al. 2020b). Another
hypothesis of the prevalence of this group would be based on the syntrophic association with
hydrogenotrophic methanogenic Archaea, supported by the fact that all Chloroflexi isolated
members from methanogenic reactors required co-cultivation with methanogenic archaea for
their efficient growth (e.g.: Methanospirillum hungatei DSM864 or Methanothermobacter
thermautotrophicus DSM1053) (Sekiguchi et al. 2003b; Yamada et al. 2005; Yamada et al.
2006; Yamada et al. 2007b; Sun et al. 2016). From the isolated members and assembled
genomes, we know that some of the fermentation products of Chloroflexi are acetate and
hydrogen (Sekiguchi et al. 2003b; Yamada et al. 2006; Yamada et al. 2007b). Thus, these
products could be consumed by acetotrophic and hydrogenotrophic methanogens favoring the
Chloroflexi growth. Also, a co-localization was reported between Ca. Brevefilum fermentans
(Anaerolineae class, Chloroflexi phylum) and filamentous Archaea Methanosaeta, suggesting
potential undetermined synergistic relationships (Mcllroy et al. 2017). Finally, we reported a
positive correlation between Chloroflexi and Euryarchaeota (methanogens) in anaerobic
reactors (Bovio-Winkler et al. 2021).

In the anaerobic ammonium oxidation (anammox) process, ammonium oxidation and nitrite
reduction are coupled to form nitrogen gas under anoxic conditions (Strous et al. 1998). The
main hypothesis about the role of Chloroflexi in anammox reactors would seem to be focused
on their capability of scavenge organic matter derived from anammox bacterial cell debris,
survive from soluble microbial products (SMP) and/or extracellular polymeric substances
(EPS) of autotrophs (Kindaichi et al. 2012; Chu et al. 2015). This hypothesis is supported
because this occurs even when anammox reactors were fed with synthetic wastewater
containing NH." as the sole electron donor and no organic carbon compounds (Kindaichi et
al. 2004; Strous et al. 2006; Cho et al. 2011; Kindaichi et al. 2012). Recent metagenome
based works also suggested that members of Chloroflexi could facilitate a nitrite loop with
anammox bacteria or support complete denitrification due to the gene expression of the nitric
oxide reductase (norZ) and the nitrite reductases (nirK, nirS), thus enhancing the overall
nitrogen removal performance in bioreactors (Lawson et al. 2017; Zhao et al. 2018). On the
other hand, some Chlorofleximembers encoded the function of biosynthesizing
exopolysaccharides for anammox consortium aggregation, based on the partial nucleotide

sugars produced by anammox bacteria (Zhao et al. 2018).
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The study of Chloroflexi ecophysiology has implications for plant operation and our general
understanding of the ecology of WWTS, in particular to prevent and control bulking
problems. We hypothesized that even though anaerobic, aerobic and anammox reactors
harbor different genera and species of Chloroflexi, their function is redundant. Therefore,
different genera or species perform the same metabolic function. Hence, the aim of this study
was to apply genome-centric metagenomics to obtain representative genomes of non yet
cultured members of Chloroflexi from different wastewater treatment systems and thus reveal
their phylogenomic diversity and metabolic potential in each type of system. To achieve this,
16S rRNA gene amplicon sequencing was used to determine the distribution, diversity, and

abundance of Chloroflexi in anammox, aerobic and anaerobic wastewater treatment systems.

The morphology and abundance were also studied by specific FISH. Their metabolic
potential and phylogeny were analyzed from 17 near-complete genomes classified within
Chloroflexi, 16 MAGs within Anaerolineae class and 1 MAG within Dehalococcoidia
assembled through differential coverage binning. The combination of different molecular
approaches and the study of samples from three different reactors allowed us to obtain
information on the specific role of Chloroflexi in the different wastewater treatment systems.

4.2 Material and methods

4.2.1 Sampling and DNA extraction

Samples from the following four reactors were analyzed: 1) a full-scale UASB methanogenic
reactor installed in Uruguay treating effluent from a brewery-malt processing industry (MO)
(previously studied by (Borzacconi et al. 2008; Bovio et al. 2019), 2) a full-scale aerobic
reactor treating health-care waste treatment wastewater (RH) installed in Uruguay, 3) a lab
scale UASB Anammox reactor (AM) operated in Barcelona, Spain fed with synthetic
wastewater (previously studied by (Juan-Diaz et al. 2021)) and 4) a lab scale SBR Anammox
reactor (S) operated in Barcelona (previously studied by (Isanta et al. 2015; Reino and
Carrera 2017)) fed with real municipal wastewater coming from a WWTP located in
Catalonia, NE Spain (Table 4.1).
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Table 4.1. Characteristics of the studied reactors

Reactors Configuration Samples Days of Scale Substrate Condition
name samples
. RH4 0 "
Activated floccular health-care waste treatment stable conditions for more
. RH5 300
sludge biomass wastewater than 6 years
RH6 390 Full-
UASB, | MO1 0 scale b | i bl ditions fi
Methanogenic A/granu ar MO2 210 rewery.-ma t processing stable conditions for more
biomass industry than 12 years
MO3 300
SBR/granuIar AM synthetic wastewater stable conditions for more
biomass Lab than 6 years
Anammox S1 @ .
UASB/granular scale 81 days of operation (seeded
K S3 81 real urban wastewater .
biomass with sludge from AM)

S5

In order to apply the differential coverage binning approach to assemble genomes (Albertsen
et al. 2013) three samples taken at different times were taken from the methanogenic and
aerobic reactors, another three samples were taken at different heights from the S anammox
reactor (S1, S3 and S5) and also one sample was taken from AM reactor. All reactors were
operated under mesophilic conditions. Biomass was stored at -20 °C for sequencing
workflows and fixed according to the protocol of (Amann et al. 1995) for Fluorescence in situ
hybridization (FISH) and stored at -20 °C. For DNA extraction, sludge samples were thawed
and centrifuged (5 min, 10,000 g). Approximately 0.35 g of wet pellet was used for DNA
extraction with the ZR Soil Microbe DNA MiniPrepTM kit (Zymo Research) according to
the manufacturer’s instructions. The quality of the extracted genomic DNA was determined
by 1% agarose gel electrophoresis (Nucleic Acid Stain, GoodViewTM, Beijing) and stored at
-20 °C until further use.

4.2.2 Community profiling using 16S rRNA gene amplicon sequencing

The taxonomic composition of the communities was studied by amplicon sequencing of the
16S rRNA gene. For that, ten samples were selected for sequencing on an lon Torrent PGM
(Life Technologies) in the platform at the Biological Research Institute ‘Clemente Estable’
region V4: 520F (5'-
AYTGGGYDTAAAGNG-3") and 802R (5"-TACNNGGGTATCTAATCC-3"), as previously

described (Claesson et al. 2009) as was previously described (Callejas et al., 2019). The raw

(Montevideo, Uruguay), with primers which covered the

data analysis was performed using quantitative insights into microbial ecology’ pipeline
(QIIME2 2020.11 release) (Bolyen et al., 2019). Multiplexed single-end sequencing reads
(1,628,931 in total) were imported into the QIIME2. The ‘divisive amplicon denoising
algorithm’ DADA2 (Callahan et al. 2016) plugin in QIIME2 was used to ‘denoise’

sequencing reads. This step filters out noise and corrects errors in marginal sequences,
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removes chimeric sequences and singletons and finally dereplicates the resulting sequences,
resulting in high resolution amplicon sequence variants (ASVs) for downstream analysis. The
consensus sequences for the ASVs were classified with a classify-sklearn classifier trained
against the the pre-trained classifier MiDAS 3.7 database (Nierychlo et al. 2020a).

All the statistical analysis was performed in R version 3.5.1 (R Core Team 2020) with R
Studio environment Version 1.3.1093. The biom file from QIIME2 was imported and
analyzed through phyloseg-modified workflow (McMurdie and Holmes 2013). Sequences
were rarefied to the lowest number of sequences per sample (n= 40,016 sequences). In order
to determine the taxonomic composition of Chloroflexi in each sample, a specific analysis of
the sequencing data was performed using only the sequences affiliated to the phylum
Chloroflexi. We calculated the relative abundance of the phylum Chloroflexi at different
taxonomic levels using the total of sequences of Chloroflexi in each sample (normalization).

Barplots and heatmaps were generated using ampvis2 (v.2.6.5) (Andersen et al. 2018a).

4.2.3 Phylogenetic analysis

A phylogenetic tree was constructed to evaluate the phylogenetic position of the ASVs
classified within the phylum Chloroflexi. It included ASVs with a relative abundance greater
than 5% in at least one sample (sequences from amplicon sequencing), 16S rRNA sequences
from assembled genomes (retrieved from the metagenomes as will be explained) and
sequences from cultured representatives and MAGs retrieved from the database (NCBI). Four
16S rRNA gene sequences from different genera within the phylum Thermotoga served as an
outgroup for rooting the tree. The phylogenetic tree was performed using the maximum
likelihood method with the generalized time reversible (GTR) (Nei and Kumar 2000)
substitution model and GAMMA distribution model using 1,000 bootstraps in MEGA X
(Kumar et al. 2018). The resultant phylogenetic tree was visualized in iTOL (Letunic and
Bork 2019).

4.2.4  Fluorescence in situ hybridization (FISH)

FISH analysis was performed in all samples using probes targeting the phylum Chloroflexi
GNSB941 and CFX1223R labeled with Cy3 (Bjornsson et al. 2002b; Gich et al. 2002). The
analysis was performed to determine the morphology of members affiliated to the Chloroflexi
phylum detected in these samples. Fixation of the samples and FISH was performed

according to the protocol of (Amann et al. 1995). Hybridization was performed according to
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(Bjornsson et al. 2002b), with the conditions established by these authors. For cellular
staining 4°, 6> -diamin-2-phenylindole (DAPI) was used. The pure culture of Sphaerobacter
thermophilus strain DSM 20745 was used as positive control, and Escherichia coli strain
DH5a was used as negative control. The glass slides with the samples were embedded in
Citifluor AF1 (Citifluor, Canterbury, United Kingdom). Images of fluorescent cells were
recorded using a confocal laser scanning microscope (LSM 800, Carl Zeiss, Oberkochen,
Germany). For detection of DAPI and Cy3 -labeled cells, the 405 nm and 543 nm lasers were

used, respectively.

