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1
Resumen

1.1 Introducción general

El nitrógeno (N) es uno de los elementos más importantes para la vida en la
Tierra, muchos de los compuestos esenciales en los procesos requeridos para
la vida incluyen N como componente crítico, nucleótidos y aminoacidos son
un buen ejemplo. El 80 % de la atmósfera esta formado por nitrógeno gas (N2),
pero a causa del triple enlace, esta reserva de N no puede ser utilizada por la
mayoría de organismos en la Tierra. Este triple enlace se tiene que romper, pe-
ro es una reacción que requiere un alto nivel de energía. El proceso por el cual
se obtiene nitrógeno reactivo (Nr) al romper el triple enlace se llama fijación
del nitrógeno. Aunque la fijación del nitrógeno puede ser llevada a cabo por
procesos naturales como los relámpagos o en los sistemas de altas temperatu-
ras, como los que podemos encontrar en las chimeneas submarinas (Canfield
et al., 2006), la cantidad de Nr no es suficiente para abastecer todas las for-
mas de vida que se han ido desarrollando a lo largo de la historia de la Tierra.
La gran parte del Nr proviene de la fijación mediada por microorganismos.
Estos microorganismos han desarrollado una maquinaria metabólica especial
para poder romper el triple enlace del N2 y generar formas reducidas de N
biológicamente activas que posteriormente podrán ser asimiladas por otros
organismos.

Durante millones de años el Nr que provenía de la fijación biológica era
uno de los factores para el desarrollo limitantes en la biosfera. Esta limitación
era debida a la competición que había entre las diferentes formas de vida, y ha
acabado desarrollando la biodiversidad actual y las relaciones entre los orga-
nismos. Este escenario cambió totalmente cuando los químicos descubrieron
el papel esencial del nitrógeno para la bioquímica de la vida, y otros científi-
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cos lo identificaron como un nutriente esencial para plantas y animales (Smil,
2004). En paralelo, hubo un creciente interés sobre la demanda de comida por
la población mundial, la tasa de crecimiento de la cual sobrepasaba las tasas
de producción de alimentos. Pero este escenario cambió después de que se
revelara la fijación biológica de N. Una vez se sentaron las bases de los proce-
sos naturales para la formación de Nr, se pudo desarrollar el proceso químico
para convertir el N2 a NH3. En 1913, se inventó el proceso de Haber-Bosch, y
por primera vez en la Tierra, existió la posibilidad de disponer de suministros
ilimitados de Nr; éste fue el inicio de los fertilizantes artificiales. Existe una co-
rrelación entre el crecimiento de la población mundial y el descubrimiento del
proceso de Haber-Bosch. Pero el proceso de Haber-Bosch no fue la única fuen-
te antropogénica de Nr. Desde la revolución industrial, la energía producida
por el uso de combustibles fósiles inyectaba Nr directamente en la atmósfera.

La actividad humana ha desestabilizado totalmente el ciclo del N y por
primera vez en la historia de la Tierra, el Nr se encontraba en exceso. La tasa
de generación de Nr excedía de largo la conversión a N2 debido a los procesos
de desnitrificación y el Nr se empezó a acumular en los ecosistemas. La acu-
mulación de Nr en la naturaleza es un asunto que puede acarrear serias conse-
cuencias para los humanos y los ecosistemas; los efectos de esta acumulación
pueden ir desde la eutrofización y acidificación de los ecosistemas acuáticos y
terrestres a la pérdida de ozono en la estratosfera, entre otros muchos proble-
mas (Galloway & Cowling, 2002). De todas formas la principal preocupación
del exceso de Nr, es el conocido efecto cascada. De Gruber & Galloway (2008):

Por ejemplo, una molécula emitida de oxido nitroso puede causar en pri-
mera instancia smog fotoquímico y luego de ser oxidada en la atmósfera a
ácido nítrico y depositada en los suelos, puede conducir a la acidificación
y eutrofización de los ecosistemas

Pero la complejidad del problema aumenta cuando intentamos entender
como los cambios en el ciclo del N afectan a los demás ciclos biogeoquími-
cos, y en particular al ciclo del carbono (C), ya que ambos están directamente
relacionados. Por un lado, los factores antropogénicos están relacionados con
el constante incremento de la disponibilidad del Nr y de la concentración de
CO2 atmosférico, uno de los causantes del calentamiento global. Existe una
relación directa entre la fertilización de los campos y el CO2 consumido por la
agricultura intensiva, donde los niveles de CO2 atmosférico disminuye mien-
tras la biomasa vegetal aumenta (Schimel et al., 2001). Por otro lado, el ciclo
del nitrógeno y del Carbono están íntimamente relacionados a causa de los
procesos relacionados a la vida. Nitrógeno, carbono, fósforo y otros elementos
son utilizados para ensamblar los bloques esenciales de la vida, que acabarán
formando parte de los diferentes organismos que habitan el planeta. La unión
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entre los diferentes elementos ocurren a estequiometrías específicas que deter-
minan los vínculos entre los diferentes ciclos biogeoquímicos (Sterner & Elser,
2002).

Por ejemplo, la proporción de C/N es diferente entre organismos fotosin-
téticos marinos y terrestres, mientras que en los marinos existen pequeñas
fluctuaciones en la proporción, en los terrestres las fluctuaciones son mucho
mayor.

La cantidad de Nr en la Tierra está controlado por los procesos biológicos
de fijación y desnitrificación, pero las alteraciones en estos procesos pueden
afectar al ciclo global del Carbono y al clima, mientras tanto la proporción de
C/N en los autótrofos puede continuar inmutable.

Aún no hay un acuerdo sobre como la fijación biológica y la desnitrifica-
ción están equilibradas en los océanos (Gruber & Galloway, 2008; Codispoti,
2007) pero lo que está claro es, (i) el ciclo del nitrógeno marino es muy di-
námico, la tasa de renovación es menor de 3000 años (Gruber & Galloway,
2008); y (ii) el ciclo del fósforo marino es esencial para estabilizar el ciclo del N
marino (Deutsch et al., 2007). En cambio, los sistemas terrestres no están tan
bien estudiados, pero existe un gran transporte lateral de los suelos, donde
las fuentes de Nr, exceden a la desnitrificación, a los sistemas de agua dulce,
donde la desnitrificación prevalece. De hecho, en los sistemas terrestres, casi
la mitad de la desnitrificación sucede en los sistemas de agua dulce (Seitzinger
et al., 2006).

Los procesos de fijación y desnitrificación están principalmente mediados
por grupos específicos de microorganismos. Con todas las perturbaciones in-
troducidas en el ciclo del N por las recientes actividades humanes y los cam-
bios inducidos a escala global, el estudio y la comprensión de las comunida-
des microbianas directamente relacionadas con el ciclo del N se ha convertido
en una de las principales áreas de estudio de la ecología microbiana. Actual-
mente entender y expandir el conocimiento de los procesos implicados en la
nitrificación-desnitrificación son cruciales para mantener el equilibrio entre
los diferentes ciclos biogeoquímicos. Una de las etapas limitantes de la deni-
trificación natural es el continuo flujo de nitrato a través de la nitrificación.
En la reacción de nitrificación, el NH3 que proviene de la fijación artificial o
natural de nitrógeno y de fuentes orgánicas o atmosféricas, son convertidas
en nitrato a través de nitrito. Este nitrato podrá ser utilizada por los desnitrifi-
cadores o asimilados por los diferentes organismos. La nitrificación se realiza
en dos etapas por dos grupos de organismos autótrofos fisiologicamente dis-
tintos: los oxidantes del amonio que oxidan el NH3 a NO�

2 , y los oxidantes
del nitrito, que oxidan el NO�

2 a NO�
3 . La oxidación del amonio es la etapa li-

mitante de la nitrificación y es un proceso biogeoquímico de importancia glo-
bal en ecosistemas naturales y artificiales alrededor del planeta que tienen un
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sustancial impacto ambiental en las emisiones de gas con efecto invernadero
(básicamente óxido nitroso N2O, y oxido de nitrógeno NOx)

En suelos, la oxidación del amonio puede acarrear cuantiosas perdidas de
nitrógeno debido a la desnitrificación o a la lixiviación de nitrato; las con-
centraciones de amonio en suelos han aumentado durante los últimos años a
causa de los hábitos de uso del suelo y del incremento de las concentraciones
atmosféricas de amonio (Rockström et al., 2009), estos procesos pueden llegar
a modificar la ecología microbiana de los procesos de nitrificación (Verhamme
et al., 2011).

En los ambientes marinos, la nitrificación corresponde a cerca de la mitad
del nitrato consumido por el fitoplancton a escala global (Yool et al., 2007) y es
el responsable de las reservas de nitrito en los océanos (Karl, 2007), la reserva
más grande de nitrógeno reactivo de la biosfera (Beman et al., 2010; Leininger
et al., 2006). También en los ambientes marinos, la oxidación del amonio es un
componente importante de la mineralización del nitrógeno de origen orgánico
y para la eliminación de las entradas antropogénicas de nitrógeno en las zo-
nas costeras. En ecosistemas artificiales como los bioreactores o depuradoras,
la oxidación del amonio es uno de los procesos clave para la eliminación del
nitrógeno (Van Loosdrecht & Jetten, 1998; Mussmann et al., 2011). La nitrifica-
ción también puede ayaudar a eliminar el nitrógeno en exceso de los lagos y
prevenir su eutrofización (Hagopian & Riley, 1998).

Las oxidadoras del amonio juegan un papel importante en la conexión del
nitrógeno fijado por medios biológicos y las perdidad anaeróbicas, pudiendo
ser detectados en una gran variedad de ambientes aquaticos y terrestres (Ni-
col & Schleper, 2006; Auguet et al., 2010). Tanto las oxidadoras del amonio
bacterianas (AOB) como las arqueas (AOA) han colonizado ambientes simi-
lares en el planeta, pero con diferentes grados de éxito en términos de abun-
dancia, actividad y distribución (Verhamme et al., 2011; Prosser & Nicol, 2008;
Martens-Habbena et al., 2009; Auguet et al., 2011; Sauder et al., 2011).

La ecología molecular de la oxidación del amonio ha sido extensamente
explorada gracias a estudios de la subunidad A (o a de la aminomonooxige-
nasa (Auguet et al., 2011; Rotthauwe et al., 1997; Agogué et al., 2008; Francis
et al., 2005, 2007). Tanto los AOA como los AOB tienen el gen que codifica pa-
ra la amoA; aunque, el gen ha evolucionado de forma distinta en cada uno de
los dominios (Treusch et al., 2005).

La ammonio monooxigenasa (AMO) es la enzima clave para la conversión
del amonio a la hidroxilamina, la cual será convertida en nitrito. La AMO está
compuesta por tres subunidades,amoA, amoB y amoC y está evolutivamente
relacionada a la metano monooxigenasa (pMMO) de las bacterias oxidadoras
de metano (Holmes et al., 1995).
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Oxidación del amonio en bacterias

En un principio se pensaba que la oxidación del amonio por parte de los mi-
croorganismos estaba restringida a un grupo de unas cuantas bacterias el filo
de las Proteobacterias (g and b), las cuales bajo las condiciones del laboratorio
mostraban afinidad por concentraciones más altas de amonio que las encon-
tradas en la naturaleza (Bollmann et al., 2002).

Durante muchos años los estudios ambientales moleculares de los AOB
estaban centrados en el 16S rRNA de b asumiendo que los g no estaban pre-
sentes, ya que estos AOB sólo habían sido detectados como aislados de am-
bientes marinos. Esta aproximación estaba totalmente sesgada ya que se basa
en métodos dependientes de cultivos, pero en realidad la mayoría de micro-
organismos ambientales no crecían en cultivo puro. En el año 1993 McTavish
et al. (1993) publicó la primera secuencia génica del amoA de un cultivo de
Nitrosomonas europaea. A partir de entonces, la subunidad a del AMO fue uti-
lizada como marcador y el número de las secuencias en las bases de datos
asociadas a este gen aumentaron rapidamente.

El uso del gene del amoA en lugar del rRNA conllevó varias ventajas. Pri-
mero, los genes del amoA de las b- y g-AOBs podían ser amplificados al mismo
tiempo (Holmes et al., 1995; Mendum et al., 1999; Nold et al., 2000; Sinigalliano
et al., 1995) o por separado (Rotthauwe et al., 1997; Stephen et al., 1999). Se-
gundo, el amoA comparte un ancestro común con el gen de la subunidad a de
la metano monooxigenasa (pmoA) (Holmes et al., 1995; Nold et al., 2000).

Las AOB se pueden encontrar normalmente en ambientes ricos en nitró-
geno como bioreactores, biofilms y biofiltros. Durante muchos años los ecólo-
gos microbianos estaban asombrados por la capacidad nitrificadora de deter-
minados ecosistemas donde aparentement no se detectaban las AOB, sobreto-
do en condiciones oligotróficas (Olson, 1981).

Oxidación del amonio en arqueas

En los años 1990, como parte del censo de la diversidad bacteriana en uno
de los reactores nitrificantes para tratar el agua en un acuario de agua salada
en el the Shedd Aquarium (Chicago, Illinois), se formulo una hipótesis sobre
la posible existencia de un nuevo grupo de oxidantes del amonio (Fuhrman
et al., 1992) ya que la amplificación por PCR dirigidas a los grupos conocidos
de bacterias oxidantes del amonio fallaron en detectarlas. Unos años después,
se realizaron observaciones similares durante el estudio del procesado del ni-
trógeno de los sedimentos del Plum Island Sound (Massachusetts) (Könneke
et al., 2005). Otra vez los cebadores específicos para bacteria fallaron en ampli-
ficar las secuencias esperadas. De todas formas, esta vez el estudio se amplió a
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las secuencias del gen del 16S rRNA del clado I de las Crenarchaeota. Este clado
era abundante en los enriquecimientos de los sedimentos de estuario y en los
sistemas de filtración en el Shedd Aquarium (Könneke et al., 2005).

Estos resultados sugirieron que podía existir una relación entre el abun-
dante Grupo I de las Crenarchaeota y la oxidación del amonio. El siguiente pa-
so era obtener cultivos enriquecidos utilizando el material del acuario como
inoculante, y añadir al medio de cultivo una concentración menor de amonio
que la utilizada en los cultivos de bacterias oxidantes del amonio. Finalmente
se pudo obtener un cultivo enriquecido de una población de arqueas afiliada
al Grupo I de las Crenarchaeota y se pudo describir por primera vez un cultivo
puro de una AOA y la cepa Nitrosopumilus maritimus strain SCM1 pudo ser
descrita.

La combinación de métodos independientes de cultivo para asociar la oxi-
dación del amonio, al Grupo I de Crenarcheota y el posterior aislamiento en
cultivo, impulsó el cultivo de otras AOA de diferentes ambientes como Ni-
trososphaera viennensis aislada del suelo (Tourna et al., 2011) y Nitrosotalea de-
vanaterra aislada de un suelo con bajo pH (Lehtovirta-Morley et al., 2011). A
partir del cultivo de Nitrosopumilus maritimus y las otras AOA, la diversidad
filogenética de las arqueas oxidantes del amonio ha sido revisada varias ve-
ces mientras nuevos organismos han sido descritos (Pester et al., 2012). Ac-
tualmente, las filogenias son construidas utilizando un gran número de se-
cuencias del gen del 16S rRNA o de la subunidad a del amoA revelando nue-
vas relaciones filogenéticas como el clado Thaumarchaeota, una nueva división
dentro de Archaea donde se encuentran todas las AOA descritas hasta la fe-
cha (Brochier-Armanet et al., 2008; Pester et al., 2011; Spang et al., 2010). Una
característica común de las Thaumarchaeota cultivadas es la de crecer oxidando
el amonio. Las Thaumarchaeota al ser un grupo muy divergente dentro de las
arqueas, están generando nuevas preguntas sobre el origen de las arqueas y
sobre la oxidación del amonio, ya que los clados más ancestrales de Archaea
están dominados por fisiologías anaeróbicas.

La distribución ambiental de las AOA es extremadamente diversa sobrepa-
sando a la observada en las bacterias. La abundancia y los patrones de diversi-
dad han sido obtenidos básicamente a partir de la secuenciación y la cuantifi-
cación del gen que codifica para el presunto gen del amoA (Francis et al., 2005;
Beman et al., 2008). La subunidad A de la amonia monooxigenasa normalmen-
te se encuentra bien correlacionada con la abundancia de crenarcheol (Damsté
et al., 2002; Könneke et al., 2005; Leininger et al., 2006). Los resultados de Leh-
tovirta et al. (2009); Ochsenreiter et al. (2003) y Leininger et al. (2006) sugieren
que las AOA parecen ser el clado dominante en suelos, abarcando hasta el 1-
5 % de los procariotas y siendo el grupo marino dominante representando el
20-40 % del bacterioplancton marino (Karner et al., 2001; Church et al., 2003).
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Las AOA también parecen ser la población más abundante de oxidantes de
amonio en hábitats geotermales (de la Torre et al., 2008; Zhang et al., 2008;
Reigstad et al., 2008). Las AOA cultivadas pueden llegar a crecer a tempe-
raturas hasta 74ºC (Nitrosocaldus yellowstonii ). El amplio abanico de hábitats
en el que encontramos las AOA es reflejado en la tremenda diversidad filo-
genética definida por los diferentes tipos definidos por el gen del 16S rRNA
reconocidos por tener afiliado oxidantes del amonio y por la correspondiente
diversidad de las secuencias de amoA de arqueas.