4.2.5 Metagenome sequencing

Ten metagenomes were shotgun sequenced by Illumina HiSeq 4000 platform (Macrogen,
Seoul, Korea) using Library Kit TruSeq Nano DNA Kit (350bp). The vyield was
approximately 50 Gb (~5Gh/sample) of raw short-read sequences per library (2 x 100 bp).

4.2.6 Genome assembly, binning and genome annotation

The global quality of raw and trimmed reads was checked using FastQC (v0.11.8) (Andrews
2010). The reads were trimmed to remove adapters and bases below a quality score of 25
using Trimmomatic (v0.39) (Bolger et al. 2014). The trimmed reads from each reactor (MO,
RH or AMX, separately) were pooled and assembled using MEGAHIT (v1.1.4-2) (Li et al.
2016) with minimum k-mer length 43, maximum k-mer 75, with steps of four. The contigs
obtained shorter than 1000 bp were removed.

Quality filtered reads for each metagenome were mapped to the co-assembly of short reads
(>1 kb) using Bowtie2 (v2.3.4.1) (Langmead and Salzberg 2012) with default parameters.
The sequence alignment map (SAM) files were converted to a binary format (BAM) that
were then imported into the MetaBAT 2 (v2.12.1) (Kang et al. 2015) to determine genome
bins based on differential coverage (Albertsen et al. 2013). The completeness levels and
contamination of the bins were assessed using CheckM (v1.0.13) (Parks et al. 2015). The
automatic taxonomic classification of CheckM was then extracted to determine the nature of
each bin considered for further refinement and validation. The bins classified as bacteria with
an estimated completeness >80% and contamination <10% were reclassified to determine if
they belonged to the Chloroflexi phylum. This was carried out using the open reading frames
(ORFs) identified by the Prodigal program (Hyatt et al. 2010) in metagenomic mode (-p
meta). ORFs were translated to amino acid sequences and subsequently searched for using
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HMMER 3.0 (http://hmmer. Janelia.org/) against a set of 107 hidden Markov models of
essential single-copy genes (Johnson et al. 2010) using default settings and trusted cutoff
enabled. Protein sequences coding for essential single copy genes were searched against
NCBI non-redundant database (retrieved in 2018) using BLASTP and an e-value cutoff of 10
®. The final prediction was given as the organism with the highest number of best hits across
all genes belonging to Chloroflexi. These extracted bins were mapped with Bowtie2 and
reassembled using SPAdes 3.10.0 (Bankevich et al. 2012). All resulting contigs of > 1500 bp
were clustered using ESOM tools (emergent self-organizing map) (Ultsch and Morchen
2005), on the basis of its tetranucleotide frequency to help extract contigs of interest in each
genome. Statistics of the reassembled bin were obtained using QUAST v5.0.2 and CheckM
lineage wf (v1.0.13) with default settings. Genes encoding ribosomal RNAs (rRNA) were
predicted using the Bacterial ribosomal RNA predictor (Barrnap,

https://github.com/tseemann/barrnap).

4.2.7 Metabolic Analysis

Protein coding sequences (CDS) were determined with Prokka (1.14.5) (Seemann 2014).
Predicted amino acid sequences (amino acid sequences in FASTA format produced by
PROKKA) were annotated with Prokka, KOALA (KEGG Orthology And Links Annotation)
for K number assignment of KEGG Genes (Kanehisa et al., 2016) and Metaerg (against the
Pfam and TIGRfam HMM models) (Dong and Strous 2019).

4.2.7 Phylogenomic analysis

We performed taxonomic annotation on recovered genomes sequences using Genome
Taxonomy Database GTDB-Tk (version v1.3.0 and GTDB-Tk reference data version r95)
(Parks et al. 2018). Genome phylogenetic analyses were performed with the GTDB-Tk tool
using the de novo workflow with a set of 120 single copy marker proteins and the genome
taxonomy database (GTDB). Newick format tree file was uploaded onto iTOL, a web based

tool for annotating and editing trees (Letunic and Bork 2019).

4.3  Results and discussion
In this work, organisms from the Chloroflexi phylum were studied in three different
wastewater treatment systems: a methanogenic reactor (anaerobic for C-removal), an

activated sludge reactor (aerobic for C-removal) and an anammox system (anoxic for N-
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removal). Our question is whether the organisms classified within this phylum are the same
in all three systems and if they have the same function. To elucidate this, we applied a series

of molecular biology tools to samples taken from the three reactors.

4.3.1 Abundance, diversity and taxonomy of Chloroflexi members in the different
wastewater systems

According to the 16S rRNA gene sequencing, the phylum Chloroflexi presented variation in
their relative abundance, with higher values observed for the anammox reactor (26.9 - 33.5 %
for AMX, 4.9 -22 % for RH and 0.8 - 10.7 % for MO) (Figure 4.1a). Then, we calculated the
relative abundance of the phylum Chloroflexi at different taxonomic levels using the total of
sequences of Chloroflexi in each sample (normalization). The results confirmed that
Anaerolineae class widely dominated the Chloroflexi community in all reactors with a

relative abundance ranging from 93.8 to 100% (Figure 4.1Db).
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Figure 4.1. Taxonomic composition of the microbial communities in the samples taken from
the three systems according to the 16S rRNA gene amplicon sequence. A) Relative
abundance of the different phyla B) Relative abundance of the Anaerolineae class within the
phylum Chloroflexi (only reads classified to the Anaerolineae class were observed in the

Chloroflexi phylum).
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The predominance of Anaerolineae class was in accordance with results previously reported
in aerobic, anaerobic and anammox reactors (Mielczarek et al. 2012; Gonzalez-Gil et al.
2015; Cao et al. 2016; Pereira et al. 2017; Bovio et al. 2019; Campanaro et al. 2020; Bovio-
Winkler et al. 2021).

MiDAS database was used to classify the sequences at the different taxonomic levels, this
database was specifically designed for activated sludge systems and was also expanded to
other wastewater treatment systems. The advantage of using MiIDAS is that no-described
microorganisms (with no culture representatives), frequently detected in activated sludge
systems, were named with a number.

According to this classification at the genus level the genus Candidatus Villigracilis (from
the family Anaerolineaceae) were observed in the three reactors but with higher abundance in
the anaerobic reactors (MO and AMX), while the genus MiDAS g-1668 (classified within
Caldilineaceae family) was also present in the three reactors but predominate in the aerobic

reactor (Figure 4.2a).
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Figure 4.2. Heatmaps showing the relative abundance of members of the phylum Chloroflexi

classified at A) genus level, B) ASV level according to the 16S rRNA genus analysis

Several genera classified in MiDAS database but with no culture representative presented
high abundance within the Anaerolineae class. But these genera were specific for each kind
of reactor, for example, the genus midas_g_8354 was specifically abundant in the anammox
reactor (AMX), while the genus midas_g_5336 was specifically abundant in the anaerobic
reactor (MO). From the 15 genera with higher abundance within Chloroflexi, only four: Ca.
Villigracilis, Flexilinea, Bellilinea and Leptolinea, have been metabolically characterized.
Therefore, it is of utmost importance to isolate these microorganisms in pure culture or to
assemble genomes from metagenomes in order to get a deeper insight into their role in these
systems. Ca. Villigracilis has been reported as an abundant filament widely distributed in
activated sludge systems, probably contributing to the matrix supporting floc formation
(Nierychlo et al. 2019b). It was also described as the first facultatively anaerobic member
belonging to the Anaerolineaceae family so far (Nierychlo et al. 2019b). Despite that, Ca.
Villigracilis presented a lower relative abundance in the samples taken from the aerobic
reactor (with floccular biomass) than in the samples taken from the anaerobic reactors (with
granular biomass). Flexilinea flocculi has been described as strictly anaerobic
chemoorganotroph involved in carbohydrates fermentation (Sun et al. 2016). The presence of
Flexilinea, Bellilinea and Leptolinea only in the methanogenic reactor could be explained by
its need for co-cultivation with a hydrogenotrophic methanogen, which enhanced its growth
in pure culture (Sun et al. 2016).

In order to determine if the genera observed were represented by one or more species in the
different reactors, the reads were grouped in amplicon sequence variants (ASVs, sequences
with only 1 nucleotide difference) and then classified at species level. The results showed that
the above-mentioned genera were represented by few dominant ASVs (Figure 4.2b) which

were not shared within the reactors.

4.3.2 Morphology determined by FISH

As the filamentous morphology was described in most of the Chloroflexi members and this
could be an important characteristic of this group of microorganisms in wastewater treatment
systems with granules or flocules, the morphology of the Chloroflexi cells was study by FISH

in samples from the three reactors. Using specific probes for the Chloroflexi phylum it can be
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observed different filamentous morphology in the samples from reactor MO and RH (Figure
4.3).

Figure 4.3. Fluorescence in situ hybridization (FISH) micrographs: (A) MO1, MO2, and
MO3, (B) RH4, RH5 and RH6, (C) AMX. 100X Scale bar = 10 pm.

For the samples taken from the anammox (AMX) the filamentous morphology could not be
observed and the signal was very low. Interference of polysaccharides in the FISH technique
in anammox granules from the same reactor was previously reported (personal
communication). Then, the confirmation of filamentous morphology in the anammox samples

has to be further investigated.

4.3.3 General genomic features of Chloroflexi metagenomic assembled genomes
We used primarily differential coverage binning (Albertsen et al. 2013) to obtain
metagenomic assembled genomes (MAGSs) from the three different systems. A total of 75, 48

and 56 successfully assembled genomes were retrieved from the samples taken from MO,
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AMX and RH reactors, respectively, with >50 completeness and <10% contamination. For
further analyses, we selected 9 MAGs belonging to Chloroflexi from the samples taken from
AMX, 4 from RH samples and 4 from MO samples, with >85.59 completeness and <7.45%
contamination after the reassembly and polishing (Table 4.2). The minimum information
about a MAG (MIMAG) standard was introduced to unify the field’s reporting standards,
stating that high-quality (HQ) draft MAGs for bacteria and archaea must be >90% complete,
<5% contaminated, and, importantly, include the full-length 16S, 23S, and 5S rRNA genes,
and >18 tRNA genes (Bowers et al. 2017). Under the MIMAG standards, we recovered 6
MAGs of phylum Chloroflexi (AMXO9, 47, 55, 56, 57, MO118, RH21, 38, 43).

Table 4.2. Summary statistics for the 17 MAGs of Chloroflexi recovered in this study. Gray
color indicates genomes with full-length 16S rRNA gene. Orange color indicates high-quality
draft MAGs according to Bowers et al. 2017.

Reactor Genome Genome size (bp) ~ CDS? cz":ﬂ:;n;?;bnlc Contigs  N50 (bp) 16S/235/55¢ ti:\‘ %GC  Coverage Taxonomic annotation®
RH 21 5,657,355 5097 85.59/0 655 12275 1/1(492nt) /1 45  56.34 8.2 c_Anaerolineae; o_SBR1031
RH 38 5,163,972 4600 87.29/1.73 1167 5326 1/1(342nt) /2 32 6457 8.6 c_Anaerolineae; o_Caldilineales
Activated sludge
RH 43 12,055,906 9727 95.45/2.91 196 88920 1/1/1 62 55.76 16.6 c_Anaerolineae; o_Caldilineales
RH 52 4,922,116 3510 96.79/1.1 201 35320 1(62nt) /1/1 57 73.22 20.4 c_Anaerolineae; o_UCB3
MO 16 3,073,917 2871 86.36/3.36 387 11990 1/0/0 35 58.98 10 c_Anaerolineae; o_Anaerolineales
. MO 53 4,940,107 4005 87.27/0.91 227 44487 1(337nt) /1(370nt) /1 45 5831 135 c_Anaerolineae; o_B4-G1
Methanogenic MO 66 4,384,884 3803 92.73/3.36 478 14973 0/0/0 44 6491 14.7 c_Anaerolineae; o_UBA3071
MO 118 3,352,740 2734 90.18/2.73 86 51993 1/1(337nt) /1 38 41.05 13.2 c_Anaerolineae; o_Anaerolineales
AMX 9 4,128,696 3450 98.18/0 54 178058 1/1(617nt) /1 48  62.69 327 c_Anaerolineae; o_SBR1031
AMX 14 3,390,571 3072 92.73/0.91 124 43811 1(329nt) /0/0 41  56.87 25.1 c_Anaerolineae; o_Anaerolineales
AMX 15 3,646,596 3399 90.91/0.18 38 293047 1/2/1 42 54.08 160.3 c_Anaerolineae; o_Anaerolineales
AMX 39 2,675,910 2460 90.91/0.91 18 265768 1/0/0 48 5231 19.8 c_Anaerolineae; o_Anaerolineales
Anammox AMX 47 2,814,255 2926 91.21/0 319 11859 2/1/1 42 66.7 10.4 c__Dehalococcoidia; o__UBA2991
AMX 55 2,990,515 2772 92.73/1.27 61 69781 1/1(317nt) /1 40 60.81 15.1 c_Anaerolineae; o_Anaerolineales
AMX 56 4,499,265 3993 92.42/1.09 96 86147 4/2/2 58 63.48 54.1 c_Anaerolineae; o_Caldilineales
AMX 57 4,700,319 4113 92.73/0 236 29630 1/1(461nt) /1 46  60.87 13.6 c_Anaerolineae; o_SBR1031
AMX 68 4,329,913 4110 92.73/0.91 70 171406 1(195nt) /1(219nt) /1 46 53.34 15.8 c_Anaerolineae; o_Anaerolineales

& As predicted using Prokka (see Methods). The rRNA count refers to the occurrence of
complete rRNA operons (5S, 16S, 23S).
b Genome quality estimates from CheckM (see Methods).

¢ Taxonomic assignments from GTDB-Tk (see Methods).

4.3.4 Phylogenomic analysis of Chloroflexi MAG

Using a high number of conserved genes, a better phylogeny can be constructed. A complete
phylogenomic tree based on concatenated alignments of 120 single copy marker genes was
constructed using 105 reference Chloroflexi genomes retrieved from NCBI (February 2021)
and the 17 Chloroflexi genomes obtained in our work (Figure 4.4a). On the other hand, also a

phylogenetic tree based on the 16S rRNA gene was constructed using the most abundant
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ASVs belonging to phylum Chloroflexi (5% in at least one sample) and the 16S rRNA
sequences retrieved from 10 MAGs (Figure 4.4Db).

A Tree scale: 0.1 +—— a. Brevefilum F , GCF_900184705.1 B Tree scale: 0.1 ————
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Figure 4.4. Phylogenetic analysis of Chloroflexi based on the metagenomics results and the

16S rRNA gene sequence analysis: A) Phylogenomic tree constructed with the 17 genomes
from this work and reference genomes retrieved from the NCBI, B) Phylogenetic tree
constructed with the most abundant ASVs retrieved from the 16s rRNA gene amplicon
sequences (with abundance higher than 5% in at least one sample) and the sequences of the
16S rRNA gene from 10 MAGs from this work, and reference sequences of the phylum
Chloroflexi retrieved from NCBI. The tree was reconstructed using the ML method and the
GTR model. ML bootstrap values greater than or equal to 70% are shown at each node. Bar,
0.01 substitutions per site. The ASV are colored by reactor: from RH are in blue color, from
MO are in red color, from AMX are in green color. Four species from four genus of phylum

Three sequences from Thermotoga phylum were used outgroup for rooting trees.

The results obtained with the phylogenomic tree constructed based on the assembled MAGs
were congruent with the 16S rRNA gene phylogenetic analysis based both in the amplicon
sequences results and the 16S rRNA gene retrieved from the MAGs . Sixteen genomes were
positioned into Anaerolineae class while one MAGs were positioned within Dehalococcoidia
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class (classified by Gtdb-Tk). Genomes were distributed within the following orders
(classified by Gtdb-Tk): Anaerolineales (MO118, MO16, AMX55, AMX14, AMXG68,
AMX15 and AMX39), SBR1031 (AMX9, AMX57 and RH21), B4-G1 (MO53),
Caldilineales (AMX56, RH43, RH38), UBA3071 (M0O66), UCB3 (RH52) and UBA2991
(AMXA4T7) (Table 4.2). Because of the lack of genomes available in the databases, it was not
possible to construct both phylogenetic trees (based on 16S rRNA gene sequences and based
on genomes sequences) with the same members of Chloroflexi. For example, there were no
available genomes for Ca. Villigracilis and Ca. Sarcinatrix instead found the 16S rRNA gene
sequences. On the other hand, although frequently used for phylogenetic identification, 16S
rRNA gene sequences are notoriously difficult to assemble from metagenomes (Blazejak and
Schippers 2010), thus, 16S rRNA genes were present only in 10 of the 17 genomes
assembled. Despite this, the phylogenetic placement of 10 MAGs in the phylogenetic tree
based on the 16S rRNA gene was consistent with the phylogenetic tree based on 120 marker
genes (Figure 4.4b). It is quite remarkable that these recovered genomes appear in several
taxonomic orders, attesting to the broad diversity of Chloroflexi members inhabiting
wastewater treatment systems.

In order to determine if MAGs obtained in this work represented new species, the average
nucleotide identity (ANI) value was calculated between MAGs, and between MAGs and the
Chloroflexi genomes retrieved from NCBI used for phylogenetic tree construction. Between
MAGs, ANI values ranged from 74.4 to 79.8 (Table 4.3). Meanwhile, the ANI values
between MAGs and the reference genomes ranged between 75.5 and 83.1. Using the defined
ANI species threshold of 95% (Konstantinidis and Tiedje 2005), these results indicate that all
genomes represent novel species with no cultured or sequenced representatives, emphasizing
the lack of knowledge on the Chloroflexi community in these types of ecosystems. In
addition, this analysis showed that the five genomes from anammox reactor (AMX55,
AMX15, AMX39, AMX14 and AMX68) which formed a cluster without closely related
genomes in the phylogenomic tree (Figure 4.4a), clustered with Ca. Villigracilis in the
phylogenetic tree based on the 16S rRNA gene (Figure 4.4b). Our results were in accordance
with several studies which reported Chloroflexi MAGs retrieved from anammox, anaerobic,
and aerobic reactors used to treat waste waters were affiliated mainly to Anaerolineae class
(Speth et al. 2016; Xia et al. 2016; Lawson et al. 2017; Mcllroy et al. 2017; Zhao et al. 2018).
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4.3.5 General metabolic pathways and genes according to the MAGs

According to the previous information, different species and genera of Chloroflexi members
predominate in the different systems, then, the question is whether they have the same
function or not. To infer the metabolic potential of the 17 Chloroflexi MAGs retrieved in our
work, we annotated genes within each of the MAGs using a variety of protein databases .
Because most of these MAGs were estimated to be between 85% and 93% complete, it is
likely that they contain genes for additional pathways or transporters, not identified in this
study.