Diferencias entre las AOB y las AOA: dos estrategias
diferentes para la oxidación del amonio

Martens-Habbena & Stahl (2011) compararón la estequiometría de la oxida-
ción del amonio entre N. maritimus y las AOB utilizando microespirmetría
para medir el consumo de oxígeno y de amonio relativo al nitrito, y concluyó
que la estequiometría global en AOA es indistinguible de la de las AOB:

1NH3 + 1,5O2 ) 1NO�
2 + H2O + H+

En Bacteria, la amonio monooxigenasa es la enzima clave responsable para
la conversión del amonio a hidroxilamina, la cual es convertida a nitrito por la
hidroxilamina oxidoreductasa; pero el análisis genómico del Thaumarchaeota
marinio Candidatus Nitrosopumilus maritimus SCM1, ha revelado la existencia
de un sistema para la oxidación del amonio diferente de la utilizada por las
AOB. En consecuencia, dos hipótesis fueron propuestas para explicar la fal-
ta del homólogo para el complejo de la hidroxilamina oxidasa y la capacidad
para la síntesis de los citocromos tipo-c. Una hipótesis asume que el proceso
puede estar conducido por una de las oxidasas multicobre periplásmicas; y la
otra sugiere el uso del nytroxyl como intermediario en lugar de la hidroxila-
mina (Walker et al., 2010).

Además, sólo dos pequeñas proteínas similares a la plastocianina están
compartidas por todas las AOA como resultado de análisis de genómica com-
parada (Stahl & de la Torre, 2012). En la hipótesis del nytroxyl, estas proteínas
que contienen cobre podrían participar en la transferencia de electrones desde
el nytroxyl a la cadena de transporte electrónica ligada a membrana. Aunque
la vía de las arqueas para la oxidación del amonio no se ha podido resolver
por genómica comparada, estudios recientes utilizando microelectrodos sen-
sibles al óxido nítrico (NO) indican que el NO podría estar implicado en el
proceso bioquímico (Stahl & de la Torre, 2012). Cantidades apreciables de NO
son producidas durante la oxidación del amonio. Esto ha llevado a hipotetizar
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que el NO podría ser un intermediario o funcionar como lanzadera redox, por
ejemplo, entregando electrones a la AMO.

A diferencia de lo que sucede en las AOA, en las AOB, toman los electrones
requeridos por la monooxigenasa del acervo de quinonas. Si en las AOA la
formación de nytroxyl como primer producto de la oxidación del amonio o la
utilización del NO con lanzadera redox para la formación de hidroxilamina,
eliminaría el préstamo directo del acervo de quinonas, ya sea, obviando la
necesidad de un agente reductor a través de la formación de nytroxyl or por
el préstamo de electrones de un donador con un potencial electrónico menor
en la reducción de nitrito a NO.

Como la formación de hidroxilamina como producto intermediario de la
AMO aún no ha sido demostrada, la vía de las arqueas para la oxidación del
amonio aún se considera no resuelta.

Ecología filogenética de los nitrificantes microbianos

Las diferencias ecológicas y fisiológicas y las similitudes entre las AOA y las
AOB son el escenario perfecto para aplicar métodos de filogenia comparativa
para analizar la estructura de comunidades y los patrones de diversificación
utilizando la secuencia génica el amoA.

Desde el desarrollo del contraste filogenético independiente (PIC) (Fel-
senstein, 1985; Ackerly, 2009) se ha sucedido una revolución el campo de la
ecología de comunidades (Webb et al., 2002). Ecología y evolución están ínti-
mamente asociadas y algunas metodologías han sido desarrolladas para ana-
lizar las constricciones observadas en la naturaleza. Actualmente, los ecólogos
de comunidades pueden evaluar donde la mayor parte de la diversidad bioló-
gica se acumula (Faith, 1992) y como esta diversidad está estructurada (Webb,
2000; Helmus et al., 2007); o como la b-diversidad filogenética está distribui-
da a lo largo de los gradientes ambientales (Lozupone & Knight, 2005; Bryant
et al., 2008; Ives & Helmus, 2010).

La combinación de la información filogenética con las medidas tradicio-
nales de la ecología como la la riqueza específica, han derivado en medidas
mucho más completas como la Diversidad Filogenética (PD) (Faith, 1992). La
PD mide la diversidad de los linajes como la suma de la longitud de las ra-
mas de los miembros en una comunidad, añadiendo a la riqueza específica
la historia evolutiva. Un valor mayor de PD indica que las especies en una
comunidad están menos relacionadas en términos filogenéticos. Métricas co-
mo la distancia media por parejas (MPD), que miden la media de la distan-
cia filogenética entre todos los miembros de cada comunidad, o la distancia
media al taxón más cercano (MNTD) que calcula la distancia media que sepa-
ra cada miembro de su pariente más cercano (Webb, 2000; Webb et al., 2002)
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son útiles para examinar los motores ecológicos y evolutivos del ensamblaje
de la comunidad. Por otro lado, el índice de variabilidad de especies (PSV)
cuantifica como la relación filogenética decrece la diferencia de una hipotéti-
ca característica neutra compartida por todos los miembros de la comunidad.
Cuando el valor es 1, todas las especies no están relacionadas, mientras que
cuanto más se aproxima a 0 las especies se encuentran más relacionadas (Hel-
mus et al., 2007). Medidas de b-diversidad o similitud de comunidades son
definidas como la fracción de la longitud de la ramas compartida por dos co-
munidades (Lozupone & Knight, 2005; Bryant et al., 2008). La b-diversidad ta-
xonómica y la b-diversidad filogenética será la misma si en dos comunidades
todas las especies están igualmente relacionadas, por ejemplo, en un filogenia
estrellada.

Las filogenias derivadas de datos moleculares proporcionan un registro
indirecto de los episodios de especiación que llevaron a cabo las especies ex-
tintas, reflejando el tempo y el modo de los procesos microevolutivos y ma-
croevolutivos relacionados a la diversificación (Mooers & Heard, 1997). La
ecología de comunidades en combinación con las filogenias nos ofrece la posi-
bilidad de afrontar preguntas ecológicas en un contexto evolutivo. Por último,
los episodios de diversificación observados en las filogenias del amoA reflejan
la adaptación a diferentes ambientes basados en cambios y adaptaciones a ni-
vel molecular.

Firmas de evolución molecular en las AOA

La habilidad de las AOA a adaptarse una multitud de condiciones ambienta-
les diferentes, convierten al amoA en un objetivo muy conveniente para ana-
lizar la firmas de evolución adaptativa de proteínas. Desde que la teoría neu-
tra de la evolución molecular fue propuesta en 1960 (Freese & Yoshida, 1965;
Kimura, 1968) (más tarde se formuló la teoría casi neutra (Ohta, 1992)) ha
generado una gran controversia para establecer en si la selección natural mo-
dela los patrones de variación. Tras más de 40 años, todavía existe un intenso
debate entre los neutralistas y los seleccionistas. Este debate va más allá del
objetivo de esta tesis doctoral, pero como breve introducción para el lector,
desde el 1960 coexisten dos modelos en como la evolución molecular se lleva
a cabo; uno dominado por la deriva genética de la mutaciones neutras (neu-
tralistas) y el otro enfatiza que la selección natural de mutaciones ventajosas
es la fuerza más importante (seleccionistas). Después de todo parece razona-
ble concluir que tanto la selección natural como la deriva genética determinan
el destino de las mutaciones.

A lo largo de esta tesis doctoral, los diferentes tipos de selección son defi-
nidos de la misma forma utilizada en la literatura sobre evolución molecular
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para evitar confusiones. Definimos selección negativa o purificadora, a cual-
quier tipo de selección donde las mutaciones son seleccionadas en contra; y la
selección positiva es cualquier tipo de selección donde las nuevas mutaciones
son ventajosas. La selección diversificadora es un tipo de selección positiva
que incrementa la variabilidad y es el mecanismo clave para la divergencia de
las especies; identificar las proteínas o los lugares que experimentan selección
diversificadora puede de ser de ayuda para entender la función del gen.

Para entender la presión selectiva que ha modelado la variación genéti-
ca, se utilizan las secuencias codificantes para proteínas y se evalúan las tasas
relativas de substituciones sinónimas o no-sinónimas (Nei & Gojobori, 1986;
Miyata & Yasunaga, 1980; Li et al., 1985a). Una aproximación común a este
problema es estimar las tasas de substituciones no-sinónimas (dN o b) y sinó-
nimas (dS or a).

Las mutaciones no-sinónimas pueden afectar la función de la proteína e
influenciar eficacia de un organismo; mientras las mutaciones sinónimas no
afectan a la secuencia de aminoácidos. Bajo el efecto de la selección negativa o
purificadora, las substituciones no-sinónimas menos aptas se acumulan más
despacio que la substituciones sinónimas; mientras que bajo los efectos de la
selección positiva o diversificadora sucede lo contrario. Por lo tanto, la com-
paración de las tasas relativas de substituciones sinónimas o no-sinónimas es
un concepto importante en el análisis de las secuencias codificadoras para po-
der proporcionar información sobre el tipo de selección que ha actuado en un
conjunto de secuencias proteicas. La proporción w = dN/dS (también conoci-
da como b/a o Ka/Ks) se ha convertido en un estándar para medir la presión
selectiva; cuando la w ⇡ 1 significa evolución neutra, w < 1 es selección ne-
gativa y w > 1 selección positiva.

Las estimas de dN significativamente diferentes de las de dS proporcionan
evidencias de evolución no neutra. Una ventaja de esta aproximación es que
se evita realizar suposiciones sobre la historia demográfica de las poblaciones,
a diferencia de otros tests de neutralidad (Tajima, 1989, 1996; Fu & Li, 1993a,b;
Deng & Fu, 1996; Fu, 1997; Misawa & Tajima, 1997; Fay & Wu, 2000), que com-
paran estimas del tamaño de la población efectiva (Ne) obtenidas de diferentes
medidas de variación genética. La genética de poblaciones en bacterias (Joyce
et al., 2002; Mes, 2008) todavía es una área de investigación por desarrollar.
Aunque la Ne de los oxidantes del amonio puede estar en un rango similar a
la de 109 estimada para E. coli (Nei & Graur, 1984) tenemos que tener cuidado
de tener suficiente diversidad genética si queremos utilizar los métodos para
estimar dN/dS.

Los estudios iniciales de la selección selectiva recaían en la proporción
media dN/dS para la región de interés en la secuencia al nivel de DNA,
ya fuese utilizando métodos basados en distancias (Li et al., 1985a; Nei &
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Gojobori, 1986; Li, 1993; Pamilo & Bianchi, 1993; Comeron, 1995; Yang &
Nielsen, 2000) o métodos basados en máxima verosimilitud (Goldman &
Yang, 1994; Muse & Gaut, 1994). En algunos casos, estaremos más interesados
en analizar las presiones selectivas restringidas a un numero pequeño de
sitios (codones) de la secuencias. Para detectar las presiones selectivas en
sitios específicos podemos utilizar métodos de recuento, modelos de efectos de
probabilidad aleatoria (REL) o modelos de efectos de probabilidad fija (FEL). Una
buena revisión sobre estos métodos se puede encontrar en Pond & Frost (2005)

Cuando buscamos firmas de evolución molecular en poblaciones micro-
bianas, hay que tener en cuenta dos consideraciones importantes. Primero, la
proporción dN/dS es inapropiado cuando comparamos cepas muy distantes
(dS saturada con múltiples substituciones), o cepas muy próximas, en las cua-
les dN/dS es inflada por polimorfismos no-sinónimos segregadores (Rocha
et al., 2006; Kryazhimskiy & Plotkin, 2008). Y segundo, la discordancia filogé-
netica causada por la recombinación afecta a los métodos de máxima verosi-
militud para cuantificar la presión selectiva en los alineamientos de codones,
pudiendo producir falsos positivos.

Las presiones selectivas tienen una gran influencia en la adaptación y pue-
den explicar parte de la diversidad genética y ecológica observada. Pero, tam-
bién hay que tener en cuenta el repertorio génico del organismo para poder
entender estos patrones. Aunque actualmente es fácil y barato secuenciar un
genoma microbiano para realizar análisis comparativos, todavía hay el pro-
blema de obtener un cultivo puro. Por suerte, con el advenimiento de la me-
tagenómica se ha podido solucionar en parte el problema pudiendo realizar
análisis independientes a los genomas.

El uso de la metagenómica para la exploración de la
oxidación del amonio en arqueas

Cada estudio metagenómico puede ser dividido en dos fases diferentes. Pri-
mero, un estudio del gen en el ambiente y la secuenciación aleatorio de todos
los genes a la vez. El advenimiento de la secuenciación de nueva generación
(NGS) ha permitido una revolución en la secuenciación y el análisis de meta-
genomas. El aumento del rendimiento y la reducción del coste de la secuen-
ciación, unido a los avances tecnológicos han transformado el panorama de
la metagenómica (Scholz et al., 2012). Y segundo, los análisis bioinformáticos
para anotar los genes y determinar su relación con el ambiente. Con la ano-
tación se puede derivar el estado metabólico de la comunidad examinando el
potencial de proteínas para producir o consumir metabolitos.
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Uno de los primeros estudios que han liberado las secuencias al público
fue la expedición Global Ocean Sampling (GOS). Venter y colegas hicieron un
muestreo desde el Atlántico noroeste a al Pacífico orienta tropical, producien-
do 6.3 mil millones de pares de bases a partir de 7.7 millones de reads (Rusch
et al., 2007). Un estudio metagenómico nos permite cubrir una extensión más
amplia en las escalas de variación espacial y temporal de las comunidades
microbianas marinas, por ejemplo, un muestra de GOS representa aproxima-
damente a un periodo de una semana en la escala temporal y en la escala geo-
espacial, a unos cuantos kilómetros en horizontal y a unos cuantos metros de
profundidad (Fuhrman, 2009). Y lo más importante, la liberación pública de
los datos ha permitido el desarrollo de múltiples aproximaciones bioinformá-
ticas por parte de otros investigadores.

Con la cantidad de datos que se generan en los estudios metagenómicos
se pueden realizar aproximaciones holísticas para el estudio de los ecosiste-
mas marinos (Karl, 2007). Recientemente, aproximaciones basadas en la teoría
de redes (Jiang et al., 2012; Faust & Raes, 2012) se han empezado a utilizar
para extraer información valiosa a partir del estudio de los patrones de co-
ocurrencia de los genes del rRNA o de los dominios proteicos involucrados
en los procesos biológicos. La combinación de la metagenómica y las apro-
ximaciones basadas en la teoría de redes ofrecen un nueva perspectiva para
descubrir las piezas que faltan en los procesos biológicos como en la oxidación
del amonio realizada por las AOA. En esta tesis doctoral hemos desarrollado
y aplicado una aproximación basado en Modelos Gráficos Gaussianos para
explorar las asociaciones funcionales de los genes y abordar uno de los princi-
pales desafíos de la metagenómica, la exploración de la fracción desconocida
del universo proteico de los metagenomas.



Estructura, objetivos y resultados 15

1.2 Estructura, objetivos y resultados

El objetivo principal de esta tesis es explorar la ecología y la evolución de los
microorganismos nitrificantes. La oxidación del amonio es una de las piezas
clave del ciclo del nitrógeno. Tanto las bacterias como las arqueas oxidadoras
del amonio se pueden encontrar coexistiendo a lo largo de diferentes ambien-
tes. Pero cuando la primera arquea oxidadora del amonio fue aislada, se puso
en relevancia la importancia de estas en comparación con las bacterias en los
ciclos biogeoquímicos globales. Desde entonces hemos sido inundados por
una avalancha de secuencias génicas de estas arqueas, mostrando una gran
capacidad de diversificación y adaptación a ambientes diferentes.

Al no disponer de suficientes datos para realizar una aproximación holis-
tica utilizando genómica de poblaciones y de ecología inversa para poder dis-
cernir los mecanismos ecológicos y evolutivos relacionados con la adaptación;
nos hemos centrado en estudiar la secuencia del amoA. La amonio monooxi-
genasa es la enzima responsable de la oxidación del amonio, para su estudio
hemos aplicado una combinación de técnicas de ecología de comunidades y
de evolución molecular con el objetivo de entender los mecanismos de los pa-
trones de diversificación observados.

Por otra banda, otro de los misterios asociados a la oxidación del amonio
por parte de las arqueas, es su inusual bioquímica para realizar la oxidación
del amonio. En arqueas faltan todos los elementos necesarios para llevar a ca-
bo la oxidación del amonio a excepción del AMO. Para poder aportar algo de
luz a este misterio hemos desarrollado un potente método basado en mode-
los gráficos para capturar todas las asociaciones funcionales presentes en los
metagenomas basado en sus co-ocurrencias ecológicas.

Los objetivos detallados y la estructura de esta tesis están detallados a con-
tinuación:

Capítulo 4: Filogenias de comunidad de las oxidadoras microbianas del amo-
nio

Los microorganismos que median la oxidación del amonio desempeñan un
papel fundamental en la conexión entre la fijación biológica de nitrógeno y
las pérdidas anaeróbicas de nitrógeno. Las bacterias y arqueas oxidantes del
amonio (AOB y AOA, respectivamente) han colonizado ambientes similares
alrededor del mundo. La oxidación del amonio es la etapa limitante en la ni-
trificación, y la amonio monooxigenasa (AMO) es la enzima clave para este
proceso. La ecología molecular de la oxidación del amonio ha sido amplia-
mente explorada mediante estudios de la subunidad A del gen AMO (amoA).
En este estudio, hemos explorado la ecología de comunidades de las AOB y
las AOA, analizando 5776 secuencias génicas del amoA aisladas de más de 300
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lugares diferentes, y clasificando los hábitats utilizando ontologías ambienta-
les. En resumen, la riqueza filogenética es mayor en AOA que en AOB, y los
sedimentos contienen la mayor riqueza filogenética mientras que el plancton
marino la más baja. También se ha observado que los oxidantes del amonio
de agua dulce son filogenéticamente más ricos que sus homólogos marinos.
Las comunidades de AOA son más diferentes entre sí que las de AOB y se
observan linajes monofiléticos para los sedimentos, suelos y plancton mari-
nos para AOA pero no para AOB. Los patrones de diversificación muestran
una cladogénesis más constante a través del tiempo para las AOB mientras
que en AOA se suceden dos eventos de diversificación rápidos separados por
un largo episodio de no diversificación. Los índices de diversificación (g es-
tadístico) para la mayoría de los hábitats indican un gAOA >gAOB. Los suelos
y sedimentos experimentan estallidos de diversificación tempranos mientras
que los hábitats generalmente eutróficos y ricos en amonio, como las aguas
residuales y lodos, muestran una aceleración en las tasas de diversificación
en el presente. En general, este trabajo muestra por primera vez una visión
global de la estructura de la filogenia de comunidades de los dos grupos de
oxidadoras del amonio (AOA y AOB), siguiendo los más estrictos estándares
para su análisis. y proporciona un punto de vista ecológico en los caminos di-
ferenciales evolutivos experimentados por la generalización de oxidantes de
amoníaco microorganismos. La imagen que se obtiene de la distribución AOB
y AOA en los diferentes hábitats proporciona un nuevo punto de vista para
comprender la ecofisiología de los oxidantes del amonio en la Tierra.

Capítulo 5: Patrones evolutivos de las arqueas oxidadoras de amonio

La amoA es uno de los genes clave implicados en la oxidación del amonio y
presenta una distribución muy diversa y abundante en los diferentes ambien-
tes del planeta. En el siguiente estudio, analizamos los procesos evolutivos
moleculares implicados en la alta capacidad diversificadora de este gen; aun-
que el gen de la amoA se encuentra bajo los efectos de la selección purificadora,
hemos encontrado evidencias de selección episódica diversificadora en codo-
nes individuales así como en linajes. Hemos observado eventos de selección
postiva diversificadora seguido de periodos de conservación (selección homo-
geneizante) como un mecanismo para la generación y mantenimiento de un
seed bank evolutivo del gen del amoA como un mecanismo para la radiación
adaptativa en los diferentes hábitats.
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Capítulo 6: Análisis de la distribución de AOA por marcaje en ambientes ma-
rinos

Los Polimorfismos de longitud de fragmentos de restricción (T-RFLP) es una
técnica utilizada para analizar comunidades microbianas complejas. Permite
la cuantificación de los filotipos más abundantes y se ha utilizado principal-
mente para comparar diferentes comunidades. T-RFPred ha sido desarrollado
para identificar y asignar información taxonómica a los picos de los croma-
togramos obtenidos en los T-RFLP, para poder realizar una descripción más
intensiva de las comunidad microbianas. El programa estima el tamaño espe-
rado de los 16S rRNA representativos para un determinado cebador y enzima
de restricción y proporciona una asignación taxonómica.

Capítulo 7: Una visión ecológica y evolutiva a la distribución espacial de los
Thaumarchaeota marinos

Los Thaumarchaeota marinos son unos contribuyentes importantes en las pri-
meras etapas de la nitrificación en los oceanos y además tienen un importante
papel en les ciclos biogequímicos marinos. Estos Thaumarchaeota marinos pre-
sentan dos grupos diferentes correspondientes a un ecotipo de superficie (sha-
llow) y otro de aguas profundas (deep). Esta partición observada se cree que
es originada por adapataciones relacionadas con procesos de fotoinhibición-
resistencia y adaptación a la presión hidrostática. En el siguiente trabajo ana-
lizamos los diferentes ecotipos para determinar las presiones selectivas que
han actuado sobre el gen del amoA. Hemos encontrado al codon {89} como un
potencial componente clave en las adaptaciones a la luz. Por otro lado, hemos
encontrado evidencias que el gen del amoA se encuentra bajo intensa selección
a nivel molecular para adaptarse a las condiciones de las profundidades mari-
nas. Por último, hemos encontrado que el linaje donde donde diversifican los
dos ecotipos están sujeto a selección episódica diversificadora; posiblemente
como resultado de la rápida diversificación y radiación adaptativa que este
grupo ha experimentado en la columna de agua marina.

Capítulo 8: Análisis de redes para la exploración de la oxidación del amonio
en metagenomas marinos

El análisis del genoma de Candidatus Nitrosopumilus maritimus SCM1, un
Thaumarchaeota marino, ha revelado la existencia de un sistema diferente para
la oxidación del amonio del descrito para bacterias. Actualmente se barajan
dos hipótesis para explicar la falta del homólogo para la hydroxilamina oxida-
sa encontrado en bacterias. Unos sugieren que el nytroxyl puede ser utilizado
como intermediario en lugar de la hidroxilamina; y otros que el proceso
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puede ser mediado por oxidasas presentes en el espacio periplásmico. En el
siguiente trabajo hemos aplicado Modelos Gráficos Gaussianos para analizar
la oxidación del amonio en arqueas. Hemos combinado el conocimiento de las
familias de proteínas conocidas con la fracción proteica desconocida para en-
contrar asociaciones en términos de función y estructura. Hemos sido capaces
de determinar estas asociaciones a los genes de Nitrosopumilus y generar una
serie de candidatos que podrían estar implicados en la oxidación del amonio.

1.3 Conclusiones

Las conclusiones generales de esta tesis son las siguientes:

• AOA y AOB presentan estructuras de comunidad muy diferentes en tér-
minos de riqueza filogenética y b-diversidad.

• Los patrones de diversificación muestran una cladogénesis más cons-
tante en el tiempo para las AOB mientras que las AOA han sufrido dos
eventos de diversificación separados por un largo estado de estasis. La
tasa de diversificación (estadístico g) para la mayoría de hábitats indican
que gAOA >gAOB

• La combinación de métodos evolutivos basados en codones y los de filo-
genias de comunidades resultan una herramienta valiosa para entender
los procesos de diversificación de los genes marcadores ambientales

• El gen de la amoA muestra evidencias de selección purificadora debi-
do a sus restricciones funcionales. Aunque, hay evidencias de selección
episódica diversificadora tanto para codones individuales como para li-
najes.

• Los patrones de diversificación de la amoA muestran evidencias de la
generación y mantenimiento de un seed bank evolutivo que dirige la ra-
diación adaptativa en los diferentes grupos filogenéticos.

• El gen de la amoA en los océanos muestra patrones de selección episó-
dica diversificadora para las diferentes condiciones ambientales de los
ecotipos shallow y deep. La amoA de la OMZ se encuentra sujeto a fuertes
constricciones funcionales.

• Un enfoque pionero combinando familias de desconocidos con Modelos
Gráficos Gaussianos para analizar las asociaciones funcionales en los
metagenomas es un herramienta valiosa para realizar predicciones fun-
cionales.



Informe del director

El Dr. Emilio Ortega Casamayor, Investigador Científico del Centro de Estu-
dios Avanzados de Blanes (CEAB) perteneciente al Consejo Superior de In-
vestigaciones Científicas (CSIC), en calidad de Director de la tesis doctoral
Aproximación Genética a la Ecología y Evolución de Microorganismos Nitrificantes
presentada por Antoni Fernàndez Guerra para optar al título de Doctor dentro
del programa de doctorado de Genética de la Universidad de Barcelona, hace
constar que la participación del aspirante a doctor en cada uno de los artículos
presentados en esta memoria es la que se detalla en los párrafos siguientes. Así
mismo constata que esta tesis está formada por 2 artículos científicos del SCI
ya publicados y 3 que se encuentran en fase de publicación. En todos ellos, el
candidato a doctor es primer firmante de los trabajos y en ningún caso el resto
de coautores ha utilizado, implícitamente o explícitamente, datos o resultados
de estos trabajos para la elaboración de ninguna otra tesis doctoral.

• Artículo I
Fernàndez-Guerra A, EO Casamayor (2012) Habitat-Associated Phylo-
genetic Community Patterns of Microbial Ammonia Oxidizers. Plos One
7 (10): e47330.

Indicadores bibliométricos. IF (2011): 4.092; Cuartil: Q1; Categoria: BIO-
LOGY (posición 12 de 85). El candidato a doctor lideró desde el primer
momento el diseño experimental, la aplicación de metodologías y la re-
dacción del primer borrador del manuscrito, siendo primer autor del
trabajo. En sus dos primeros meses, el trabajo ha sobrepasado las 600
visitas y las 150 descargas del pdf.

• Artículo II
Fernàndez-Guerra A, EO Casamayor (manuscrito en preparación) Evo-
lutionary patterns in archaeal ammonia oxidizers.

El candidato a doctor lideró desde el primer momento el diseño experi-
mental, la aplicación de metodologías y la redacción del primer borrador
del manuscrito, siendo primer autor del trabajo.

• Artículo III
Fernàndez-Guerra A, Buchan A, Mou X, EO Casamayor, González, JM



20 Resumen

(2010) T-RFPred: a nucleotide sequence size prediction tool for microbial
community description based on terminal-restriction fragment length
polymorphism chromatograms BMC Microbiology 10:262-269.

Indicadores bibliométricos. IF (2011): 3.044; Cuartil: Q2; Categoria: MI-
CROBIOLOGY (posición 43 de 114). El candidato a doctor participó en
el diseño experimental, y llevó a cabo la obtención de los datos, la apli-
cación de metodologías de análisis filogenético y la redacción del primer
borrador del manuscrito. El método ha sido aplicado satisfactoriamente
para el estudio de la distribución de archaea oxidadoras de amonio en
ambientes marinos.

• Artículo IV
Fernàndez-Guerra A, EO Casamayor (manuscrito en preparación) An
evolutionary perspective on the phylogenetic partitioning in marine
ammonia-oxidizing Thaumarchaeota.

El candidato a doctor lideró desde el primer momento el diseño experi-
mental, la aplicación de metodologías y la redacción del primer borrador
del manuscrito, siendo primer autor del trabajo.

• Artículo V
Fernàndez-Guerra, A, A Barberán, R Kottmann, FO Glöckner, EO Ca-
samayor (manuscrito en preparación) A network approach to explore
the archaeal ammonia oxidation in oceans trough metagenomics.

El candidato a doctor lideró desde el primer momento el diseño experi-
mental, la aplicación de metodologías y la redacción del primer borrador
del manuscrito, siendo primer autor del trabajo.

El director de la tesis
Dr. Emilio Ortega Casamayor

Inv. CEAB-CSIC



Ecology and Evolution of
Microbial Nitrifiers





2
General Introduction

Nitrogen (N) is one of the most important elements for life in Earth, many of
the key compounds in biochemical processes required for live include N as a
critical component, nucleotides or aminoacids are good examples. Nitrogen
gas (N2) comprises around the 80% atmosphere, but due the triple bond of
this gas such N reservoir is not biologically available for most organisms on
Earth. The triple bond has to be broken, but this is a very energy-demand
reaction. Nitrogen fixation is the process of breaking the triple bond to ob-
tain reactive nitrogen (Nr) . Although N fixation can be carried out by natural
processes like lightning or in high-temperature circulation systems (Canfield
et al., 2006), the amount produced is not enough to supply the necessary Nr
for life developed along the Earth’s history. Most of the Nr proceed from the
fixation mediated by certain microorganisms that have developed an special
metabolic machinery to break the triple-bonded N2 and generate biologically
active reduced forms of nitrogen that later could be assimilated by other or-
ganisms.

For millions of years Nr was originated by microbial nitrogen fixation pro-
cesses being the availability of Nr in the biosphere a key growth limiting fac-
tor. Such limitation derived in a competition between the different life forms
shaping the actual biodiversity and the internal relationships among its mem-
bers. This scenario totally changed after chemists discovered the essential role
of nitrogen in life biochemistry, and other scientists identified it as an essential
nutrient for plants and animals (Smil, 2004). In parallel, there were an increase
concern about the growing food demand by the human population, being the
estimated growth rate exceeding the known sources by far. This limitation sce-
nario changed after the biological fixation of N was unveiled. Once the basis
for the natural process of Nr were settled, the invention of the chemical pro-
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cess to convert atmospheric N2 to NH3 was the next step. In 1913 the Haber-
Bosch process was invented, and for the first time in the history of Earth, there
was the possibility to have unlimited supplies of Nr; was the beginning of ar-
tificial fertilizers. There is a direct correlation with the population growth and
the discovery of the Haber-Bosch process as seen in Figure 2.1. But the Haber-
Bosch process wasn’t the only anthropogenic source of Nr. Since the industrial
revolution, energy production from fossil fuel combustion directly injects Nr
into the atmosphere.

Figure 2.1: Global population trends (Y scale) with key dates for the discovery of N as an element
in the periodic table and its role in various biogeochemical processes. The estimated annual
production of Nr by the Haber-Bosch process is also shown (Y2 scale). Figure from Galloway &
Cowling (2002)

Human activity has totally unbalanced the N cycle and for the first time
in Earth’s history Nr is in excess. The rate of Nr generation excedes the con-
version back to N2 by denitrification processes and Nr accumulates in the en-
vironment. The accumulation of Nr in nature is a serious issue with nega-
tive consequences to humans and ecosystems, ranging from to eutrophication
and acidification of terrestrial and aquatic systems to the loss of stratospheric
ozone, among others (Galloway & Cowling, 2002). However, the main con-
cern on the excess of Nr is what is known by nitrogen cascade.From Gruber &
Galloway (2008):

"For example, an emitted molecule of nitrogen oxide can first cause pho-
tochemical smog and then, after it has been oxidized in the atmosphere to
nitric acid and deposited on the ground, can lead to ecosystem acidifica-
tion and eutrophication."

But the complexity of the problem increases when we try to understand
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how this change in the nitrogen cycle affects to the other biogeochemical cy-
cles (Figure 2.2), and particular with the carbon cycle, as they are directly
linked. On the one hand, anthropogenic factors are related with the constant
increase of the availability of Nr and the CO2 atmospheric concentration, one
of the key players of global warming. There is a direct relationship between ar-
tificial fertilization of soils and CO2 uptake from intensive agriculture crops,
lowering the levels of atmospheric CO2 and increasing the vegetal biomass
(Schimel et al., 2001). And on the other hand, the nitrogen and carbon cycle
are tightly related as a result of the life processes. Nitrogen, carbon, phos-
phorous and other elements are used for building the basic blocks of life that
will result on the myriad of life forms that inhabits the Earth planet. The cou-
pling between the different elements occurs at specific stoichiometries that
determines the linking of the different biogeochemical cycles (Sterner & Elser,
2002). For instance, the C/N ratio is different in marine or terrestrial photo-
synthetic organisms, while in the marines there is a small fluctuation in the
ratio, in the terrestrials, the variation is higher.

The amount of Nr on Earth is controlled by the biological fixation and deni-
trification processes, but as shown in Figure 2.2, alterations to those processes
can affect to the global carbon cycle and climate, meanwhile the C/N ratio
of autotrophs remains immutable. Figure 2.2 shows the differences in the N
cycle and the interaction with the other biogeochemichal cycle between terres-
trial and marine habitats. Terrestrial ecosystems are more affected by anthro-
pogenic perturbations while in marine ecosystems this effect is negligible.

There is not a full agreement about how biological fixation and denitri-
fication are balanced in oceans (Gruber & Galloway, 2008; Codispoti, 2007)
but it is well established both that the marine nitrogen cycle is very dynamic,
the Nr turn over is less than 3,000 years (Gruber & Galloway, 2008); and the
marine phosphorous cycle is the keystone for stabilizing the marine nitrogen
cycle (Deutsch et al., 2007). Terrestrial systems are not so well studied, but
there is a strong lateral transport from land, where the sources of Nr exceeds
the denitrification, into freshwater systems, where denitrification prevails. In
fact, in terrestrial systems, nearly half of the denitrification occurs in freshwa-
ter systems (Seitzinger et al., 2006).