4.3.5.1 The potential for anaerobic respiration

Annotation of the 17 genomes confirmed the potential of a strict anaerobic metabolism due to
the incompleteness of at least one of the following pathways: tri-carboxylic acid (TCA) cycle,
NADH:quinone oxidoreductase, Cytochrome c oxidase and F-type ATPase (incomplete
respiration machinery) (Figure 4.5, 4.6). Also, genes for superoxide dismutase in all MAGs,
catalases in five MAGs (AMX47, RH52, RH43, MO118 and MO53) and glutathione
peroxidase in MO118 were annotated, indicating protection against oxidative stress (Figure
4.5, 4.6).
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Some of these genes were also found in Ca. Brevefilum fermentans from an anaerobic
digester (Mcllroy et al. 2017). Only five genomes from xxx of the described Anaerolineae
species (Ardenticatena maritima, Ca. Promineofilum breve, Ca. Amarolinea aalborgensis,
Caldilinea aerophila and Ca. Villigracilis) have the complete pathway genes to utilize
oxygen as an electron acceptor (Kawaichi et al. 2013; Mcllroy et al. 2017; Andersen et al.
2018b; Nierychlo et al. 2019). However, aerobic uptake of substrates in full-scale activated
sludge systems is a common feature of members of Anaerolineae class (Kragelund et al.
2007; Kragelund et al. 2011; Mcllroy et al. 2016). On the other hand, genes for the reduction
of different nitrogen compounds were found in all MAGs retrieved in this work, except in
MO118, indicating that nitrogenous compounds could be used as electron acceptor in the
anaerobic respiration. In summary, all these features suggested that the genomes assambled in
this work become from microorganisms having an anaerobic lifestyle consistent with the
anammox and anaerobic reactors.

These results are not consistent with the aerobic environment from an activated sludge
reactor (RH). he genomes retrieved from RH samples did not show the complete pathways to
use O as the final electron acceptor. Interestingly, the assembled genomes RH43 and RH38,
which phylogenetically belonged to the facultative anaerobic Caldilineales order, also lack
the potential of aerobic respiration. It has been suggested that the presence of superoxide
dismutase and part of respiration machinery provides mechanisms for oxygen tolerance under
aerobic conditions experienced in the bioreactor (Lawson et al. 2017; Ward et al. 2018).
Furthermore, these microorganisms may could form aggregates often buried deeply in floc
material, which would promote micro-anaerobic conditions. Recently, Ca. Villigracilis was
characterized physiologically in situ using MAR-FISH in samples from an activated sludge
reactor. It was described as the first facultative anaerobic chemoorganotrophs member
belonging to the Anaerolineaceae family within Chloroflexi (Nierychlo et al. 2019b). MAGs
which were phylogenetically related toCa. Villigracilis (AMX55, AMX14, AMX68, AMX15
and AMX39) had an incomplete respiratory machinery. Despite the in situ characterization of
Ca. Villigracilis, its genome has not been recovered yet, so, it can not be used in this

comparison, highlighting the importance of studies based on metagenomics.
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4.3.5.2 Metabolic pathways involved in hydrolysis of polymers

In order to test the hypothesis that Chloroflexi occupy a niche capable of recycling microbial
derived dissolved organic matter, and act as hydrolytic bacteria, we search for genes
encoding these functions. All MAGs showed genes for the transport and catabolism of
carbohydrates, peptides and amino acids to central carbon intermediates. Annotation of genes
for glycosyl hydrolases such as cellulases, endohemicellulases, amylases, amino sugar-
degrading enzymes, oligosaccharide-degrading enzymes, and also extracellular peptidases
indicated that most MAGs had the potential of hydrolyzing cellulose, starch, protein and/or
peptides (Figure 4.5, 4.6). According to the bibliography, in situ studies reveal high level of
surface associated hydrolytic enzymes indicates their involvement in the breakdown of

complex organics (Xia et al. 2007).

4.3.5.3 Central carbon metabolism

Fermentative organisms can play important roles in the system via removal of organic matter,
and providing growth substrates for other community members. Multiple transporters for
different organic compounds were found in the same genome, which gives species alternative
routes for the incorporation and recycling of dissolved organic matter in the reactors. Genes
for branched chain amino acid, lipopolysaccharide, and single and/or multiple sugar
transporters were annotated in eleven genomes (Figure 4.5, 4.6). Seven MAGs also contained
genes for transporters of glucose/mannose, polar amino acid, general L-amino acid and
raffinose/stachyose/melibiose. These findings could indicate that all of the assembled
genomes scavenge macronutrients having access to a diverse substrate pool including sugars,
amino acids, proteins and fatty acids, indicating a heterotroph lifestyle. Despite this, substrate
and transporters specificity is particularly difficult to deduce from genome annotation data, as
bacteria are much more specialized in situ than what their complete metabolic potential
suggests (Gelfand and Rodionov 2008; Kindaichi et al. 2013).

Genes encoding Embden-Meyerhof-Parnas (EMP) pathway for glycolysis were annotated in
all MAGs except in AMX47, RH21 andMOG66. These last two genomes missed only one gene
of the glycolysis pathway, probably due to the incomplete genome recovery. Meanwhile
AMXAT lacked genes of at least four steps of glycolysis, thus probably this microorganism
did not perform glycolysis (see below). Genes for pyruvate oxidation to acetyl-CoA were

annotated in all MAGs (Figure 4.5, 4.6). Therefore, the simple and complex substrates
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(previously processed by their hydrolytic enzymes) imported by the transporters can then be
fed into the glycolysis pathway and then fermented.

The TCA cycle was annotated in AMX68, AMX14, AMX55, RH52, RH43 and MOG66,
suggesting that these MAGS represent microorganisms with the capacity to use the pyruvate
through fermentation or through TCA cycle. The genomic evidence suggests that terminal
oxidation via the TCA cycle is not a major energy source for most of the microorganisms
represented by the MAGs.

The pentose phosphate pathway (PPP) was found complete in AMX56, AMX68, AMX15,
RH43, RH21 and MO53 genomes while only the non-oxidative branch of the PPP was
present in AMX57, RH52, MO16 and MOG66 genomes. In the latter genomes, other enzymes
could be important for NADPH as a reducing equivalent and intermediates of nucleotide and
histidine generation in these organisms.

As mentioned, AMX47 genome had an incomplete EMP indicating that the microorganism
represented by this genome has not the capacity to grow on sugars, however, beta-oxidation
pathway was annotated in this genome as an alternative to EMP. Interestingly, beta-oxidation
was annotated in all MAGs except in MO53 and MO118. Recent studies in activated sludge,
in addition to the fermentation of sugars by the abundant Chloroflexi, reported assimilation of
short and long chain fatty acids, amino acids and glycerol by the less abundant members of
Chloroflexi (Nierychlo et al. 2019), but beta-oxidation was not mentioned. Beta-oxidation
was previously identified in genomes of Dehalococcoidia and Anaerolineae from different
natural aquatic ecosystems (Wasmund et al. 2014; Dombrowski et al. 2017; Hug et al.
2013a). The presence of transporters for branched-chain amino acid and lipids in addition of
annotated beta-oxidation pathway suggests that the metabolism of various fatty acids and
branched-chain amino acids probably indicates the utilization of decaying bacterial cell
materials. These results may suggest that beta-oxidation pathway represents an important
metabolic route to obtain carbon and reducing equivalents.

Interestingly, genes for N-acetylglucosamine metabolism (nagA, nagB) were annotated in
AMX57, RH43, MO118 and MOG66 genomes although phosphotransferase system
(transporter) was only annotated in RH43. It could suggest that this genome had a specific
role in the breakdown of cellular material. Some Chloroflexi members appear to retrieve N-
acetylglucosamine from other lysed cells in the environment, as seen with several micro-
autoradiography or FISH studies that confirm their role as scavenger (Kindaichi et al. 2004;
Okabe et al. 2005; Kragelund et al. 2007; Zang et al. 2008; Miura and Okabe 2008;
Kragelund et al. 2011; Campbell et al. 2014; McGonigle et al. 2020). Anaerolinea oral taxon
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439 which was previously reported as scavenger (presence of PTS and nagAB genes)
clustered with MO118 in the phylogenomic tree (Campbell et al. 2014). It has been suggested
that coexisting Chloroflexi in anammox reactors also scavenge organic matter derived from
anammox bacterial cells (Kindaichi et al. 2012), therefore, we suppose that it occurs through
the glycolysis and beta-oxidation pathways (degradation of fatty acids and branched-chain
amino acids) because only one genomes from the anammox reactors (AMX57) had genes for
N-acetylglucosamine degradation. These results confirm the previous hypothesis that
Chloroflexi has an important beneficial role in feeding from the lysed bacterial cell debris.

4.3.5.4 Ability to generate energy by fermentation
The annotation of pyruvate dehydrogenase (pdhABCD), pyruvate formate-lyase (PFLA)

and/or pyruvate-flavodoxin oxidoreductase (nifj) indicated the potential to convert pyruvate
to acetyl-CoA in all MAGs (Figure 4.5, 4.6). The potential fermentation products annotated
in the genomes were acetate (Phosphate acetyltransferase-acetate kinase pathway (pta,
ackA)), ethanol (bifunctional enzyme aldehyde/alcohol dehydrogenase (adhE)), lactate (L-
lactate dehydrogenase, idh), acetoin (Acetolactate synthase, ilvH and ilvl), formate (pyruvate
formate-lyase) and/or propionate via methylmalonyl-CoA pathway (pccA, pccB, epi and
mcm). Our results were in accordance with the information from isolates and MAGs from
Anaerolineae class retrieved from wastewater treatment systems. These organisms were
identified as facultative anaerobic chemoorganotrophs involved in sugar, amino acid or
protein fermentation with different products (Sekiguchi et al. 2003a; Yamada et al. 2006;
Yamada et al. 2007b; Sun et al. 2016).