The processes of fixation and desnitrification are mainly driven by specific
groups of microorganisms. With all the perturbations introduced in the global
N cycle by recent human activities and the changes induced at the global scale,
the study and understanding of microbial communities directly linked to the
N cycling has became a hot topic in microbial ecology. Nowadays under-
standing and expanding the knowledge on the microbial processes implicated
in nitrification-denitrification are crucial in terms of maintaining the balance
between biogeochemical cycles. One of the limiting steps in natural denitri-
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fication is the continuous feeding with nitrate through nitrification. In the
nitrification reaction, the NH3 provided from artificial or natural nitrogen fix-
ation and organic or atmospheric sources, is converted to nitrate via nitrite,
that could be further used by denitrifiers or assimilated by the different organ-
isms. Nitrification is carried out in two steps by two physiologically distinct
groups of autotrophic organisms: ammonia oxidizers for NH3 to NO�

2 , and
nitrite-oxidizers, from NO�

2 to NO�
3 .

Ammonia oxidation (Figure 2.3) is the rate-limiting step of nitrification
and is a biogeochemical process of global importance in natural and artificial
ecosystems worldwide having a substantial environmental impact on green-
house gas emissions (mainly nitrous oxide N2O, and nitrogen oxides NOx)
through nitrification–denitrification processes.

Ammonium concentrations in many soils have increased in recent years
as a result of land-use changes and increases in atmospheric ammonium con-
centrations (Rockström et al., 2009). Those global changes related to the ni-
trogen cycle may have influenced the microbial ecology of the nitrification
process(Verhamme et al., 2011) in soils, where ammonia oxidation can lead to
significant net nitrogen loss through subsequent denitrification or leaching of
nitrate. In marine environment, nitrification accounts for about half of the ni-
trate consumed by growing phytoplankton at the global scale (Yool et al., 2007)
and is responsible for the deep ocean nitrate reservoir (Karl, 2007), the largest
pool of reactive nitrogen in the biosphere (Beman et al., 2010; Leininger et al.,
2006). Also in aquatic environments, ammonia oxidation is an important com-
ponent of nitrogen mineralization from organic sources and for the removal
of anthropogenic nitrogen inputs in coastal waters. In artificial ecosystems
such as sludge, bioreactors or wastewater treatment plants, ammonia oxida-
tion is also a key step in the removal of nitrogen (Van Loosdrecht & Jetten,
1998; Mussmann et al., 2011). In freshwater ecosystems, nitrification could
remove excessive ammonium nitrogen and prevent lakes from eutrophica-
tion (Hagopian & Riley, 1998).

Therefore, microbial ammonia oxidizers play a fundamental role in
the connection between biological N fixation and anaerobic N losses, and
are widely detected in a large variety of aquatic and terrestrial environ-
ments (Nicol & Schleper, 2006; Auguet et al., 2010). Microbial ammonia
oxidizers are found in Bacteria (AOB) and Archaea (AOA) domains. AOB and
AOA have colonized similar worldwide distributed environments but with
different degrees of success in abundance, activity, and distribution(Prosser
& Nicol, 2008; Martens-Habbena et al., 2009; Auguet et al., 2011; Sauder et al.,
2011; Verhamme et al., 2011).

The molecular ecology of the ammonia oxidation process has been ex-
tensively explored surveying the subunit A of the ammonia monooxygenase
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Figure 2.3: Autotrophic ammonia oxidation during nitrification. Ammonia-oxidising organisms
convert ammonia to nitrite through hydroxylamine using ammonia monooxygenase (AMO) and
hydroxylamine oxidoreductase (HAO). Autotrophic nitrite oxidizers subsequently use the enzyme
nitrite oxidoreductase (NOR) to convert nitrite to nitrate, which can be assimilated or subjected
to denitrification processes. In anaerobic environments, ammonia can be converted to molecu-
lar nitrogen by the ‘anammox’ process by several enzymatic steps (represented by dashed ar-
rows).Figure modified from Nicol & Schleper (2006)

(AMO) (Auguet et al., 2011; Rotthauwe et al., 1997; Agogué et al., 2008; Fran-
cis et al., 2005, 2007). Both AOA and AOB contain the amoA gene encoding
the alpha subunit of the AMO; however, the gene sequence has evolved sepa-
rately in each of the phylogenetically distinct but physiologically related am-
monia oxidizers microorganisms (Treusch et al., 2005). The AMO enzyme is
composed of three subunits (gene products of amoA, amoB and amoC) and is
evolutionary and functionally related to particulate methane monooxygenase
(pMMO) enzymes of methane-oxidising bacteria (Holmes et al., 1995).

2.1 Bacterial ammonia oxidizers

Microbial ammonia oxidation was initially considered to be restricted to a few
bacteria, specifically within the phylum Proteobacteria (g and b), which un-
der laboratory conditions mostly show an affinity threshold for ammonium
higher than the concentrations usually found in situ (Bollmann et al., 2002).

For many years environmental molecular studies of AOB have targeted
16S rDNA or rRNA of b-subclass assuming that members of the g-subclass
were absent or insignificant as g-subclass ammonia oxidizers had been only
detected as isolates only from marine environments. That approach was to-
tally biased as they relied on culture-based methods, but the reality was that
the majority of environmental microorganisms were not growing into pure
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cultures on standard laboratory media. Then in 1993 McTavish et al. (1993)
published the first amoA gene sequence from the cultured AOB Nitrosomonas
europaea. Since then, the a-subunit of amoA, was used a marker and the
number of sequences in the databases associated to the amoA gene increased
rapidly.

The use of the amoA gene as a marker instead of the rRNA, provided some
advantages. First, amoA genes from b- and g-AOBs can be amplified at the
same time (Holmes et al., 1995; Mendum et al., 1999; Nold et al., 2000; Sinigal-
liano et al., 1995). Second, the amoA gene shares and an evolutionary ancestor
with the gene encoding the a-subunit of particulate methane monooxygenase
(pmoA) (Holmes et al., 1995; Nold et al., 2000). Sufficient sequence homology
remains to allow both amoA and pmoA genes to be targeted simultaneously,
allowing an assessment of the relative abundances of autotrophic ammonia
and methane oxidizing bacteria in situ.

The amoA genes of b-subgroup ammonia oxidizers can also be targeted
specifically using primers that do not detect g-proteobacterial amoA or pmoA
when only beta-subclass ammonia oxidizers are under study (Rotthauwe
et al., 1997; Stephen et al., 1999). Furthermore, amoA contains a greater level
of sequence variation than 16S rDNA, providing better resolution of closely
related strains.

Bacterial ammonia oxidizers are usually found in nitrogen rich environ-
ments such as sewage, bioreactors, biofilms and biofilters. AOB are found in
terrestrial and aquatic environments (freshwater and marine). But, for many
years, microbial ecologists remained perplexed with the nitrifying capacity
of many ecosystems where apparently bacterial ammonia oxidizers were far
below detection limits, particularly under the most oligotrophic conditions
(Olson, 1981).

2.2 Archaeal ammonia oxidizers

Early in the 1990s, as part of a census of bacterial diversity in the nitrifying
reactor systems used to treat water in a saltwater aquaria at the Shedd Aquar-
ium (Chicago, Illinois), it was hypothesized that a novel group of ammonia
oxidizers may exist (Fuhrman et al., 1992) because PCR-amplifications target-
ing known bacterial ammonia oxidizers failed to obtain the targeted organ-
isms. A few years later, equivalent observations were made in a study of the
microbiology of nitrogen processing in Plum Island Sound (Massachusetts)
estuary sediments (Könneke et al., 2005) and again specific primers for bac-
terial ammonia oxidizers failed to amplify the expected sequences. However,
this study was expanded to archaeal 16S rDNA gene sequences from a ma-
rine clade known as marine Group I Crenarchaeota. This clade was found to be
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abundant in estuary sediment enrichments and in nitrifying filtration systems
at the Shedd Aquarium (Könneke et al., 2005). Those results suggested a close
relationship between the abundant Group I Crenarchaeota and ammonia oxi-
dation. The next step was to obtain enriched cultures using saltwater aquaria
material as inoculant, and a growth medium containing a much lower concen-
tration of ammonia than typically used to enrich bacterial ammonia oxidizers.
Finally an active ammonia-oxidizing culture highly enriched in an archaeal
population affiliated with the Group I Crenarchaeota was obtained, and the
first pure culture of an AOA, Nitrosopumilus maritimus strain SCM1 was de-
scribed [nitrosus (Latin): nitrous; pumilus (Latin): dwarf; maritimus (Latin):
of the sea].

The combination of culture-independent methods to associate the ammo-
nia oxidation to the marine Group I Crenarcheota and the further isolation
in culture, fuelled the culture of other AOA from different environments,
such as, Nitrososphaera viennensis [nitrosus (Latin): nitrous (nitrite producer);
sphaera (Latin): spherically shaped; viennensis (Latin): from Vienna] was
isolated from soil (Tourna et al., 2011) and Nitrosotalea devanaterra [nitrosus
(Latin): nitrous (nitrite producer); talea (Latin): slender rod; devana (Latin):
Aberdeen; terra (Latin): soil], from a low pH soil (Lehtovirta-Morley et al.,
2011). Since the isolation of Nitrosopumilus maritimus and the other AOA, the
phylogenetic diversity of the ammonia oxidizing archaea has been revisited
several times while new organisms are being described (Pester et al., 2012).
Nowadays, AOA phylogenies are built using large datasets of 16S rDNA
genes and amoA a-subunit, and have revealed new phylogenetic relationships
like the Thaumarchaeota, a new division within Archaea where all charac-
terized AOA (Brochier-Armanet et al., 2008; Pester et al., 2011; Spang et al.,
2010) are found. A common characteristic for the cultured Thaumarchaeota is
the ability to grow via ammonia oxidation, as Thaumarchaeota are a deeply
diverging group within the Archaea, new questions arises for the origins of
archaea and the nitrogen cycle because the anaerobic physiology dominates
the deep clades in Archaea.

The environmental distribution of AOA is extremely diverse exceeding
their bacterial counterparts. Abundance and diversity patterns have been in-
ferred primarily from sequencing and quantification of the gene coding for the
putative archaeal amoA (Francis et al., 2005; Beman et al., 2008). Ammonia
moonoxygenase subunit A is usually found well correlated with the abun-
dance of crenarchaeol (Damsté et al., 2002; Könneke et al., 2005; Leininger
et al., 2006). Results from Lehtovirta et al. (2009); Ochsenreiter et al. (2003)
and Leininger et al. (2006) suggest that AOA appear to be the dominant ar-
chaeal clade in soils, comprising 1-5% of all prokaryotes and are a domi-
nant marine group, comprising 20-40% of all marine bacterioplankton (Karner
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et al., 2001; Church et al., 2003). AOA also appear to be a major ammonia-
oxidizing population in geothermal habitats (de la Torre et al., 2008; Zhang
et al., 2008; Reigstad et al., 2008). Cultured AOA can grow at temperatures
as high as 74ºC (Nitrosocaldus yellowstonii ). This broad habitat range in the
AOA is also reflected by the tremendous phylogenetic diversity defined by
16S rRNA sequence types recognized to have ammonia-oxidizing affiliates
and the corresponding diversity of putative archaeal amoA sequences.

2.3 Differences between AOB and AOA: two different
ammonia oxidizing strategies

Martens-Habbena & Stahl (2011) compared the stoichiometry of ammonia
oxidation between N. maritimus and AOB using microrespirometry to measure
oxygen and ammonia consumption relative to nitrite and they concluded that
the overall stoichiometry in AOA is indistinguishable from that of AOB:

1NH3 + 1.5O2 ) 1NO�
2 + H2O + H+

In Bacteria, the ammonia monooxygenase is the key functional enzyme
responsible for the conversion of ammonia to hydroxylamine, which is sub-
sequently converted to nitrite by hydroxylamine oxidoreductase; but, the
genome analysis of the marine Thaumarchaeota Candidatus Nitrosopumilus
maritimus SCM1, revealed the existence of an ammonia oxidation system
different from the one found in AOB. Thus, two hypotheses were proposed to
explain the lack of the homolog for the hydroxylamine oxidase complex and
the capacity for synthesis of c-type cytochromes(Figure 2.4). One hypothesis
assumes that it could may driven by one of the periplasmic multicopper
oxidases; and the other suggests the use of nytroxyl as intermediate instead
of hydroxylamine (Walker et al., 2010).

In addition, only two small plastocyanin-like proteins are shared by all
AOA revealed after comparative genomic analyses (Stahl & de la Torre, 2012).
In the nytroxyl hypothesis, these copper containing proteins may participate
in electron transfer from nitroxyl to a membrane-bound electron transfer
chain (Figure 2.4). Although the archaeal pathway for ammonia oxidation
has not been resolved by comparative genomics, recent studies using nitric
oxide (NO) sensitive microelectrodes indicate that NO may function in the
biochemistry (Stahl & de la Torre, 2012). Measurable amounts of NO are
produced during ammonia oxidation. This has led to hypothesize that NO
may be an intermediate or function as a redox shuttle, for instance, delivering
electrons to the AMO (Figure 2.4).
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Figure 2.4: (A) Proposed pathway for ammonia oxidation in the AOB Nitrosomonas europaea.
Ammonia is oxidized to NH2OH by the membrane enzyme complex AMO. Subsequently, hydroxy-
lamine is oxidized to nitrite in the periplasm by HAO. (B) Proposed pathway for ammonia oxidation
in the AOA Nitrosopumilus maritimus. There are three alternative pathways for the ammonia oxi-
dation. Pathway 1 is of the bacterial type, in which electrons produced by the oxidation of hydrox-
ylamine to nitrite by a presumed CuHAO are transferred to pcy electron carriers and then to the
quinone pool by a membrane-associated QRED. Pathway 2 speculates that NO, produced by the
reduction of nitrite by a proposed CuNIR, is the source of electrons for AMO. The possibility that
HNO is the product of the archaeal AMO is shown by pathway 3. This pathway would eliminate
the requirement for electron recycling during the initial oxidation of ammonia. Subsequently, HNO
would be oxidized to nitrite by a presumed NXOR.
Red arrows indicate electron flow. Blue shading denotes copper-containing proteins. Hexagons
containing Q and QH2 represent the oxidized and reduced quinone pool, respectively. Abbre-
viations: AOA, ammonia-oxidizing archaea; AOB, ammonia-oxidizing bacteria; AMO, ammonia
monooxygenase; HAO, hydroxylamine oxidoreductase; NO, nitric oxide; HNO, nitroxyl; CuHAO,
copper hydroxylamine oxidoreductase; CuNIR, copper-dependent nitrite reductase; NXOR, puta-
tive nitroxyl oxidoreductase; pcy, plastocyanins; NDH, NAD(P)H:quinone oxidoreductase; NH2OH,
hydroxylamine; QRED, quinone reductase. Figure and legend from Stahl & de la Torre (2012).
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In contrast, the AOB take the electrons required by the monooxygenase
from the membrane-associated quinone pool. If in AOA the formation of ni-
troxyl as the first product of ammonia oxidation or the use of NO as an elec-
tron redox shuttle for hydroxylamine generation would eliminate the drawing
of electrons directly from the quinone pool, either by obviating a requirement
for reductant through formation of nitroxyl or by drawing electrons from a
lower potential donor in the reduction of nitrite to NO (Figure 2.4B). Path-
ways 1 and 2 in Figure 2.4B show possible recycling of an NO redox shuttle.
The associated thermodynamic calculations assume that electrons for nitrite
reduction originate from a donor species with an electrical potential (230 mV)
approximately that of a c1-type cytochrome and in the known range of plas-
tocyanins.

Because the formation of hydroxylamine as the immediate product of the
presumptive AMO has not been demonstrated yet, the archaeal pathway for
ammonia oxidation must be considered unresolved at this time.

2.4 Phylogenetic ecology of microbial nitrifiers

The ecological and physiological differences and similarities between AOA
and AOB make the perfect scenario to apply phylogenetic comparative meth-
ods to analyse community structure and diversification patterns using the
amoA gene sequence. Since the development of the phylogenetic independent
contrast (PIC) (Felsenstein, 1985; Ackerly, 2009) it has been a revolution in the
community ecology field, with succesful but also controversial applications
of phylogenies in ecological analyses (Webb et al., 2002). Ecology and evo-
lution are intimately associated and several methodologies have been devel-
oped to analyse the evolutionary constrains observed in nature. At present,
community ecologists are able to evaluate where most of the biological di-
versity accumulates (Faith, 1992) and how this diversity is structured (Webb,
2000; Helmus et al., 2007); or how phylogenetic b-diversity (i.e. similarity
among communities based on evolutionary history) is distributed along en-
vironmental gradients (Lozupone & Knight, 2005; Bryant et al., 2008; Ives &
Helmus, 2010).

The combination of phylogenetic information with traditional ecological
metrics such as species richness, derived in a more complete measure, the Phy-
logenetic diversity (PD) (Faith, 1992). PD measures the diversity of lineages as
the sum of the branch lengths from the members within a community, adding
to the count of species richness the evolutionary history. The higher the PD
value is the more distantly related species are in a community. Metrics like
the mean pairwise distance (MPD), that measures the mean phylogenetic dis-
tance between all members from each community, or the mean nearest taxon
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distance (MNTD) that calculates the mean distance separating each member
from its closest relative (Webb, 2000; Webb et al., 2002) are useful to exam-
ine the ecological and evolutionary drivers of community assembly. On the
other hand, the phylogenetic species variability index (PSV) quantifies how
phylogenetic relatedness decreases the variance of a hypothetical neutral trait
shared by all members of a community. The value is 1 when all species are
unrelated (i.e. a star phylogeny) and approaches 0 as species become more
related (Helmus et al., 2007). Measures of b-diversity or community similarity
can be defined as the fraction of branch length shared between two commu-
nities (Lozupone & Knight, 2005; Bryant et al., 2008). Taxonomic or compo-
sitional b-diversity and phylogenetic b-diversity would be exactly the same
between two communities if every species were equally related to every other
one, that is, a star phylogeny.

Phylogenies derived from molecular data provide an indirect record of the
speciation events that have led to extant species, reflecting the tempo and
mode of microevolutionary and macroevolutionary processes related to di-
versification (Mooers & Heard, 1997). Community ecology in combination
with phylogenies, opens the possibility to address ecological questions in an
evolutionary context. Ultimately, the diversification events observed in amoA
phylogenies reflects the adaptation to different evolutionary environments re-
lying on changes and adaptations at the molecular level.

2.5 Signatures of molecular evolution in AOA

The ability of AOA to undergo adaptations to a large set of environmental con-
ditions converts the amoA in a very convenient target to analyze the signatures
of adaptive protein evolution. Since the neutral theory of molecular evolution
was proposed in the 1960s (Freese & Yoshida, 1965; Kimura, 1968) (and later
the nearly neutral theory (Ohta, 1992)) it has been a high controversy to estab-
lish whether or not natural selection shapes the patterns of variation. This con-
troversy is partially caused by Kimura’s definition of neutrality, which was too
strict. After more than 40 years, there is still an intense debate between neu-
tralists and selectionists. This debate goes beyond the aim of this PhD thesis,
but to introduce the reader a bit into the subject, since the 1960s two conflict-
ing models of how molecular evolution takes place coexist: one dominated by
the genetic drift of neutral mutations (neutralists) and the other emphasizing
that natural selection of advantageous mutations is the more important force
(selectionists). Overall, it seems reasonable to conclude that both natural se-
lection and genetic drift determine the fate of mutations. And currently the
debate is more focused on finding general laws or patterns of molecular evo-
lution for the description of particular examples where natural selection has
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shaped the observed variation (Wagner, 2008; Nei, 2005).
Along this PhD thesis the different types of selection will be defined in the

same way as it is used in the molecular evolution literature to avoid confu-
sion. We define negative or purifying selection as any type of selection where
new mutations are selected against, and positive selection as any type of se-
lection where new mutations are advantageous. Diversifying selection is a
case of positive selection that will increase variability and is a key mechanism
for species divergence; identifying proteins or specific residues experiencing
diversifying selection may be important for understanding gene function.

To understand the selective pressures that have shaped genetic variation,
protein-coding genes are used to evaluate the relative rates of synonymous
and nonsynonymous substitution (Nei & Gojobori, 1986; Miyata & Yasunaga,
1980; Li et al., 1985a). A common approach to this problem is estimate the rates
of nonsynonymous (dN or b) and synonymous (dS or a) substitutions. Non-
synonymous mutations can affect protein function and influence the fitness
of an organism; while synonymous mutations leave the amino acid sequence
unchanged. Under negative or purifying selection, less ’fit’ nonsynonymous
substitutions accumulate more slowly than synonymous substitutions, and
under diversifying or positive selection, the converse is true. Therefore, an im-
portant concept in the analysis of coding sequences is that the comparison of
relative rates of nonsynonymous and synonymous substitutions can provide
information on the type of selection that has acted on a given set of protein-
coding sequences. The ratio w = dN/dS (also referred to as b/a or Ka/Ks)
has become a standard measure of selective pressure; when w ⇡ 1 signifies
neutral evolution, w < 1 is negative selection and w > 1 positive selection.

The estimates of dN significantly different from dS provide convincing
evidence for non neutral evolution. An advantage of this approach is that
avoid assumptions regarding the demographic history of the population, un-
like many "neutrality tests" (Tajima, 1989, 1996; Fu & Li, 1993a,b; Deng & Fu,
1996; Fu, 1997; Misawa & Tajima, 1997; Fay & Wu, 2000), which compare esti-
mates of effective population size obtained using different measures of genetic
variation. The field of population genetics in the microbial world (Joyce et al.,
2002; Mes, 2008) is still a young area of research. Although the effective popu-
lation size(Ne) of the ammonia oxidizers could be at a similar range of the 109

estimated in E. coli (Nei & Graur, 1984), we have to be aware to have enough
genetic diversity if we want to use the methods to estimate the dN/dS.

Initial studies of selection pressure relied upon the average dN/dS ratio for
the region of interest at the DNA sequence level, either using distance-based
methods (Li et al., 1985a; Nei & Gojobori, 1986; Li, 1993; Pamilo & Bianchi,
1993; Comeron, 1995; Yang & Nielsen, 2000) or maximum likelihood meth-
ods (Goldman & Yang, 1994; Muse & Gaut, 1994).
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In some cases, we are most interested to analyze the selective pressures
restricted to a small number of sites. To detect site-specific selection pressures
we can rely in counting methods, random effect likelihood models (REL) or fixed
effect likelihood models (FEL). Next, a short introduction is provided for each
model, although a good review can be found in Pond & Frost (2005):

Counting methods estimates the number of nonsynonymous and synony-
mous changes that have occurred at each codon throughout the evolutionary
history of the sample. This approach was first proposed by Suzuki & Gojobori
(1999) and involves reconstructing the ancestral sequences, for example, using
parsimony or likelihood-based methods; the latter can take into account the
uncertainty in the ancestral reconstructions.

Random effect likelihood models originally described by Nielsen and Yang
(1998), involves fitting a distribution of substitution rates across sites and
then inferring the rate at which individual sites evolve. When this site-
by-site inference is based on the maximum likelihood estimates of the rate
parameters, this inference is known as empirical Bayes (Nielsen & Yang,
1998; Yang et al., 2000), whereas when rate class assignments are based on
the posterior distribution of rate parameters, this is known as a hierarchical
Bayes approach (Huelsenbeck & Dyer, 2004); the latter acknowledges that the
rate distribution parameters are sub-ject to error, whereas an empirical Bayes
approach treats these parameters as known.

Fixed effect likelihood models are based on fitting substitution rates on a
site-by-site basis. Such models are known as fixed effects in the statistical
literature. These models can be considered as an extension of the model
proposed by Yang & Swanson (2002), who considered two classes of sites
specified a priori evolving under different dN/dS. Suzuki & Nei (2004)
proposed a model in which the ratio of nonsynonymous to synonymous sub-
stitution rates was estimated for each codon using maximum likelihood and a
likelihood ratio test (on one degree of freedom) was used to test whether this
ratio was significantly different from 1 (neutral).

However, detecting positive selection is generally difficult because posi-
tive selection often acts on a few sites and in a short period of evolutionary
time, and the signal may be swamped by the ubiquitous negative selection.
Another caveat of those methods, is the inability to distinguish in which of the
branches selection has occurred, the use of these models is generally geared
to the detection of the actual sites that are functionally important or have ex-
perienced positive selection with a protein.
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For solving this problem a set of methods, referred as branch-site tests (Yang &
Nielsen, 2002; Pond et al., 2011), offered a model-based phylogenetic hypoth-
esis testing framework for deciding whether or not a lineage (or lineages) of
interest had undergone adaptive change. recently Murrell et al. (2012) devel-
oped the mixed effects model of evolution (MEME) to detect episodic diversi-
fying selection at individual sites.

When analyzing lineages, the branch-site tests measure selective pressure
by w, the ratio of non-synonymous (dN) to synonymous (dS) substitution
rates, and if a proportion of sites in the sequence provides statistically signif-
icant support for w > 1 along the lineages of interest, then episodic positive
selection is inferred.
Unfortunately, the original formulation of the method suffered from high rates
of false positives when the model assumptions were violated (Zhang, 2004),
because the model could misidentify relaxed selective constraints as evidence
of diversifying selection, and was subsequently revised to address that short-
coming (Zhang et al., 2005). One of the problems was that the lineages to
be tested (foreground lineages) were specified a priori, until a recent extension
outlined and benchmarked a sequential testing approach to examine whether
any single lineage was under selection (Anisimova & Yang, 2007).

Pond et al. (2011) introduced a new set of models in which substitution
rates may vary from branch to branch and from site to site. The variation is
incorporated via random effects - unobserved strengths of selection at sites
and branches are incorporated using a discrete or a discretized parametric
probability distribution. Parameters defining the distribution are estimated
jointly from all sites using maximum likelihood. Just like existing branch-
site methods (Anisimova & Yang, 2007), they use sequential likelihood ratio
testing to identify which branches support a model with episodic diversifying
selection. Unlike existing methods, however, this approach is unrestricted
and considers every possible site profile, thus avoiding some of the prominent
issues posed by model misspecification and further allows w rates to vary
independently from branch to branch and site to site.

Based on the brach-site random effects phylogenetic method developed by
Pond et al. (2011), MEME, allows the distribution of w to vary from site to site
(the fixed effect) and also from branch to branch at a site (the random effect).
This approach provides a qualitative methodological advance over existing
approaches which integrate site-to-site and lineage-to-lineage rate variation.
MEME can reliably capture the molecular footprints of both episodic and per-
vasive positive selection, a task for which current models are not well suited.

Analyzing the substitution rate using the site-wise and branch-site models
we can answer some important questions (i) what kind of selection is acting
over amoA gene; (ii) where did this selection happens in the gene in terms of
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site; (iii) where did this selection happen in terms of lineages and (iv) are those
selective pressures observed different between different environments.

When looking for signatures of molecular evolution in microbial popu-
lations, there are two main concerns that have to be carefully considered.
First, dN/dS is inappropriate when comparing either very distantly-related
strains (dS saturated with multiple substitutions), or very closely-related
strains, within which dN/dS is inflated by segregating nonsynonymous poly-
morphism (Rocha et al., 2006; Kryazhimskiy & Plotkin, 2008). And second,
phylogenetic discordance caused by recombination affect likelihood methods
for quantifying selection pressure on codon alignments may suffer from high
rates of false positives (Anisimova et al., 2003; Shriner et al., 2003). Therefore,
before applying any method to estimate the rates in variation in microbial
genes, we need to find evidences of recombination and accommodate it in a
phylogenetic context splitting the sequence alignments in non-recombinant
sequence fragments.

Selective pressures have a big influence on adaptation, and can explain
part of the ecological and genetic diversity observed. But, we also have to take
in account the gene repertoire of the organisms to fully understand these pat-
terns. Although nowadays is cheap and easy to sequence microbial genomes
to perform comparative analyses, still there is the handicap to obtain pure
cultures. Luckily, the emerging of metagenomics provided a solution to the
problem and we can perform genome independent analyses.

2.6 The use of metagenomics to explore archaeal
ammonia oxidation

Metagenomics can be defined as the analysis of genomic DNA from a whole
community unlike genomics, which is focused on the analysis of genomic
DNA from an individual organism or cell. The term metagenomic was first
used in Handelsman et al. (1998), a study of soil microbes using random
cloning of environmental DNA. Since then, metagenomics has included any
study whereby a whole community is analyzed, e.g., directed studies of 16S
rDNA diversity from an environment to isolation and analysis of total DNA
from environmental samples without prior cultivation (Chen & Pachter, 2005).
Two of the key discoveries related to metagenomics studies have been the
ubiquity of proteorhodopsin (Fuhrman et al., 2008) and the discovery of the
importance of archaeal ammonia oxidizers (Prosser & Nicol, 2008).

Every metagenomic study can be divided in two different stages (Fig-
ure 2.5). First, environmental gene surveys and random shotgun sequencing
of all genes at once. The advent of next generation sequencing (NGS) has trig-
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Figure 1
Metagenomics can be divided into two key research areas, environmental gene surveys and random shotgun
sequencing of all genes at once. Following the latter path, we annotate the genes and determine their
relationship to the environment and then use this to identify proteins that can be synthesized by the
metagenome, so as to infer the proteome of a community and ultimately derive the metabolic state of a
community by examining the potential of proteins to consume or produce metabolites.

in a profile of all genes within the community. The community coverage of both approaches is
entirely dependent on the depth of sequencing, that is, how many gene fragments are obtained
during sequencing. In this review, we will focus on the random shotgun metagenomic studies and
what it has taught us about marine ecology. To prevent significant overlap with previous reviews,
we will also focus only on studies released since January 2008. In this, we will capture what the
most recent studies and technological advances have shown us and how this is influencing future
metagenomic analyses. Additionally, we will highlight some key questions that need answering in
this field.

HISTORY
How many marine microbial shotgun metagenomic studies have there been since 1998? By our
calculation there have been approximately 45 major studies since the mid-nineties, with the vast
majority occurring after 1998, when Jo Handelsman and colleagues coined the term “shotgun”
metagenomic studies (Handelsman et al. 1998). We understand that this may not be as compre-
hensive as one would like, and we apologize to our colleagues in this field if we have missed any
studies of relevance. These studies can be divided into the following categories.

(1) Fosmid, cosmid, and bacterial artificial chromosome (BAC)-derived metagenomic studies
(e.g., Stein et al. 1996; Vergin et al. 1998; Béjà et al. 2000; Suzuki et al. 2001; Nesbø et al.
2005; Schirmer et al. 2005; Tring et al. 2005; Treusch et al. 2005; Delong et al. 2006; Kim
& Fuerst 2006; Lee et al. 2006; Stokes et al. 2006; Woyke et al. 2006; Hardeman & Sjoling
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Figure 2.5: Usual metagenomics workflow. Figure from Gilbert & Dupont (2011)

gered a revolution in metagenomic sequencing and analysis. The increased
throughput and decrease in costs of sequencing, coupled with additional tech-
nological advances have transformed the landscape of metagenomics (Scholz
et al., 2012). And second, a bioinformatic analysis to annotate the genes and
determine their relationship to the environment. With the annotations we can
derive the metabolic state of a community by examining the potential of pro-
teins to consume or produce metabolites. New bioinformatic approaches are
needed to handle and analyze all the huge amount of sequence data generated
by the NGS techniques.

One of the first metagenomic studies that released their data publicly was
the Global Ocean Sampling (GOS) expedition. Venter and colleagues did a
sampling from the northwest Atlantic to the eastern tropical Pacific, produc-
ing 6.3 billion base pairs from 7.7 million sequence-reads (Rusch et al., 2007).
A metagenomic study allows us to cover a broader extension in terms of spa-
tial and temporal scales of variation in marine microbial communities, i.e.,
a GOS sample represents approximately a period of one week in temporal
space, and in geo-spatial space, a few kilometers horizontally and a few me-
ters vertically (Fuhrman, 2009). And the most important, the public release
of the sequence data, has facilitated an impressive number of complementary
bioinformatic studies by other researchers.

With this large amount of data we can perform a more holistic approach
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to the study of marine ecosystems (Karl, 2007). Since a few years ago, net-
work based approaches (Jiang et al., 2012; Faust & Raes, 2012) have started
to be used to extract valuable information from the co-ocurrence of rRNAs or
individual protein domains involved in biological processes in metagenomic
complex systems. The combination of metagenomics and and network based
approaches offers a new window to find the missing pieces in biological pro-
cesses such as the ammonia oxidation carried out by AOA. In this PhD the-
sis we developed and applied a new approach based on Graphical Gaussian
Models to explore functional genes interactions and to confront one of the
main challenges of metagenomics, the exploration of the unknown fraction of
the metagenomic protein universe.



3
Objectives

The main focus of this PhD work was to explore the ecology and evolution
of microbial nitrifiers (ammonia oxidizers). Ammonia oxidation, the first and
the rate-limiting step in nitrification, is one of the cornerstones of the cycle.
Members from the bacterial and archaeal domains are key players in ammo-
nia oxidation in many different environments. Usually these organisms are
found coexisting but the most recent studies suggests that archaeal ammo-
nia oxidizers show an incredible ability to adapt and oxidize ammonia under
different environmental conditions and have displaced their bacterial coun-
terparts in terms of importance in the global biogeochemical cycle, providing
an avalanche of AOA molecular data (16S rDNA and amoA gene sequences)
from very diverse environments worldwide. As far as we don’t have enough
genomic data to perform an holistic approach using population genomics and
reverse ecology to unveil the ecological and evolutionary mechanisms driv-
ing the adaptation; we focused our experiments on the amoA gene sequence.
Because ammonia monooxygenase is supposed to be the key enzyme in the
ammonia oxidation, we applied a combination of community ecology and
molecular evolution methods to understand the mechanisms of the diversifi-
cation patterns observed in the amoA gene. Another unsolved question in the
archaeal ammonia oxidation is the unusual biochemistry found in the genome
sequences from cultured archaeal ammonia oxidizers. In archaea, all the ele-
ments of the bacterial ammonia oxidizing pathway are missing but the genes
coding for the presumptive AMO. To unveil missing pathways in this pro-
cess, we have developed a powerful approach based on graphical models to
capture all the functional associations present in metagenomes based in their
ecological co-ocurrence.