The annotated methylmalonyl-CoA pathway in AMX14, AMX55, AMX47, AMX68 and
RH38 genomes suggest a role in either amino acid degradation with propionate formation as
a fermentative end product (Hug et al. 2013a; Mcllroy et al. 2017; Wasmund et al. 2014).
Also, an aldehyde:ferredoxin oxidoreductase (aor) was annotated in these MAGs which may
function to oxidize aldehydes derived from amino acid oxidation (Heider et al., 1995). The
annotation of methylmalonyl-CoA pathway and AORs which also were annotated in Ca.
Brevefilum fermentans (Mcllroy et al. 2017), indicates that propionate could be produced as
a metabolic by-product from the fermentation of amino acids. These findings confirm the
fermentative lifestyle in Chloroflexi populations. 13 of the 17 MAGs contain the gene that
encodes formate dehydrogenase H (fdhF) that facilitates the decomposition of formic acid to

H> and CO- under anaerobic conditions in the absence of exogenous electron acceptors. In
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addition, the formate transporter (FocA) was annotated in most of these genomes. Thus, these
genomes have the information to oxidate formate with hydrogen production. Synergistic
interaction of Anaerolineae members with the hydrogenotrophic methanogenic archaea, such
as M. thermautotrophicus, were previously reported in anammox reactors (Zhao et al. 2019).
This could be a common scenario in anaerobic reactors and anammox reactors where

hydrogenotrophic methanogenic archaea are present.

4.3.5.5 Wood-Ljungdahl pathway

The Wood-Ljungdahl pathway (WLP) consists of two branches, the methyl-branch and the
carbonyl-branch. Interestingly, AMX55, AMX56 and AMX68 contained most of the genes
encoding for the key enzymes required for CO- fixation via WLP (Figure S1). For example,
AMX56 only lacked formate dehydrogenase (NADP+) beta subunit (fdhB). Considering that
anammox reactors were fed with very low concentration of organic carbon, a mixotrophic
growth is expected in absence of organic compounds. The ability to use CO> as an alternative
electron donor was also observed in Chloroflexi genomes from other anammox bioreactors
(Ali et al. 2020). On the other hand, the annotated WLP in genomes of Dehalococcoidia
members suggested the use of this pathway to completely oxidize the organic compounds
processed via beta-oxidation pathways (Hug et al. 2013; Wasmund et al. 2014) or to obtain
carbon by autotrophy (Wasmund et al. 2014; Zhuang et al. 2014). WLP was common among
members of the anaerobic digestion, and Chloroflexi populations were the second phyla

containing this pathway (Campanaro et al. 2020).

4.3.5.6 Potential for storage of polymers and lipids

Complete pathway for glycogen biosynthesis was annotated in 9 MAGs (Figure 4.5, 4.6).
These results suggest glycogen accumulation might be a common feature to cope with the
changing pools of C and N in the bioreactors and to facilitate their survival when either one is
temporally limited. In spite of this, glycogen degradation was only complete in RH38
genome, indicating that this genome has the information for heterotrophic growth using
glycogen storage. Glycogen biosynthesis and degradation was previously reported in Ca.
Amarolinea aalborgensis and Ca. Promineofilum breve (Mcllroy et al. 2016; Andersen et al.
2018b). The presence of an annotated polyhydroxyalkanoate synthase (PhaC) indicates the

capability for polyhydroxyalkanoates (PHA) storage in the microorganisms represented by
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threeMAGs. Their potential for PHA storage was suggested to favour these organisms with
the intermittent availability of carbon in these systems (Onetto et al. 2019). On the other
hand, the annotation of a putative acyl-CoA:DAG acyltransferases (AtfA), catalyzing the
final step in the synthesis of triacylglycerols, indicates the potential for lipid storage
(Kalscheuer and Steinbiichel, 2003) in AMX56, AMX57, RH38 and RH21 MAGs. This

capability was also reported for Ca. Promineofilum breve (Mcllroy et al. 2016).

4.3.5.7 Nitrogen metabolism

Removal of ammonium and other nitrogen species from wastewater is essential to prevent
pollution and ecosystem disturbances (Schmidt et al. 2003; Mcllroy et al. 2016). Both
nitrifiers and denitrifiers are required for efficient removal, by oxidizing ammonia and/or
nitrite to nitrate, and then reducing nitrate to nitrogen gas. Different genes related to the
nitrogen cycle such as the dissimilatory nitrate reduction to ammonia (DNRA), denitrification
and nitrification were annotated in the genomes.

In general, several genes for each of these pathways were annotated in MAGs retrieved from
anammox reactor (Figure S2). Nitrate appeared to be widely used as a potential electron
acceptor by many of the AMX genomes (6 MAGs). Meanwhile, nitrate reduction was not
annotated in any genome retrieved from the aerobic reactor (RH), and nitrite reduction to
nitric oxide, nitric oxide reduction to nitrous oxide and nitrous oxide reduction to N> were not
annotated in any genome retrieved from MO reactor, thus, genes for denitrification were
completely absent in the recovered genomes from MO reactor.

DNRA is part of the nitrogen removal processes in anammox reactors and it has been
annotated in several Chloroflexi genomes (Mcllroy et al. 2016; Lawson et al. 2017; Andersen
et al. 2018b). Our results suggest that Chloroflexi MAGs retrieved from the anammox reactor
samples could have a specific role in the nitrogen cycle. Interestingly, we found that AMX14,
AMX55 and AMX56 genomes have the capacity to perform DNRA, as genes encoding both
dissimilatory nitrate (NarGHI) and nitrite reductases (NrfAH) were found Thus, these
microorganisms could facilitate a nitrite loop with anammox bacteria, enhancing overall
nitrogen removal performance. On the other hand, RH52, RH21 and MO118 genomes did not
present neither NarGHI, nor NrfAH. The rest of the MAGs encoded one of the two genes,
thus they have the capacity to perform nitrate reduction to nitrite (AMX47, AMX39, AMX15
and MOG66) or nitrite reduction to ammonia (AMX9, AMX57, AMX68, RH43, RH38 and
MO16).
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Genes for nitrate reduction to nitrite were not annotated in genomes from RH reactors and
they were annotated only in one MAG from MO reactor (MO66). These results suggested
that most of the genomes have the capacity to use nitrite as electron acceptor collaborating
with nitrogen removal in WWTS. Regarding the nitrate reduction in aerobic reactors, our
results suggest that this is not the role of Anaerolineae members. It was suggested that the
role of Ca. Amarolinea which had the potential to perform DNRA was to contribute to the
accumulation of the latter inside the aerobic reactors at the expense of efficient nitrogen
removal (Andersen et al. 2018b). Despite the annotation of DNRA in Ca. Amarolinea, the in
situ characterization revealed a capability to take up substrates under anoxic conditions in
presence or absence of nitrate/nitrite, suggesting fermentative metabolisms without a
confirmed uptake of nitrate/nitrite (Nierychlo et al. 2019). Also putative nitrite reductase
(NrfAH) have been found in Caldilinea aerophila and Anaerolinea thermophile, but their
ability to utilize nitrite as an electron acceptor to support anaerobic growth is yet to be
assessed (Sekiguchi et al., 2003). It would be interesting to focus efforts on the
characterization of the isolates of the Anaerolineae class obtained so far, in order to
determine the use of nitrogenous compounds as electron acceptors.

Except MO53 and MO118, all MAGs encode the ability to respire nitrate (NarGHI), nitrite
(nirK or nirS), nitric oxide (NorBC) and/or nitrous oxide (NosZ) via partial denitrification.
AMX68, AMX9, AMX39, AMX15 and RH21 harbour the genes to perform nitrite reduction
to nitric oxide via NirK, and AMX68, AMX14, AMX55 and MO16 via NirS. These results
were in accordance with the fact that we this function was more frequently reported
ingenomes from anammox reactors than in the ones retrieved from aerobic and anaerobic
reactors (Speth et al. 2016; Lawson et al. 2017; Zhao et al. 2018). The key enzyme for
denitrification is nitric oxide reductase (NorBC), which reduced nitric oxide to nitrous oxide.
NorBC was annotated in AMX57 , RH38 and RH21 genomes. This gene was missing in Ca.
Primineofilum breve and Ca. Brevefilum fermentans, although nitrite reductase (NrfA) and
putative nitric oxide reductase (norV) respectively has been shown to reduce nitric oxide to
ammonia, a reaction that was suggested to be associated with protection from nitrosative
stress (Nitric oxide is the primary source of this stress) (Mcllroy et al. 2016; Speth et al.
2016; Mcllroy et al. 2017). Ardenticatena maritima had a complete set of genes for
denitrification (Kawaichi et al. 2015), meanwhile NorBC was reported to be expressed in a
Anaerolineae genome from an anammox reactor (Speth et al. 2016). A recent comparative
study determined that Chloroflexi was the most abundant denitrifying group in a partial

nitritation anammox reactor compared to an activated sludge reactor (Orschler et al. 2021).
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(Kragelund et al. 2007) reported a lack of denitrifying capability of some Chloroflexi isolates
retrieved from activated sludge samples ( lack of the napA/narG, nirK/nirS, norBi, and nosZ
genes). These results were in accordance with our results showing more genes related with
denitrification in the MAGs retrieved from anammox reactors samples than in the MAGS
retrieved from aerobic and anaerobic reactors. Finally, the reduction of nitrous oxide to
nitrogen (NosZ) was annotated in AMX56, AMX47, AMX9, AMX57, RH52, RH43 and
RH38. Together, these functions could facilitate a nitrite loop with anammox bacteria or
support complete denitrification, thus enhancing overall nitrogen removal performance in the
bioreactor. Recently, complete denitrification was reported in a MAG retrieved from an
anammox reactor classified within Chloroflexi (Lawson et al. 2017). The exact role of
heterotrophic Chloroflexi in anammox systems treating synthetic wastewater has not yet been
determined, though a few clues have been uncovered. A recent metagenomic study revealed
that most of the heterotrophic organisms in anammox granules encode the ability to respire
nitrate via partial denitrification, possibly completing a nitrite loop with anammox and nitrite
oxidizing bacteria (NOB) by reducing nitrate back to nitrite (Speth et al. 2016).

Regarding partial nitrification, the MAGs retrieved from the aerobic reactor (RH52 and
RH21) have genes encoding the oxidation of hydroxylamine to nitrite via hydroxylamine
dehydrogenase (Hao). Meanwhile, AMX56, AMX47, AMX39, AMX14, AMX55, AMX15
and MOG66 genomes encoded a nitrite oxidoreductase (NxrAB) for the nitrite oxidation to
nitrate. Finally, MO118 was the only MAGs, which did not present the potential for reduction

or oxidation of nitrogenous compounds.

4.3.5.8 Filamentous morphology, adhesion capability and exopolysaccharides production

In order to test the possible role of Chloroflexi in the granules and flocs formation, three
important capabilities were specifically searched in the genomes: the filamentous
morphology, the adhesiveness and the production of polysaccharides.

As known from other studies, after chromosome replication and subsequent segregation of
the sister chromosomes, cell division in E. coli is initiated with the assembly of a
circumferential scaffold on the cytoplasmic membrane, the Z-ring (Goehring and Beckwith
2005). The formation of the Z-ring in E.coli is dependent of FtsA and ZipA genes which
connect FtsZ to the cytoplasmic face of the inner membrane (Pichoff and Lutkenhaus 2002).
For example, cable bacteria lack zipA, like bacteria from many other phyla (Margolin 2000).

Although, either ZipA or FtsA genes are essential for formation and stabilization of the Z-
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ring in E. coli (Pichoff and Lutkenhaus 2002), the presence of ftsA adjacent to ftsZ in cable
bacteria seems to fulfill this role. Interestingly, all MAGs lacked zipA gene and filamentous
morphology was observed by FISH. Therefore, the absence of the ZipA gene could prevent
cell division in these Chloroflexi members.

The adhesiveness of five assembled genomes belonged to Anaerolineae class was previously
addressed by (Xia et al. 2016). In this study, the expression of the tight adherence protein on
the Tfp indicated its function for cellular attachment, which was further testified to be more
likely related to cell aggregation other than cellulose surface adhesion. However, this Tfp
structure was found to not contribute to syntrophic methanogenesis. In this work, a Tfp
cluster in the isolated A. thermophilia UNI-1 was also observed, which contains a series of
genes encoding pilus assembly proteins (pilA, CpaB, CpaE, CpaF) and two consecutive Tad
proteins (TadB, TadC). In the same way, a complete set of genes (pilA, CpaB, CpakE, CpaF,
TadB, TadC) were annotated in AMX56, AMX47, AMX9 and MO53. The rest of anammox
MAGs and MO16 lack only the pilus assembly protein CpaB. As has been already noted, pili
are often involved in facilitating adhesion and colonization in a wide variety of scenarios.

It has been suggested that some Chloroflexi-affiliated bacteria encoded the function of
biosynthesizing exopolysaccharides such as UDP-N-acetyl-D-glucosaminuronate (UDP-
GIcNACcA), GDP-mannose (GDP-Man), and GDP-D-rhamnose (GDP-Rha) for anammox
consortium aggregation, based on the partial nucleotide sugars produced for example by
anammox bacteria (Zhao et al. 2018). These authors suggested that Anaerolineae members
could affect the nitrogen removal performance through affecting the aggregation because of
the positive correlation relationship of this group with the abundance of EPS formation genes
(Zhao et al. 2019). We found genes for the UDP-GIcNACc synthesis in AMX14 and UDP-
galactose synthesis in AMX56, AMX68, AMX9, AMX57, RH43, RH38, RH21 and MO66
genomes. Therefore, Chloroflexi could be favoring cell aggregation and consequently the
formation of cores or carriers, which help to form the initial framework of small sludge

particles. .

4.3.6 Ecological significance and concluding remarks

This study provides a first insight into the Chloroflexi members diversity and role in three
different wastewater treatment bioreactors as activated sludge, methanogenic and anammox
reactors. Despite the phylogenetically distant Chloroflexi members recovered in our study,

there was functional redundancy in all reactors. Functional redundancy enables functional
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resistance of an ecosystem to environmental perturbations due to the presence of multiple
species that can perform the same metabolic function such that the loss of one species due to
perturbation will be substituted by another species in the community.

The Anaerolineae class largely dominated the Chloroflexi phylum community and exhibited
filamentous morphology in most reactors. Each type of reactor presented differents dominant
genera in which few species (represented by ASVs) were predominant. Most of these ASVs
sequences were not phylogenetically closer positionated with sequences from cultured
representatives. These results were reflected in the 17 genomes recovered through the
differential coverage binning method, where the ANI values were indicative of new species.
The MAGs obtained were affiliated with the orders Anaerolineales (7 genomes), SBR1031 (3
genomes), Caldilineales (3 genomes), UCB3 (1 genome), B4-G1 (1 genome), UBA3071 (1
genome) and UBA2991 (1 genome). It is quite remarkable that these recovered genomes
appear in several taxonomic orders, attesting to the broad diversity of Chloroflexi members
inhabiting wastewater treatment systems. It allowed the inference of potential metabolic
diversity and ecological role of many species within a phylum with few cultured and
assembled genome members.

On the one hand, we focused on determining their metabolism (carbohydrate metabolism and
nitrogen cycle) in each type of system. e also focused on determining the presence of genes
related to filamentous growth, adhesiveness and exopolysaccharides production in order to
reveal their structural role in granules or floccules. The genomic annotation of the 17
genomes suggested: (1) anaerobic respiration with a versatile metabolism related to the
hydrolysis and fermentation of complex and simple organic compounds, (2) an important role
in the nitrogen cycle mainly in anammox reactors and (3) a crucial structural role in flocs and
granules in all reactors.

In addition to the known role of Chlorofleximembers as hydrolytic or fermentative bacteria,
our results suggest that these bacteria occupy a niche in recycling microbial dissolved organic
matter, attested by the diversity of hydrolases and membrane transporters present in the
genomes. This capacity gives to the Chlorofleximembers the ability to survive when the C or
N source are limited in the reactors. All genomes presented the potential for degradation by
glycolysis and/or beta-oxidation, with the subsequent oxidation of pyruvate by fermentation.
Some of the genomes presented, in addition to the fermentative potential, the ability of using
the TCA cycle. Among the fermentative products potentially generated by the Chloroflexi
represented by 17 of the assembled genomes, acetate and H2 may provide growth substrates

for other community members such as hydrogenotrophic or acetoclastic archaea in anaerobic
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as well as anammox reactors. Interestingly, some genomes also contained genes encoding for
the key enzymes required for CO2 fixation via the WLP that would allow a mixotrophic
growth in the mother reactor which was fed with synthetic water.

According to the results from this work, Chloroflexi plays an important role in nitrogen cycle
mainly in anammox reactors. In these reactors, all AMX genomes presented the capacity to
reduce nitrate and/or nitrate to ammonia (DNRA) for direct use by anammox bacteria. Partial
denitrification in AMX genomes could facilitate a nitrite loop with anammox bacteria or
support complete denitrification, thus enhancing overall nitrogen removal performance in the
bioreactor. The nitrite oxidation was common in genomes from anammox reactors. In the
aerobic reactor, the assambled genomes did not reduce nitrate, but seem to contribute to the
accumulation of ammonia by nitrite reduction, improving the nitrogen removal. In this
system, Anaerolineae members also may perform partial denitrification. Finally, in the MO
genomes fewer genes related to the nitrogen cycle were annotated.

Chloroflexi detected by FISH from samples taken from RH and MO reactors showed
filamentous morphology. It was interesting to discover that all of them lack an important
gene related to the formation of the z ring necessary for cell division. In addition to the
filamentous morphology, two other important factors in the formation of granules and
floccules were evaluated, such as adhesiveness and EPS synthesis. Genes for both processes
were annotated in most of the assembled genomes. Therefore, filamentation, adhesiveness
and EPS production could represent a selective advantage for Chloroflexiin WWTS, probably
having an important role in the formation of the initial framework for small sludge particles,
serving as cores or carriers in all reactors.

While MAGs are required to determine the diversity and potential function of the phylum
Chloroflexi, further experiments are necessary to confirm the identified metabolic functions.
One of the possible options would be to focus efforts on the sequencing of
metatranscriptomics together with metagenomes. This would allow to confirm which of the
potential metabolic functions determined by the annotation of the MAGs, are being expressed
under certain operational conditions. On the other hand, the study using these molecular tools
in bulking episodes would expand the knowledge about the role of Chloroflexi in these
events. This information is necessary for a better management of operational parameters, to
reduce and control bulking events. This knowledge makes it possible to determine which
groups are functionally important in these systems and how their disappearance or

overgrowth would affect the process.
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The difficulty of isolating organisms of the phylum Chloroflexi are probably related to their
slow growth. Competition with other fast growing fermenting microorganisms is probably
one of the greatest barriers in obtaining good primary enrichments. Recently, new tools have
been developed that facilitate the isolation of slow-growing microorganisms such as Droplet-
based high-throughput cultivation (Watterson et al. 2020). Therefore, it is expected in the
coming years to have a greater quantity of organisms of the phylum Chloroflexi isolated in
pure culture, in order to reveal and confirm what they are doing in the wastewater treatment

systems.
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5.1 ¢Por qué es importante estudiar organismos del filo Chloroflexi

sistemas de tratamiento de aguas residuales?