The detailed objectives and the structure of this PhD dissertation are given
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below:

• Chapter 4 applies community ecology methods to find out the ecological
differentiation along the evolutionary history and the temporal diversifi-
cation patterns of bacterial and archaeal ammonia oxidizers. Our analyt-
ical approach identified differences and unveiled the historical patterns
of diversification (Fernàndez-Guerra & Casamayor, 2012).

• Chapter 5 analyzes in detail the selective pressures and adaptive evolu-
tion of the main archaeal ammonia oxidizing clusters applying codon-
based models at site and lineage level. We identified adaptive differ-
ences between AOA from soil and marine environments and generated
an hypothesis for the generation and maintenance of an evolutionary
AOA seed bank driving the adaptive radiation (Manuscript in prepara-
tion).

• Chapter 6 describes T-RFPred, a new software we developed to identify
and assign taxonomic information to chromatogram peaks of a T-RFLP
genetic fingerprint method for a more comprehensive description of mi-
crobial communities. The program helped to describe the AOA commu-
nities found in marine metagenomes and can be a valuable tool to carry
out targeted metagenomics (Fernàndez-Guerra et al., 2010).

• Chapter 7 analyzes the ecology and evolution of the phylogenetic parti-
tioning observed in marine AOA. We identify the molecular evidences
involved in the photoinhibition and piezophilic adaptations that drives
the phylogenetic and ecological partitioning observed along the marine
water column (Manuscript in preparation).

• Chapter 8 describes a new approach to analyze the metagenomic
protein universe to unveil unknown functional associations using
graphical models. We use the Global Ocean Sampling expedition
metagenomes (Rusch et al., 2007) as test dataset to explore the ar-
chaeal ammonia oxidation in surface water.We recovered meaningful
metabolic associations involved in the ammonia oxidation pathway
and map them into the Nitrosopumilus maritimus genome providing
in silico hypothesis to be further validated in laboratory experiments.
(Manuscript submitted).



4
Habitat-Associated

Phylogenetic Community
Patterns of Microbial Ammonia

Oxidizers

Resumen

Los microorganismos que median la oxidación del amonio desempeñan un
papel fundamental en la conexión entre la fijación biológica de nitrógeno y
las pérdidas anaeróbicas de nitrógeno. Las bacterias y arqueas oxidantes del
amonio (AOB y AOA, respectivamente) han colonizado ambientes similares
alrededor del mundo. La oxidación del amonio es la etapa limitante en la ni-
trificación, y la amonio monooxigenasa (AMO) es la enzima clave para este
proceso. La ecología molecular de la oxidación del amonio ha sido amplia-
mente explorada mediante estudios de la subunidad A del gen Amo (amoA).
En este estudio, hemos explorado la ecología de comunidades de los AOB y
AOA, analizando 5776 secuencias génicas del amoA aisladas de más de 300
lugares diferente, y clasificando los hábitats utilizando ontologías ambienta-
les. En resumen, la riqueza filogenética es mayor en AOA que en AOB, y los
sedimentos contienen la mayor riqueza filogenética mientras que el plancton
marino la más baja. También se ha observado que los oxidantes del amonio de
agua dulce son filogenéticamente más ricos que sus homólogos marinos. Las
comunidades de AOA son más diferentes entre sí que los de AOB y se obser-
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van linajes monofiléticos para los sedimentos, suelos y plancton marino para
AOA pero no para AOB. Los patrones de diversificación muestran una clado-
génesis más constante a través del tiempo para los AOB mientras que en AOA
se suceden dos eventos de diversificación rápidos separados por un largo epi-
sodio no diversificación. Los índices de diversificación (g estadístico) para la
mayoría de los hábitats indican un gAOA >gAOB. Los suelos y sedimentos ex-
perimentan estallidos de diversificación tempranos mientras que los hábitats
generalmente eutróficos y ricos en amonio, como las aguas residuales y lo-
dos, muestran una aceleración en las tasas de diversificación en el presente.
En general, este trabajo muestra por primera vez una visión global de la es-
tructura de la filogenia de comunidades de los dos grupos de oxidadores del
amonio (AOA y AOB), siguiendo los más estrictos estándares para su análi-
sis. y proporciona un punto de vista ecológico en los caminos diferenciales
evolutivos experimentados por la generalización de oxidantes de amoníaco
microorganismos. La imagen que se obtiene de la distribución AOB y AOA en
los diferentes hábitats proporciona un nuevo punto de vista para comprender
la ecofisiología de los oxidantes del amonio en la Tierra.
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Abstract 1

Microorganisms mediating ammonia oxidation play a fundamental role in the
connection between biological nitrogen fixation and anaerobic nitrogen losses.
Bacteria and Archaea ammonia oxidizers (AOB and AOA, respectively) have
colonized similar habitats worldwide. Ammonia oxidation is the rate-limiting
step in nitrification, and the ammonia monooxygenase (Amo) is the key en-
zyme involved. The molecular ecology of this process has been extensively ex-
plored by surveying the gene of the subunit A of the Amo (amoA gene). In the
present study, we explored the phylogenetic community ecology of AOB and
AOA, analyzing 5776 amoA gene sequences from > 300 isolation sources, and
clustering habitats by environmental ontologies. As a whole, phylogenetic
richness was larger in AOA than in AOB, and sediments contained the high-
est phylogenetic richness whereas marine plankton the lowest. We also ob-
served that freshwater ammonia oxidizers were phylogenetically richer than
their marine counterparts. AOA communities were more dissimilar to each
other than those of AOB, and consistent monophyletic lineages were observed
for sediments, soils, and marine plankton in AOA but not in AOB. The diversi-
fication patterns showed a more constant cladogenesis through time for AOB
whereas AOA apparently experienced two fast diversification events sepa-
rated by a long steady-state episode. The diversification rate (g statistic) for
most of the habitats indicated gAOA > gAOB. Soil and sediment experienced
earlier bursts of diversification whereas habitats usually eutrophic and rich
in ammonium such as wastewater and sludge showed accelerated diversifi-
cation rates towards the present. Overall, this work shows for the first time a
global picture of the phylogenetic community structure of both AOB and AOA
assemblages following the strictest analytical standards, and provides an eco-
logical view on the differential evolutionary paths experienced by widespread
ammonia-oxidizing microorganisms. The emerged picture of AOB and AOA
distribution in different habitats provides a new view to understand the eco-
physiology of ammonia oxidizers on Earth.

4.1 Introduction

Microbial nitrogen transformations modulate the rate of key ecosystem pro-
cesses, such as primary production and decomposition (Vitousek et al., 2002).
Ammonia oxidation, the first step of nitrification, is a biogeochemical pro-
cess of global importance in natural and artificial ecosystems worldwide. For
many years, ecologists remained perplexed with the nitrifying capacity of

1See original publication in Fernàndez-Guerra & Casamayor (2012).
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many ecosystems where apparently ammonia oxidizers were far below detec-
tion limits, particularly under the most oligotrophic conditions (Olson, 1981).
Microbial ammonia oxidation was initially considered to be restricted to a
few bacteria, specifically within the phylum Proteobacteria, which under lab-
oratory conditions mostly show an affinity threshold for ammonium higher
than the concentrations usually found in situ (Bollmann et al., 2002). Metage-
nomic studies carried out a few years ago in seawater (Venter et al., 2004) and
soil (Treusch et al., 2005) showed a different amoA gene related to the phylum
Thaumarchaeota, and the presence of the amoA gene in widespread Archaea
and different habitats has been widely detected since then.

In marine environments, for instance, nitrification accounts for about half
of the nitrate consumed by growing phytoplankton at the global scale (Yool
et al., 2007) and is responsible for the deep ocean nitrate reservoir (Karl, 2007),
the largest pool of reactive nitrogen in the biosphere (Beman et al., 2010;
Leininger et al., 2006). In soils, the ammonia-oxidizing archaea (AOA) ap-
parently dominate over ammonia-oxidizing bacteria (AOB) (Leininger et al.,
2006). However, ammonium concentrations in many soils have increased in
recent years as a result of both land-use changes and increases in atmospheric
ammonium concentrations (Rockström et al., 2009), and this may influence
the microbial ecology of the nitrification process(Verhamme et al., 2011).
Finally, nitrification could remove excessive ammonium nitrogen and prevent
lakes from eutrophication (Hagopian & Riley, 1998), and ammonia oxidizers
adapted to life in sludge and bioreactors can efficiently help to remove excess
of nitrogen (Van Loosdrecht & Jetten, 1998; Mussmann et al., 2011).

Ammonia oxidizers play a fundamental role in the connection between
biological N fixation and anaerobic N losses, and are widely detected in a
large variety of aquatic and terrestrial environments (Nicol & Schleper, 2006;
Auguet et al., 2010). Both AOB and AOA have colonized similar worldwide
distributed environments but with different degrees of success in abundance,
activity, and distribution(Verhamme et al., 2011), (Prosser & Nicol, 2008;
Martens-Habbena et al., 2009; Auguet et al., 2011; Sauder et al., 2011). The
molecular ecology of the ammonia oxidation process has been extensively
explored surveying the subunit A of the Amo (Auguet et al., 2011; Rotthauwe
et al., 1997; Agogué et al., 2008; Francis et al., 2005, 2007). Both AOA and AOB
contain the amoA gene encoding the alpha subunit of the Amo; however, the
gene sequence has evolved separately in each of the phylogenetically distinct
but physiologically related ammonia oxidizers microorganisms (Treusch
et al., 2005). In the present study, we explored the phylogenetic community
ecology of AOB and AOA assemblages, analyzing differences in composition
and richness among environments, detecting habitat-phylogeny associations,
and unveiling the historical context of the evolutionary events (cladogenesis)



Results 47

Sludge

Waste water

Organism associated

Cultured

Biofilm

Marine

Freshwater

Sediment

Soil

50 60 70 80

Waste water

Cultured

Organism associated

Hydrothermal vents

Hot spring

Marine

Freshwater

Sediment

Soil

50 60 70 80 90

AOB AOA

Figure 4.1: Level of amoA gene sequence divergence detected in each habitat for bacterial
(left panel) and archaeal (right panel) ammonia oxidizers. The boxplot represents all-against-all
pairwise alignment identities for the gene sequences compiled from each habitat and for each
domain.

captured in the reconstructed amoA gene phylogeny.

4.2 Results

Ammonia oxidizers were detected in 11 different habitats worldwide, in-
cluding soil, sediment, marine plankton, freshwater plankton, organisms-
associated, wastewater, sludge, biofilm, hot spring, hydrothermal vent, and
the “cultured” habitat (according to the habitat annotation based on the EnvO-
Lite description as the microbial assemblages which develop in bioreactors
and biofilters). As mentioned in Methods, we assigned the microbial strains
isolated in the laboratory to their original habitats. Bacterial and archaeal
ammonia oxidizers shared most of these habitats with a few exceptions:
AOB were absent in the database for hot springs and hydrothermal vents,
whereas the low number of sludge and biofilms AOA sequences recovered
from GenBank did not fit the minimal number of sequences required to be
included in our analysis. Recent research in these two habitats (Mussmann
et al., 2011; Sauder et al., 2011, 2012) is increasing the number of sequences
available for future meta-analyses.

To examine the sequence divergence present in each habitat we carried out
an all-against-all pairwise alignment (Fig. 4.1). We noticed two trends in the
amoA gene dataset. First, a median value between 75 and 85% identity was
detected in essentially all the natural habitats explored. Second, a substan-
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tial number of low identity sequences (below 60% identity) were present in
several of the habitats investigated. We explored these outliers to rule out
cross-contamination among habitats and found they were specific sequences
from each habitat.

To statistically analyze the phylogenetic richness distribution within each
community we calculated the phylogenetic diversity (PD) index from the
maximum-likelihood inferred trees after correction for unequal sample size
(Table S1). Overall, the PD rarefaction curves consistently showed larger
phylogenetic richness in AOA than in AOB for an equivalent sampling effort
(Fig. 4.2). Neither AOA nor AOB reached the plateau for the PD accumula-
tion, indicating that the currently known phylogenetic richness of the amoA
gene is far from being fully discovered. The PD values for the AOA and AOB
shared habitats (Fig. 4.3A) showed sediments containing the highest phyloge-
netic richness and marine plankton the lowest. AOA were phylogenetically
richer than AOB in both plant- and animal-associated (organism-associated)
habitats, and soil. The opposite was found in bioreactors (“cultured” habitat)
and wastewater. Interestingly, freshwater AOA and AOB were phylogenet-
ically more diverse than their marine counterparts. AOA in hydrothermal
vents and AOB in biofilms showed the lowest PD (Table S1). For most of the
explored habitats, AOA were generally more diverse than AOB. Interestingly,
the phylogenetic structure captured by the phylogenetic species variability
index (PSV) showed AOB to be phylogenetically more overdispersed than
AOA in most of the habitats but wastewater (Fig. 4.3B). A general view on
the reconstructed tree topologies showed inconsistent phylogenetic clustering
for the AOB recovered from the same type of habitats, in agreement with
the picture captured by the PSV index. Conversely, three large phylogenetic
clusters were found for AOA, i.e., sediment, soil, and marine plankton.

The habitat-phylogeny associations were numerically analyzed with
UniFrac distances (UD). The UniFrac matrices were represented graphically
for AOB and AOA (Fig. 4.4) to visualize in a quantitative way the community
dissimilarity among different habitats. The AOB soil community showed the
weakest connections with the remaining nodes in the UD graph, indicating
the most distant phylogenetic relatedness (Fig. 4.4), followed by AOB present
in sediments. The remaining habitats showed a closer community structure
among the different AOB assemblages. Interestingly, the bacterial amoA genes
found in wastewater were the closest related to the remaining habitats (the
strongest connections with the remaining nodes in Fig. 4.4). Conversely, the
AOA communities as a whole were more dissimilar to each other, showing
weaker interlinks (Fig. 4.4). For AOA, the strongest relationships were ob-
served between freshwater and hot springs assemblages, as well as between
wastewater and bioreactors. Soil, sediment and marine plankton were more
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Figure 4.2: Phylogenetic diversity rarefaction curves for the whole dataset of bacterial and ar-
chaeal amoA gene sequences. Larger phylogenetic richness is observed in AOA than in AOB for
an equivalent sampling effort.
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unrelated to each other and to the remaining assemblages. Overall, AOB
were phylogenetically more closely related among habitats than the archaeal
counterparts. In turn, AOA were more phylogenetically clustered by habitat
than bacteria.
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Figure 4.4: Graphical representation of AOB and AOA Unifrac distance matrices. A thicker line
represents phylogenetically more similar communities. Phylogenetic diversity (PD) represented as
node size, large nodes have larger PD values. Phylogenetic species variability (PSV) represented
as node color, darker nodes have larger PSV values. The length of the edges does not contain
information.

Finally, we explored the historical context of the evolutionary and diver-
sification processes captured in the reconstructed phylogenies. Soil ammonia
oxidizers were placed on the basal position near the phylogenetic tree root
both for AOB and AOA. To capture the information contained along the di-
versification process we represented cladogenesis events versus relative time
using lineage-trough time plots (LTT, Fig. 4.5). A consistent increase in the
net diversification rate towards present was observed with accelerated recent
diversification events and high g-statistic values for the two life domains (i.e.,
gAOB = 34.96, and gAOA = 45.37). The diversification dynamics in earlier
times showed, however, differences between domains with AOB showing a
more constant cladogenesis through time whereas AOA apparently experi-
enced two fast diversification events apparently separated by a long steady-
state episode (Fig. 4.5). Interestingly, for most of the habitats gAOA was higher
than gAOB (Fig. 4.3C) and for all the cases the internal phylogeny nodes were
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time plots (LTT) for the inferred phylogenies using the whole dataset of AOA and AOB. Time 0,
the present.
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closer to the tips than expected under a constant rate of diversification. We ex-
plored for each single habitat the historical patterns using a rarefaction analy-
sis to correct for unequal sample size (Fig. 4.6). Interestingly, AOB and AOA
in soil and sediment experienced earlier bursts of diversification than in the
remaining environments. Afterward, soil AOB experienced a decelerated di-
versification rate as compared with soil AOA. In addition, AOB in sediments
significantly accelerated its diversification events as compared with the soil
counterparts. Finally, ammonia oxidizers from habitats usually eutrophic and
rich in ammonium such as wastewater and sludge, showed accelerated diver-
sification rates towards the present.
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Figure 4.6: Rarefaction curves of the diversification rates (g-statistic) for AOB and AOA in the
different habitats studied.

4.3 Discussion

We have shown consistent differences in the phylogenetic richness among
habitats and between domains, with different spatial distribution of the ge-
netic richness (i.e., AOB were phylogenetically more interconnected whereas
AOA were more phylogenetically clustered by habitat). These findings sug-
gest differential adaptations of ammonia oxidizers to the large repertory of
environmental conditions present in each habitat. In fact, Thaumarchaeota
are one of the most widely distributed and abundant groups of microorgan-
ism on the planet found in all types of environments, ranging from marine
and coastal environments (Agogué et al., 2008; Wuchter et al., 2006), neutral
and acid soils (Leininger et al., 2006; Nicol et al., 2008), hot springs (Reigstad
et al., 2008; Zhang et al., 2008), remote alpine lakes (Auguet & Casamayor,
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2008) and slush layers in ice-covered lakes (Auguet et al., 2012). As recently
shown (Pester et al., 2012), AOA have followed different evolution paths sug-
gesting specific physiological adaptations to environments being habitat fil-
tering, salinity and life style (soil and sediment) the main drivers of the com-
munity phylogenetic structure as captured by habitat clustering and UniFrac
metrics.

Quantitative differences for the community diversity of ammonia oxidiz-
ers among different habitats were also important, and especially relevant in
the case of soil ammonia oxidizers. Interestingly, the soil AOB community
structure was the most dissimilar among the AOB, and for the remaining
habitats AOB showed lower diversification rates and higher PSV values. This
may be in agreement with the fact that different habitats for different clusters
within a single AOB genus have been reported (e.g., Nitrosospira, (Prosser &
Nicol, 2008) and references therein). AOA, in turn, showed a more hetero-
geneous community composition among habitats, but specific monophyletic
soil groups have been reported (Pester et al., 2012). There are also close links
between pH and the relative contributions of bacteria and archaea to soil ni-
trification, AOA being more favoured at the lowest pH (Nicol et al., 2008).
Overall, the accelerated diversification rates in soil AOA may suggest the ex-
istence of tight habitat-phylogeny associations in AOA, while in AOB these
associations may be not so significant.

AOB and AOA coexist and have to compete for the same resources. In
fact, the different degrees of ecological success reported for different assem-
blages (Prosser & Nicol, 2008; Nicol et al., 2008; Martens-Habbena et al., 2009;
Verhamme et al., 2011) suggest that ecological and evolutionary segregation
have been acting differently in each domain along the process. AOB for in-
stance, appeared not well adapted to develop in extreme habitats such as hot
springs and hydrothermal vents, whereas AOA were apparently less favoured
in hypereutrophic sites as sludge (but see, e.g., Mussmann et al. (2011)). A
higher substrate affinity and lower tolerance to high substrate concentrations
of archaea over bacteria has been detected in one marine isolate (Martens-
Habbena et al., 2009) although AOA can survive in high ammonia concentra-
tions in soil (Tourna et al., 2011). Experiments mimicking the conditions of
both unfertilized soils and soils receiving moderate and high levels of inor-
ganic fertilizer (Verhamme et al., 2011) showed that ammonium concentration
is a more important factor modulating the community structure in AOB than
in AOA. The highest ammonium concentrations were also more favorable for
the growth of AOB. Overall, nitrogen concentration seems to play a major role
in the AOA-AOB interactions. Interestingly, we observed in our analysis that
environments permanently rich in nitrogen showed acceleration in the diver-
sification rates that could promote the emergence of new amoA variants.
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It has been hypothesized that archaea, in general, are better adapted to
deal with chronic energetic stress (Valentine, 2007), and this fact may also be
captured by the phylogenetic community analysis and inferred population
history. Thus, in AOA we observed a LTT plot with a sigmoidal behavior,
i.e., two big diversification events, one on the early stage of diversification
process and another one on the more recent lineages, and an apparent steady-
state between them with constant diversification rate. This feature could be
interpreted as an initial high rate diversification process that generated a large
number of lineages. These lineages could initially have colonized all available
habitats. Then, the diversification remained constant until ecological factors
triggered a second diversification event. This second episode could be related
to microevolutionary events(Reznick & Ricklefs, 2009) that may facilitate the
adaptation of new lineages to new emerged environmental conditions or op-
portunities. It is interesting to note the high g-statistic values and the LTT
plot shapes in AOB and AOA for soil and sediment, suggesting a competitive
race in these habitats. Overall, the low identity percentage at the nucleotide
level and the high g-statistic values suggest that the amoA gene is still under
an active process of evolution.

The phylogenetic reconstruction was the critical step in the approach. The
resulting trees were in agreement with other phylogenetic reconstructions
found in the literature showing for instance separated AOB clusters such
as Nitrosomonas-like and Nitrosospira-like, or AOA Cluster-S and Cluster-
M (Francis et al., 2005). In fact, the phylogeny of amoA genes is largely
congruent with the picture derived by 16S rRNA genes analysis, and there-
fore the habitat-phylogeny distribution patterns found for the amoA genes
may provide strong hints for the diversity (richness and evenness) of AOB
and AOA at the global scale. In addition, the habitat annotation based on
the EnvO-Lite ontologies solved two important concerns for massive com-
parative studies. First, it reduced the number of different ecosystems to a
few general habitats that could be easily translated to a globally meaningful
classification. Second, it solved the need to be standard, and the ontologies
in information sciences are the highest current standard (Hirschman et al.,
2008). Being standard means that further studies can be directly and objec-
tively compared, and this will facilitate a comprehensive knowledge base
not only for comparative studies but also for integrative database analyses.
Finally, although we did an intensive search and a strict filtering process
of the publicly available DNA sequences, our results and conclusions are,
of course, limited by both the intrinsic biases of the information deposited
in databases, and the different methodologies and experimental procedures
carried out by different research teams. We cannot rule out, for instance, the
inherent biases of PCR amplification and the use of specific amoA primer pairs
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to generate the data deposited in GenBank from the original environmental
samples. To minimize these limitations, the approach taken in this study
combined classical phylogeny and community phylogenetics using thousand
of sequences from hundred of sites which provided statistically consistent
patterns between and within domains at a global scale. These patterns may
certainly generate further working hypotheses and help in setting up more
accurate experimental designs to improve current knowledge of the ecology
and evolution of biological ammonia oxidation.

4.4 Methods

Sequence collection

Two Bioperl scripts were used as wrappers to the Entrez Programming Util-
ities (Wheeler et al., 2008) to search and retrieve amoA sequences from NCBI
GenBank database release 178 (June 2010). First, the Esearch utility was used
to capture the amoA sequences that match the search string “amo subunit A or
ammonia monooxygenase subunit A or ammonia monooxygenase a subunit or Amo a
subunit or amoA OR ammonia monooxygenase A or ammonia monooxygenase or am-
monium monooxygenase or ammonium monooxygenase A) NOT (genome or chromo-
some or plasmid)”. Next, Efetch retrieved the entries found by Esearch in a Gen-
bank formatted flat file to get ancillary environmental information. Overall,
21,603 sequences were retrieved and stored in a postgreSQL database using
the associated metadata as information source. Additionally, thaumarcheo-
tal amoA sequences recently described from high mountain lakes (Auguet
et al., 2012, 2011) and amoA from archaeal and bacterial complete sequenced
genomes were included in the data set. Sequences were checked to validate
the annotation using HMMER 3.0 (Eddy, 2010) in combination with the PFAM
24.0 (Finn et al., 2010) models PF02461 and PF12942 for the bacterial and ar-
chaeal amoA domains, respectively.

Sequence data preparation

The high quality annotated amoA genes dataset was built as follows. Se-
quences were split by domain, initially resulting in 11,738 sequences for AOA
and 9,865 sequences for AOB. Sequences that lack the isolation source tag,
CDS tag, those which annotated product was not an ammonia monooxyge-
nase subunit A, and sequences that contained more than 0.1% ambiguous po-
sitions were automatically removed. Sequences were further classified by iso-
lation source; all sources with less than five sequences were removed. We
ended with 300 different isolation sources (sites), with 153 sites for AOB and
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147 sites for AOA. Next, sequences for each site were clustered at 98% iden-
tity at the nucleotide level with CD-hit (Li & Godzik, 2006) to reduce redun-
dant sequences. Sequences were clustered by site to keep identical sequences
found in different environments. In addition a Perl sequence quality checking
script was used to remove sequences considered too short, i.e, those lengths
being less than two times the standard deviation of the overall sequence mean
length for all sequences in each domain. The final data set contained 3,619 ar-
chaeal and 2,157 bacterial amoA encoding gene sequences. Final nucleotide
lengths were 589±67 for AOA, and 489±88 for AOB.

Envo-Lite annotation

The 300 isolation sources were manually annotated and reduced to 11 dif-
ferent habitat types using environmental ontologies, a standardized project of
the of the Genomic Standards Consortium (www.environmentontology.org/).
We used the Lite version of EnvO (former Habitat Lite (Hirschman et al.,
2008)) that reduces the controlled vocabulary to 20 terms. EnvO provides a
controlled and structured vocabulary with defined relationships between its
terms allowing efficient and accurate software manipulation, data retrieval
and integration. Sequences from laboratory microbial strains were assigned to
the original habitat from which they were initially isolated whereas the Envo-
lite category “cultured” (i.e., controlled habitat created by humans through
laboratory techniques) only contained sequences from both artificial biofilters
and bioreactors. We classified separately wastewater and sludge habitats ac-
cording to the EnvO-lite definitions as follows; wastewater as liquid water
that has been adversely affected in quality by anthropogenic influence, and
sludge as the residual semi-solid material left from domestic or industrial pro-
cesses, or wastewater treatment processes. In addition, habitat annotations
that only contained a few sequences were combined in a superior hierarchical
level (e.g., animal-associated and plant-associated habitats were grouped as
organism-associated habitat).

Phylogenetic analysis

The amoA sequences were aligned with MAFFT (Katoh et al., 2005), auto-
matically edited with GBlocks (Castresana, 2000) and manually checked
and trimmed. A custom Perl script calculated the parameters needed for
Gblocks. The final alignment length was 467 positions for AOA and 351
positions for AOB. Substitution saturation in the sequences was checked after
plotting distances calculated using Jukes-Cantor, Kimura and raw distances
(proportion of different sites), respectively. The plots showed no saturation,
so the transition/transversion ratio did not affect the estimated distances.
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The amoA phylogenetic trees from the nucleotide alignments were inferred
by the MPI variant of RaxML v7.2.8 (Stamatakis et al., 2005). Phylogenetic
inference was run using the rapid BS algorithm under the GTRCAT model
and 20 maximum likelihood searches with 1000 bootstrap replicates to find
the best-scoring tree under the GTRGAMMA model. The best phylogenetic
tree estimated by RAxML was drawn with iTOL (Letunic & Bork, 2007).
Environmental data sets were created and used in iTOL to graphically show
the Envo-Lite annotation.

To find the level of sequence identity for each environment, a pair-
wise alignment all-against-all was carried out for each domain using uclust
1.4 (Edgar, 2010b).

Community phylogenetics

Differences in phylogenetic composition of nitrifying communities among
environments were analyzed with UniFrac b-diversity metric (Lozupone &
Knight, 2005). To statistically analyze the phylogenetic richness and how
diversity was structured in each habitat we calculated phylogenetic diversity
(PD) and phylogenetic species variability (PSV) indexes from the inferred
trees (Faith, 1992). PD was calculated as the sum of the branch length with
1000 randomizations to avoid the sample size effect. PSV reflects the phy-
logenetic relationships between taxa, being closer to 1 when all taxa are
poorly related (i.e., star phylogeny) and closer to 0 when taxa are closely
related. To correct for unequal sample sizes, randomized subsamples for
each habitat were run (Barberán & Casamayor, 2010). We also calculated PD
rarefaction curves to show how new sequences added larger branch length to
the phylogenetic trees.

To graphically show relationships among habitats we used the Gephi
0.8 (Bastian et al., 2009) open source software for graph visualization and
analysis and undirected weighted networks on the UniFrac distance matrices
and the pairwise alignments. In the UniFrac graph network, vertices cor-
respond to the habitats and the weight of the edges is 1-UD, so the edges
represent how similar two communities are.

To estimate divergence time, the original trees were transformed to ultra-
metric trees through the mean path length method (MPL) (Britton et al., 2007)
as rate smoothing technique. We scaled the tree root at relative time 1, and
then the tree was calibrated using the root age value. In order to visualize the
events of diversification and to measure their changes among habitats we plot-
ted lineage-through-time plots and calculated the g-statistic (Pybus & Har-
vey, 2000). For diversification events constant through time, the parameter g
equals zero and a straight line in LTT is expected. If the diversification slowed
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then, g<0 and the LTT plot lays above the straight line (the tree internal nodes
are closer to the root than expected under a constant rate of diversification);
g>0 indicates acceleration through time in the rate of lineages accumulation
(the nodes are closer to the tips than expected). Rarefaction curves were cal-
culated with the g value for each habitat.

All analyses were carried out in the R environment (http://www.r-
project.org/) using APE (Paradis et al., 2004) and Picante (Kembel et al., 2010)
packages.
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5
Evolutionary Patterns in

Archaeal Ammonia Oxidizers

Resumen

La amoA es uno de los genes clave implicados en la oxidación del amonio y
presenta una distribución muy diversa y abundante en los diferentes ambien-
tes del planeta. En el siguiente estudio, analizamos los procesos evolutivos
moleculares implicados en la alta capacidad diversificadora de este gen; aun-
que el gen del amoA se encuentra bajo los efectos de la selección purificadora,
hemos encontrado evidencias de selección episódica diversificadora en codo-
nes individuales así como en linajes. Hemos observado eventos de selección
postiva diversificadora seguido de periodos de conservación (selección homo-
geneizadora) como un mecanismo para la generación y mantenimiento de un
seed bank evolutivo del gen de la amoA como un mecanismo para la radiación
adaptativa en los diferentes hábitats.
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Abstract 1

The amoA is one of the key genes involved in ammonia oxidation and has been
found to be very diverse and abundant in different habitats. In the present
study, we explored the molecular evolution processes underlying the ecologi-
cal succesful diversification processes observed in ammonia oxidizing archaea
(AOA). Although treated as a whole the amoA gene was under purifying se-
lection processes, we found evidences of episodic diversifying selection both
on individual codons and in individual phylogenetic lineages. We observed
diversification events mediated by bursts of positive selection followed by ex-
tensive conservation (homogenizing selection) as a mechanism for generation
and maintenance of an amoA seed bank as the source for the adaptive radia-
tion found along ecological diverse habitats. We also identified the individual
codons that evolved differentially and that were involved in the amoA clado-
genesis and in the adaptive processes that may determine AOA habitat parti-
tioning.

5.1 Introduction

Ammonia-oxidizing Archaea (AOA) have been widely detected in a large
variety of aquatic and terrestrial environments (see a recent metaanalysis
in Fernàndez-Guerra & Casamayor (2012)). Recently, different global amoA
phylogenies have been inferred (Gubry-Rangin et al., 2011; Biller et al., 2012);
and a consensus phylogeny and a new nomenclature for the groups observed
has been proposed (Pester et al., 2012). The current knowledge splits the
archaeal amoA gene sequences cluster into five major phylogenetic clades,
which tend to cluster sequences from the same habitat Pester et al. (2012).
These phylogenies capture the diversification of amoA but an explanation for
the molecular processes underlying the amoA cladogenesis and the habitat
adaptation are missed.

Diversification and adaptation are the result of the evolution in protein-
coding regions (Hurst et al., 2006) and understanding the patterns behind
these evolutionary processes from molecular data, at individual protein sites
(Nielsen & Yang, 1998; Yang et al., 2000; Murrell et al., 2012) and over phylo-
genetic lineages (Yang & Nielsen, 2002; Pond & Frost, 2005; Pond et al., 2011),
is an area of active research in genetics studies on viruses and eukaryotes.
The application in microbial ecology of this new view to understand how
the evolutionary pressures in key functional proteins determine the ecolog-
ical patterns observed has not been explored so far. A simple and robust way

1Fernàndez-Guerra, A, EO Casamayor. Manuscript in preparation.
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to quantify these molecular evolutionary pressures is the ratio of substitution
rates for synonymous sites (dS or a), which are presumed to be neutral, and for
non-synonymous sites (dN or b), which possibly experience selection. When
natural selection promotes changes in the protein sequence the dN/dS > 1
(positive selection) and when natural selection suppresses protein changes the
dN/dS < 1 (purifying selection). Before using the dN/dS ratio in prokaryotes
a few concerns have to be carefully considered, such as the high level of recom-
bination in prokaryotic genomes (Kreuzer, 2005) and the sequences analyzed
has to be from divergent lineages (Kryazhimskiy & Plotkin, 2008).

In a recent work Biller et al. (2012), has analyzed the selective pressures
of the amoA gene, as the mean of the ratio of non-synonymous to synony-
mous substitutions (dN/dS) by counting methods -Pond 2005b- and found
that amoA gene is under purifying selection and any site was detected to ex-
perience positive selection. However, selective pressures can vary both over
sites and time, resulting in localized bursts of selection within a subset of sites
and a small number of lineages. In fact, recently it has been suggested that
natural selection could be basically episodic (Murrell et al., 2012).