A pesar de la gran cantidad de investigaciones sobre la estructura y funcion de las
comunidades microbianas en sistemas de tratamiento de aguas residuales, se siguen operando
como cajas negras. Esto implica que si bien se conoce la composicion de las comunidades
microbianas complejas que llevan adelante los procesos de degradacidn de materia organica y
otros contaminantes, no se conoce quiénes llevan adelante cada proceso, en qué condiciones,
de qué manera y como interactian Si bien parecen ser sistemas robustos y tolerantes a
variaciones en pardmetros operacionales como pH, concentracién de materia organica,
temperatura, etc., frecuentemente ocurren problemas operacionales relacionados a la
microbiologia de los procesos. En particular, en sistemas aerobios de lodos activados, el
bulking debido al sobrecrecimiento de bacterias filamentosas es un problema frecuentemente
detectado. El interés en el estudio del filo Chloroflexi en diferentes sistemas de tratamiento
de aguas residuales y de residuos solidos radica en que es un grupo de bacterias filamentosas
que presenta una alta abundancia, pero se sabe muy poco sobre su rol funcional. Dentro de
este filo, la clase Anaerolineae es la predominante, y presenta una gran diversidad revelada
mediante distintas técnicas de biologia molecular. El aislamiento en cultivo puro de algunas
especies de la clase Anaerolineae ha permitido conocer las condiciones Optimas de
crecimiento de estos organismos. Es asi que para las 6 especies de la clase Anaerolineae
aisladas de reactores anaerobios, se ha podido determinar que su rol se centraria en la
fermentacion de compuestos organicos, con una potencial sintrofia con metandgenos, que ain
no ha sido demostrada.

Si bien el aislamiento es una herramienta muy poderosa para determinar condiciones dptimas
de crecimiento y prever condiciones de sobrecrecimiento, no se debe olvidar que en un
biorreactor estan interaccionando comunidades complejas de microorganismos. Esto implica
la presencia de productos metabdlicos secundarios provenientes de otros microorganismos y
otras interacciones microbianas, que en cultivo puro no pueden ser evaluadas. Por lo tanto, la
respuesta funcional real de estos aislamientos a partir de determinaciones en cultivo puro,
podria no ser tan clara en los biorreactores, y por ende limitar nuestro entendimiento. De la
misma manera ocurriria con su funcién estructural en granulos y floculos.

A través de las nuevas técnicas de biologia molecular, como la metagendmica, es posible la
recuperacion de genomas casi completos y con muy baja contaminacion. A partir de estos

genomas es posible inferir en el potencial metabolico, pero con la limitante de que no
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sabemos realmente que vias metabdlicas estarian expresando in situ. ES por esto que se
deberian aplicar ademas otras técnicas para determinar qué genes estan expresando, como por
ejemplo metatranscriptomica, FISH-MAR o SIP (Stable Isotope Probing), para entender qué
funcién cumplen in situ estos microorganismos.

La importancia del estudio de la diversidad, composicién taxonémica del filo Chloroflexi y la
funcion cumplen en los biorreactores, radica en poder mantener la estabilidad operacional de
estos sistemas, con una buena eficiencia de remocion de la materia orgénica y contaminantes.
El conocimiento del rol metabolico de Chloroflexi asi como de otros organismos poco
conocidos permitiria mantener las condiciones operacionales que mejoren el proceso. En
particular, como se ha demostrado que los organismos del filo Chloroflexi tienen un rol en el
desarrollo estructural de los granulos o floculos y en el problema de bulking, el conocer las
condiciones en las cuales se puede evitar el sobrecrecimiento de estas bacterias filamentosas,
podria ayudar a controlar este gran problema que causa grandes pérdidas economicas y

contaminacién ambiental.

5.2 Los organismos del filo Chloroflexi son diferentes pero tienen la
misma funcion en los diferentes tipos de reactores, ¢que puede implicar

esto?

Como lo indican diversos estudios en sistemas de tratamiento de aguas residuales, los
biorreactores con una baja diversidad microbiana tienen también una menor redundancia
funcional (Wittebolle et al. 2009). Por lo tanto, los biorreactores con una menor redundancia
funcional son mas propensos a fallas en el proceso frente a perturbaciones, como pueden ser
cambios en la carga organica, temperatura, pH, etc. Dicho de otro modo, biorreactores con
una mayor diversidad, albergan una redundancia funcional mayor, lo que le confiere una
mayor robustez al sistema. Resulta entonces imprescindible conocer qué grupos microbianos
son funcionalmente importantes para optimizar las condiciones operacionales que los
favorecen. La redundancia funcional permite la resistencia funcional de cualquier ecosistema
a las perturbaciones ambientales debido a la presencia de multiples especies que pueden
realizar la misma funcion metabolica, de tal manera que la pérdida de una especie debido a la
perturbacion sera sustituida por otra especie de la comunidad. En este sentido, mediante el
ensamblado de genomas a partir de metagenomas en los reactores aerobios, anaerobios y

anammox, recuperamos una gran diversidad de especies de la clase Anaerolineae en cada
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reactor. Al determinar su potencial metabdlico, encontramos que cumplian el mismo rol
funcional. Cada una de estas especies presento el potencial de hidrolizar distintos compuestos
complejos, metabolizarlos via glicolisis o beta-oxidacion y posteriormente fermentarlos,
produciendo distintos compuestos, entre ellos hidrégeno y acetato. Por lo tanto el rol
principal de estos organismos seria la hidrdlisis y fermentacion de materia organica
posiblemente proveniente de restos celulares. Esta funcidn de degradar la materia organica de
restos celulares explicaria porqué estan en todos los biorreactores con alta densidad celular.
En este trabajo también se observd que su participacion en el ciclo del nitrégeno fue
particularmente mas importante en los reactores anammox, este hecho también se explica con
cierta especializacion de estos organismos segun el nicho. En cada uno de los sistemas, la
desaparicion de una determinada especie de Anaerolineae podria ser sustituida
funcionalmente por otra de la misma clase. Como se discutié anteriormente, no alcanza con
saber qué estan haciendo individualmente los diferentes organismos en estos sistemas sino
cdmo interaccionan con otros microorganismos y cual es su redundancia funcional. En el
caso de que las perturbaciones no afectasen a estos microorganismos en particular, hay que
tener en cuenta que la afectacion de otras especies que estan interrelacionadas, podria afectar
indirectamente a los microorganismos de interés. Por lo tanto, sabiendo ademas como se
interrelacionan los microorganismos en el sistema, podremos saber como afectan las

perturbaciones directa o indirectamente.

5.3 La gran mayoria de los organismos del filo Chloroflexi descripto en
sistemas de tratamiento de aguas residuales tiene morfologia filamentosa,

¢ Esto tiene una importancia especial en estos sistemas?

Los reactores de granulos tienen gran aplicacion en sistemas de tratamiento de aguas
residuales. En general este tipo de reactores estd mas desarrollado para sistemas anaerobios
metanogénicos y sistemas de remocion de nitrégeno tipo anammox. La gran ventaja de estos
sistemas donde la biomasa se agrupa formando granulos es que permite retener la biomasa
dentro del reactor y mejora la interaccién entre los microorganismos. El estudio de la
estructura de los granulos en sistemas metanogénicos ha mostrado una distribucion espacial
de distintos grupos de microorganismos (Sekiguchi et al. 1999) mostrando que los
microorganismos que hibridan con la sonda de Chloroflexi estan en la superficie de los
granulos. Este hallazgo concuerda con el hecho de que son microorganismos hidroliticos y

por lo tanto deberian estar en la parte expuesta a los compuestos a hidrolizar. Por otro lado, se
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ha sugerido que pueden tener un rol importante en la formacién de granulos. Aunque el
proceso de formacion de los granulos se ha estudiado intensamente, la literatura suele ser
contradictoria sobre los mecanismos responsables (Hulshoff Pol et al. 2004b).
Probablemente, varios factores contribuyan a la granulacion y estén involucrados multiples
mecanismos (Ahn et al. 2009). Una de las hipdtesis mas interesantes es la "teoria de los
spaghetti” (Wiegant and de Man 1986) donde la formacion de granulos se explicaria por la
presencia de Archaeas metanogénicas acetoclasticas filamentosas. Posteriormente, los
organismos del filo Chloroflexi también fueron propuestos como candidato a participar en la
formacion de la matriz inicial de granulos y floculos, y en especial la clase Anaerolineae
(Sekiguchi et al. 1999; Sekiguchi et al. 2001b; Yamada and Sekiguchi 2009; Nielsen et al.
2009). Pero no solo se relaciona al filo Chloroflexi en la formacién de granulos y floculos,
sino que también con episodios de bulking en sistemas aerobios y anaerobios (Yamada and
Sekiguchi 2009; Nierychlo et al. 2019b). De hecho, Anaerolinea thermophila fue aislada de
granulos de los cuales existian proyecciones de bacterias filamentosas (Yamada and
Sekiguchi 2009). Es por esto, que la clase Anaerolineae de la cual la totalidad de sus
miembros detectados tiene morfologia filamentosa, tiene especial importancia tanto en
reactores que contienen biomasa granular como en floculos.

En resumen, de acuerdo a lo expuesto, los organismos del filo Chloroflexi tienen un rol
fundamental en la conformacién de los granulos y fléculos y en mantener su estructura.
Existe cierto equilibrio entre la proporcion de estos organismos en la comunidad y la buena
sedimentacion de la biomasa, abundancias muy bajas pueden llevar a granulos o fléculos
poco estables, y abundancias muy altas pueden llevar a problemas de sedimentacion de la
biomasa (episodios de bulking filamentoso). Como se puede regular la abundancia de estos

microorganismos es una de las preguntas que queda adn sin responder.

5.4  ¢Por qué es tan dificil aislar organismos del filo Chloroflexi?

El filo Chloroflexi es considerado uno de los filos que componen la “dark matter”, en el
sentido de que existen muy pocos organismos de este filo que han podido ser aislados en
cultivo puro (reference). Pero, ¢por qué si son tan abundantes en sistemas de tratamiento de
aguas residuales es tan dificil aislarlos?, esta pregunta aun no tiene respuesta. Una posible
explicacion es que dentro del filo Chloroflexi, todos los miembros de la clase Anaerolineae se
caracterizan por su lenta tasa de crecimiento. Los aislamientos obtenidos de muestras

provenientes de reactores anaerobios presentan tasas de duplicacion que van de las 5 horas a
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los 19 dias. Considerando ademas, que tienen un metabolismo fermentador de compuestos
organicos complejos y simples, existe una gran competencia con fermentadores de rapido
crecimiento por estos sustratos (Sekiguchi et al. 2001). Esto dificulta el enriquecimiento de
estos organismos y por lo tanto su posterior aislamiento. En sedimentos marinos, se ha
propuesto que esta propiedad de crecimiento lento presentada por una especie de la clase
Anaerolineae (Aggregatilinea lenta) podria reflejar la adaptacion de la cepa al bajo flujo de
energia/nutrientes en su habitat natural (Nakahara et al. 2019). Por otro lado, en una
comunidad compleja, las tasas de crecimiento pueden ser muy diferentes en comparacion con
las tasas de crecimiento determinadas para especies aisladas en condiciones de laboratorio,
posiblemente debido a las asociaciones cooperativas/sintroficas con otros microorganismos, o
las dificultades para identificar el apropiado medio de crecimiento (Campanaro et al. 2020).
Se han disefiado nuevas herramientas para el calculo de tiempos de duplicacion de especies a
partir de sus genomas (iREP). Esto resulta interesante ya que la obtencion de genomas
ensamblados a partir de metagenomas estd en aumento exponencial. Trabajos recientes
utilizando estas herramientas han sugerido que las tasas de duplicacién dependen de las
propiedades metabdlicas de los genomas ensamblados. Por ejemplo, los valores de iRep
calculados para genomas que codifican diferentes vias metabdlicas puso de manifiesto que
aquellos genomas implicados en la degradacion de polisacaridos tienen valores de iRep
bastante bajos (crecen mas rapido) y genomas implicados en la degradacion de celulosa o en
la fijacion del carbono tienen iIREP mas altos (crecen més lento) (Campanaro et al.2020). La
disponibilidad de valores de iRep para un gran nimero de especies, y su asociacion con los
roles funcionales de cada microorganismo puede proporcionar una estimacién de la dindmica
de crecimiento de las especies involucradas en cada paso por ejemplo de la digestion
anaerobia. A partir de estos modelos matematicos se obtiene informacién de toda la
comunidad, y el andlisis no queda limitado s6lo a aquellos organismos cultivados.

Otra hipotesis es que estos microorganismos necesitan para crecer en cultivo algun
compuesto generado por otro microorganismo o que necesitan de la presencia de otro
microorganismo para poder crecer. La sinergia de organismos del filo Chloroflexi con

archaeas metanogeénicas ha sido propuesta en varios trabajos (referencia).

187



5.5 ¢Cual es la limitacion de cada técnica y cual de las técnicas de estudio

utilizadas seria la que mas aporta?

A lo largo de este trabajo de Tesis se utilizaron diferentes técnicas de biologia molecular para
estudiar la estructura y funcién de las comunidades microbianas. Estas técnicas han ido
avanzando a lo largo del tiempo. La secuenciacion masiva de amplicones (productos de PCR)
revolucion6 la microbiologia generando datos de secuenciacion masivamente, pudiendo
analizar rapidamente la diversidad, taxonomia, abundancia y estructura de las comunidades
ante diversos escenarios y perturbaciones en el ecosistema. Determinando asi la presencia de
especies no cultivadas hasta entonces, las cuales se estima representan un 99% de las
comunidades totales. A pesar de esto, esta técnica tiene limitaciones propias de los errores
producidos por la amplificacion por PCR (Liu et al. 2020). Sumado a esto, considerando que
el gen de ARNr 16S tiene una longitud de 1500 pares de bases y que los primers estan
dirigidos a determinadas regiones que varian entre 200 y 400pb, en la mayoria de los casos
solo es posible alcanzar la clasificacion taxondmica a nivel de género. Ademas, la diversidad
detectada puede cambiar sustancialmente dependiendo de la region del gen que se
amplifique, lo cual puede sesgar los resultados, dificultando la comparacion entre estudios.
Otro aspecto no menor, es que en los casos donde se cuenta con muy poca biomasa inicial
para hacer la extraccion del ADN gendmico, la secuenciacion de amplicones puede generar
falsos positivos. A pesar de esto, es una de las técnicas mas utilizadas para contestar la
interrogante de qué microorganismos estan presentes en las muestras en determinadas
condiciones, y como responden a ciertas perturbaciones en el ecosistema.

Con la aparicion de la metagendmica, es posible secuenciar todo el ADN gendémico de la
muestra, por lo tanto se puede responder la pregunta de qué microorganismos estan presentes,
sus potenciales funciones metabdlicas, y cdmo varian ante diversos escenarios. Esta técnica
no requiere amplificacion por PCR, evitando los sesgos o errores asociados a la amplificacion
por PCR, asi como también los sesgos de diversidad relacionados a la seleccidn de una region
de un gen en particular. Ademas de esto, es posible recuperar genomas de organismos no
cultivados casi completos mediante el ensamblado de las secuencias, y asi poder determinar
qué funcidon cumple cierto microorganismo de interés. Por otro lado, gracias al ensamblado
de secuencias se puede obtener el gen de ARNr 16S de longitud completa. Por lo tanto, con
esta técnica se puede alcanzar una asignacion taxondmica a nivel de especie. A pesar de que
los costos de la secuenciacion de un metagenoma van disminuyendo paulatinamente, adin

sigue siendo una técnica costosa en comparacion con la secuenciacion de amplicones. La
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complejidad del analisis de los datos de un metagenoma, hace necesario un mayor
conocimiento bioinformatico, asi como también un mayor requerimiento de caracteristicas
informaticas (Liu et al. 2020).

La utilizacion de cada técnica estd bien definida. La secuenciacion del gen del ARNr 16S
permite un analisis rapido de la diversidad en las muestras, y el estudio de la dindmica de las
poblaciones frente a distintas condiciones, con costos relativamente bajos. La metagenémica
abarca estos aspectos, aunque es necesario contar con el conocimiento del proceso de analisis
y es mas costoso. Una de las ventajas mas importantes de la metagendmica es la posibilidad
de inferir en las potenciales funciones metabolicas de la comunidad. Por lo tanto, la eleccion

del método dependera de nuestra pregunta a responder.

5.6 Conclusiones

Mediante diversas técnicas de biologia molecular, se determind que organismos del filo
Chloroflexi forman parte del grupo central de microorganismos en todos los reactores
estudiados (reactores metanogénicos, reactores de lodos activados y anammox).

En los reactores metanogénicos se pudo comprobar que la gran mayoria pertenece a la clase
Anaerolineae, que el indculo, el tiempo de operacion del reactor y el sustrato influyen en la
diversidad de estos microorganismos.

Dentro de este grupo, predominé la clase Anaerolineae presentando una gran diversidad de
especies en cada uno de los sistemas, que fueron especificas de cada reactor.

A partir del ensamblado de genomas se obtuvieron 17 especies nuevas lo cual permite
ampliar el conocimiento filogenético y funcional de este grupo de microorganismos dificil de
aislar en cultivo puro. Mediante la anotacion funcional de los genomas, se determind que el
filo Chloroflexi cumpliria la funcién de hidrélisis y fermentacion de compuestos complejos y
simples. Probablemente teniendo un rol importante en la degradacion de restos celulares,
favoreciendo la integridad de granulos y fléculos. Por otro lado, en esta tesis se demostro que
distintas especies de la clase Anaerolineae dentro de un mismo reactor y entre reactores,
conferian a esto una redundancia funcional de gran importancia para la estabilidad de estos
sistemas. A su vez, se detectd en la mayoria de los sistemas estudiados que presentaban
morfologia filamentosa, y presentaban el potencial de tener propiedades de adhesion. Estas
propiedades les confiere un rol preponderante en la formacion de la estructura de granulos y
fléculos, y a su vez ayuda a su persistencia en los reactores. Particularmente en reactores

anammox, se determin6 que el filo Chloroflexi colaboraria con los procesos de
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desnitrificacion, DNRA 'y nitrificacion, favoreciendo la remocion de nitrogeno en estos

sistemas.

De acuerdo con los resultados de esta tesis y la bibliografia, los organismos del filo

Chloroflexi tienen un rol sumamente importante en sistemas de tratamiento de aguas

residuales y residuos sélidos, en primer lugar influyendo en la eliminacién de la materia

organica, y en segundo lugar, influyendo directamente en la estructura funcional de estos

sistemas, como son granulos y fldculos.

o.7

Perspectivas
A pesar de los avances en el tema logrados en este trabajo de Tesis, quedan aun
muchas interrogantes sin responder, a continuacion, se listan algunas ideas como para

poder seguir avanzando en el entendimiento de este grupo de microorganismos.

Ampliar los esfuerzos direccionados al aislamiento de organismos del filo Chloroflexi
en sistemas de tratamiento, para poder profundizar en el conocimiento sobre su

fisiologia y posible rol en estos sistemas

Abordar el estudio del filo Chloroflexi en sistemas de tratamiento a partir de la

metatranscriptomica para determinar qué genes expresan estos organismos in situ.

Desarrollar experimentos de reactores escala laboratorio aplicando diferentes
condiciones operacionales, por ejemplo, variacion en la carga organica, temperatura,
pH, concentracion de nitrégeno, para determinar los posibles causantes del
sobrecrecimiento de organismos del filo Chloroflexi y generar planes de control para
evitar episodios de bulking.

Generar redes de co-ocurrencia para estudiar la interaccién entre distintos
microorganismos y miembros del filo Chloroflexi. Este tipo de analisis calcula la
posible relacion entre diferentes microorganismos o taxas de acuerdo a su abundancia

a traveés de las muestras.

A partir de los estudios funcionales de organismos Chloroflexi involucrando la

operacion de reactores escala laboratorio, la metagenémica y metatranscriptomica,
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generar manuales con estrategias para el control del sobrecrecimiento de bacterias

filamentosas del filo Chloroflexi
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