In the present study, we explored the evolutionary patterns of three of the
main clusters obtained from the consensus AOA phylogeny. We analyzed
the Nitrosopumilus cluster (Könneke et al., 2005) as a representative of a ma-
rine AOA generally found in open ocean and adapted to live in oligotrophic
environments, the Nitrososphaera cluster (Tourna et al., 2011) an ammonia ox-
idizing archaeon from soil and Nitrosotalea cluster (Lehtovirta-Morley et al.,
2011) an obligate acidophilic ammonia oxidizer from soil. We identify events
of episodic diversifying selection both at individual sites and in individual
lineages, the mechanisms for generation and maintenance of an evolutionary
amoA seed bank, and different evolving sites related to cladogenesis and habitat
partitioning of the three main AOA clusters.

5.2 Methods

Sequence collection and environmental annotation

The amoA gene sequences were obtained from the ARB database distributed
by (Pester et al., 2012); in their original work those sequences were used to in-
fer the most up-to-date and rigorous consensus AOA phylogeny. We removed
20 sequences containing ambiguities from the 735 sequences present in the ini-
tial data set, and we followed the new nomenclature system for the AOA lin-
eages proposed by the authors. To make the annotation the most accurate pos-
sible we environmentally re-annotated the sequences combining (and redefin-
ing when necessary) the original annotation with the terms found in Habitat-
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lite (Hirschman et al., 2008). When combined the environmental annotation
with the main amoA clusters we were able to generate several data sets us-
ing the consensus tree topology as a reference to split the database. The first
data set comprised the three most abundant archaeal amoA clusters, ,i.e., Ni-
trosopumilus-like with 352 sequences, Nitrosotalea-like with 39 sequences, and
Nitrosospharea-like with 310 sequences. The second data set was generated us-
ing the environmental annotation, choosing the five habitats with the highest
number of sequences., i.e., soil (180 sequences), marine sediment (150), estuar-
ine sediment (148), marine planktonic (95, referred as marine), and hot spring
(39 sequences). Finally, the third data set was conformed by cluster specific
habitat sequences from Nitrosopumilus and Nitrososphaera. In Nitrosopumilus
cluster, 107 sequences were from marine sediment, 90 from marine plankton
and 80 from estuarine sediments. For Nitrososphaera, 135 sequences were from
soil habitats, 41 from marine sediment and 51 from estuarine sediment.

We used the amoA genomic sequence from Nitrosopumilus (YP_001582834.1)
aas reference to naming positions in further analysis.

Sequence alignment and phylogenetic inference

Although the sequences distributed within the ARB database were already
aligned, we used our own alignment approach to achieve the high require-
ments in alignment quality for codon-based analyses. First, we checked if
selected sequences were on frame doing a BLAST search of the nucleotide
sequences against their respective amino acid sequences using bl2seq with
the algorithm tblastn from NCBI Blast+ 2.2.25 package (Camacho et al., 2009).
Then, the nucleotide sequences were spliced following the coordinates of the
blast results. Later to minimize the codon alignments errors and improve
the detection of the selection events (Jordan & Goldman, 2011; Privman
et al., 2011) we used an in-house modified version of GUIDANCE (Penn
et al., 2010). This customized version of GUIDANCE takes profit of paral-
lelization in some of the steps required by GUIDANCE and uses RAxML as
fast maximum-likelihood phylogenetic method to infer the guiding trees for
MUSCLE (Edgar, 2010a). The high quality codon alignment after applying the
filtering algorithms implemented in GUIDANCE to deal with the alignment
uncertainty resulted in 594 positions. We generated consensus sequences for
the alignments; aminoacid composition at a site was resolved using the most
frequent character at that site for each alignment. Sequence logo (Crooks
et al., 2004) for those alignments can be found in Figure S1-S4.
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Screening for recombination

We screened all cluster amoA alignments using the GARD method imple-
mented in HYPHY (Pond et al., 2005) to find evidences of recombination.
Recombination events may mislead selection analysis as each partition could
have different rates; to correct this effect, selection codon based analysis had
to take in account a tree topology for each partition (Scheffler et al., 2006).
We did a GARD screening on 5 different random data sets picking up 20
sequences from each cluster. We repeated GARD analysis at least five times
for each random data set to check convergence and test if the recombination
breakpoints found were stable due to the aleatory nature of GARD.

HYPHY implemented the Kishino-Hasegawa test (KH) (Kishino &
Hasegawa, 1989) to test the congruence of topologies; we inferred sepa-
rately a ML tree for each partition using RAxML 7.3.0 (Stamatakis et al., 2005)
performing 1000 maximum likelihood searches with 1000 bootstrap replicates
and with the consensus topology as starting tree to find the best-scoring
tree under the GTRGAMMA model for each partition of the alignment
determined by the breakpoint location and we calculated the sitewise log
likelihoods. To test that the incongruences found by the KH test were caused
by a different ratio in each side of the breakpoint, p-values of each alignment
combination according to the Approximately Unbiased (AU) test using mul-
tiscale bootstrapping (Shimodaira, 2002) and the Shimodaira-Hasegawa (SH)
test (Shimodaira & Hasegawa, 1999) were calculated using CONSEL (Shi-
modaira & Hasegawa, 2001). Tree topologies inferred for each partition were
used for later codon based analyses and we calculated the tree length (S) for
each partition (Table 5.1)

GARD reported breakpoints at positions 298, 299, 300, 306 and 311 in the
five random data sets we screened. Recombination signal detected by GARD
suggested a breakpoint nearby position 300. We partitioned amoA alignments
at position 300 and we inferred a maximum likelihood tree for each partition
as previously described. Then, we tested the inferred tree topologies for in-
congruences using the KH test implemented in HYPHY, in all cases KH test
reported a p < 0.01 supporting the presence of a breakpoint. In addition,
CONSEL reported p < 0.01 for AU and SH tests.

Codon based analyses

HyPhy package for testing hypothesis using phylogenies was used to detect
signatures of positive and negative selection and differential adaptive evolu-
tion from the amoA codon alignments estimating the ratio of non-synonymous
(dN or b) and synonymous substitution rates (dS or a). First, we performed
pairwise comparisons of genetic distance between clusters, habitats and cluser
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specific habitat to analyze different populations and not segregating poly-
morphisms (Kryazhimskiy & Plotkin, 2008). We calculated the FST (distance
based; the distance matrices were calculated using the TN93 genetic distance)
pairwise metrics using the methods implemented in HYPHY (Zárate et al.,
2007) with 1000 bootstraps and 1000 permutations.

Then we searched for the best nucleotide model to be combined with the
codon model MG94 (Muse-Gaut 1994). Nucleotide models that fitted best
each data set by the AICc criterion are shown in Table 5.1 (Model column)

To estimate the rates of non-synonymous and synonymous in each site of
the alignment to identify which codon sites were under pervasive negative
selection we used the Fixed Effects Likelihood for terminal (FEL) and inter-
nal (iFEL) branches taking in account recombination. As described in (Pond
& Frost, 2005) FEL methods outperforms Random Effects Likelihood (REL)
methods and counting methods (SLAC). FEL approach didn’t suffer from so
many false positive as the other methods and was better for detecting the pat-
terns of rate variation. IFEL was essentially the same as FEL, except that selec-
tion was only tested along the internal branches of the phylogeny (Pond et al.,
2006).
One of FEL limitation was that the method assumed the same dN/dS ratio
to all branches, which meant, that didn’t exist a lineage-to-lineage variation
in dN/dS. These assumptions affected to the detection of those clades that
could be under a different regime of selection but the signal was lost in the
background noise of the overall tree. To avoid this effect and find out which
sites were under episodic or pervasive positive selection at the level of an in-
dividual site we applied the Mixed Effects Model of Evolution (MEME) (Mur-
rell et al., 2012) a mixed effects model of evolution that allows the distri-
bution of w to vary from site to site and also from branch to branch at a
site. To detect which lineages -MEME, only detected individual sites- were
under episodic diversifying selection (EDS) we applied the BranchSiteREL
method (Pond et al., 2011).

HyPhy provided the possibility to compare differential evolution in differ-
ent samples -in our scenario, we defined amoA clusters, habitats, cluster asso-
ciated habitats as different samples- following the hypothesis that at a given
site, the dN/dS ratio differed between the two samples, on the entire tree and
on the internal branches as described in (Pond et al., 2006). This method only
detected sites subject to different selective pressures in both samples, regard-
less of which residue appeared to be selected for.

All codon-based analyses were run on the non-recombinant fragments to
take account of recombination separately. We plotted the lineages detected by
BranchSiteREL to be under episodic or pervasive positive selection on the con-
sensus amoA phylogeny. Trees were graphically represented with iTOL (Letu-
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nic & Bork, 2007).
In order to deal with convergence problems, most analyses were run at

least twice with different initial conditions, and the run with the best likeli-
hood for each was kept.

Hive plot were used to show the distribution of sites detected under
Episodic Diversifying Selection (see details of this type of representation in
Appendix A.

5.3 Results

Pairwise comparisons of the genetic distance calculated by the FST statistic,
reported that the all data set included in the analysis diverged significantly
from one another at p < 0.001. And the tree lengths (S) calculated as the ex-
pected substitution per codon site along the tree (Table 5.1) assured medium
sequence divergence (Anisimova et al., 2002). Accurate prediction in similar
sequences is possible when we include a large number of lineages. For exam-
ple a S = 15.8 in Nitrosopumilus partition means an average branch length of
S/(2T � 3) ⇡ 0.02 nucleotide substitutions per codon (where T are the num-
ber of taxa).

Signatures of purifying selection

Overall, the amoA alignment data set analyzed in the present work were un-
der the effects of purifying selection (or negative selection), alignments had a
mean dN/dS < 1 (ranging from 0.032 on the marine sediment alignment from
Nitrososphaera to the maximum value of 0.078 for the hot springs alignments).

On Table 5.1 are summarized the results after applying FEL methods to
internal/terminal branches to analyze the amoA clusters (taxonomy), habitats
and cluster specific habitats.

On the cluster level, Nitrosopumilus had 183/185 negatively selected sites
(Table SA1 and SA15), Nitrosotalea had 103/124 (Table SA2 and SA16) and
Nitrososphaera 185/183 (Table SA3 and SA17) at p  0.05.

When habitat alignments were analyzed using FEL methods, the number
of sites under purifying selection for internal/terminal branches for marine
habitat was 175/179 (Table SA4 and SA18), 182/186 for marine sediments (Ta-
ble SA5 and SA19), 180/184 for estuarine sediments (Table SA6 and SA20),
144/158 for hot springs (Table SA7 and SA21) and 184/186 for soils (Table
SA8 and SA22).

In cluster specific habitats for Nitrosopumilus, iFEL/FEL reported 171/175
negatively selected sites on marine habitats (Table SA20 and SA23), 164/171
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Figure 5.1: Hive plot with the distribution of sites detected, p  0.05, under Episodic Diversifying
Selection on amoA clusters (A) and habitats (B). Codon positions based of the amoA aminoacid
sequence YP_001582834.1 from the genomic sequence of Nitrosopumilus; codon 1 located at
the axis inner part of the hive plot. Ns: Nitrosopumilus; Ns=Nitrosososphaera; Nt=Nitrosotalea;
m=marine; ms=marine sediment; es=estuarine sediment; hs=hot spring; s=soil.

on marine sediment (Table SA21 and SA24) and 154/172 on estuarine sedi-
ments (Table SA22 and SA25); in Nitrososphaera iFEL/FEL reported 182/184
negatively selected sites on soil habitats (Table SA12 and SA26), 169/179 on
marine sediment (Table SA13 and SA27) and 175/179 on estuarine sediments
(Table SA14 and SA28).

IFEL allows the estimation of dN and dS separately in internal and termi-
nal branches of the tree, this allowed us to identify if recent non-synonymous
substitutions (terminal branches) were not represented on internal branches
or the other way around (Table 5.1). In five alignments, Nitrosopumilus (92:64),
Nitrososophaera (105:45), soil habitat (73:62), Nitrosopumilus from marine habi-
tat (46:39) and Nitrososphaera from soil habitat (83:38) had more codons with
only recent non-synonymous substitutions than codons with substitutions on
internal branches. Neither FEL nor iFEL detected any site under pervasive
positive selection.

Signatures of Episodic Diversifying Selection

MEME detected signals of episodic diversifying selection (p  0.05) on 25
sites for Nitrosopumilus (Table SB1), 6 for Nitrosotalea (Table SB2) and 16 for Ni-
trososphaera (Table SB3). Figure 5.1A shows a hive plot (Krzywinski et al., 2012)
with the distribution of the sites under positive selection detected by MEME
in each amoA cluster (Figure S5 shows detailed results on the proportion of
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Np[m]

Np[es] Np[ms]

Ns[s]

Ns[es] Ns[ms]
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Ns[es] Np[es]

A B C

Figure 5.2: Hive plot with the distribution of sites detected, p  0.05, under Episodic Diversifying
Selection on amoA clusters specific habitats (A, B) and clusters only including sediment related
habitats (C). Codon positions based of the amoA aminoacid sequence YP_001582834.1 form
the genomic sequence of Nitrosopumilus; codon 1 located at the axis inner part of the hive plot.
Np: Nitrosopumilus; Np=Nitrosososphaera; Nt=Nitrosotalea; m=marine; ms=marine sediment;
es=estuarine sediment; s=soil.

branches under EDS).
We found codon {47, 131} to be under diversifying selection in all three

taxa. Codon {47} strength of diversifying selection (b+/a) is 19.68 and 0.7% of
branches (q+) were under diversifying selection (Table S1). In Nitrososphaera
had a b+/a = 6.61 and q+ = 4.8% and Nitrosotalea had a b+/a = 71.14 and
q+ = 2% at this site. For codon {131}, Nitrosopumilus had a b+/a = 78.59 and
a q+ = 1.8% of branches were under diversifying selection. Nitrososphaera
had a b+/a = 34.84 and q+ = 1.2% and Nitrosotalea had a b+/a = 106.31 and
q+ = 7.2% at this site.

While some of the codons identified to be under diversifying selection
were common within clusters, others were cluster specific. Codons {7, 20,
24, 42, 48, 57, 66, 77, 78, 89, 103, 106, 126, 166, 194, 195, 201} were only detected
on Nitrospumilus; while codons {37, 81, 94, 125, 129, 134, 135, 145, 178, 184,
187} were positively identified only in Nitrosotalea; and codon {152} only on
Nitrosotalea.

When MEME was applied to the habitat alignments (hive plot on Fig-
ure 5.2B and detailed results on Figure S6) reported 8 sites for marine (Ta-
ble SB4), 19 for marine sediment (Table SB5), 20 for estuarine sediment (Table
SB6), 9 for hot spring (Table SB7) and 11 for soil (Table SB8). Codon {192}
was detected by MEME for all habitats. This codon had a b+/a = 30.25 and
q+ = 2% in marine habitats; b+/a = 57.38 and q+ = 0.8% in marine sedi-
ment; b+/a = 1343.93 and q+ = 2.17% in estuarine sediment; b+/a = 48.32
and q+ = 3.26% in hot spring; and b+/a = 43.85 and q+ = 1.1% in soil.

Codons detected under diversifying selection specific by habitat were {147,
201} for marine habitat, codons {17, 20, 24, 48, 66, 89, 194} for marine sediment,
codons {43, 77, 103, 126, 145, 152, 188, 191} for estuarine sediment, codons {125,
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129, 134, 171, 195} for hot spring and codons {31, 184} for soil.
On cluster specific habitats, Figure 5.3 and Figure S7 for detailed results,

MEME reported 8 sites in marine habitats (Table SB9), 16 in marine sediment
(Table SB10) and 11 in estuarine sediments (Table SB11) for Nitrosopumilus
cluster; while for Nitrososphaera, MEME reported 9 sites in soils (Table SB12), 2
on marine sediments (Table SB13) and 5 on estuarine sediments (Table SB14).
Codons {57,199} were detected by MEME to be under diversifying selection
on all Nitrospumilus habitats; with a b+/a = 193.74 and q+ = 0.7% in ma-
rine, b+/a = 51.05 and q+ = 8.8% in marine sediment, b+/a = 312.28 and
q+ = 9.14% in estuarine sediment for codon {57}. For codon {199}, MEME
reported a b+/a = 71.06 and q+ = 0.7% in marine, b+/a = 93.22 and
q+ = 1.6% in marine sediment, b+/a = 21.74 and q+ = 2.5% in estuarine
sediment.

Codon 178 was detected by MEME on all Nitrososphaera habitats and re-
ported a b+/a = 67.057 and q+ = 0.8% in soil, b+/a = 94.59 and q+ = 1.4%
in marine sediment, b+/a = 973.30 and q+ = 1.07% in estuarine sediment.
For Nitrosopumilus specific habitats, codons only detected under diversifying
selection in each habitat were {94, 147, 201} in marine habitat, codons {17, 20,
24, 48, 66, 78, 89, 131, 194} in marine sediment habitats and codons {43, 77,
103, 191} in estuarine sediments. For Nitrososphaera habitats, codons {31, 53,
147, 184} in soils and codon {112} in marine sediment were only positively
detected on those habitats.

Lineages under episodic diversifying selection

For every main cluster in the consensus amoA phylogeny (Figure 5.3), Branch-
SiteREL method found evidences of lineages under episodic diversifying se-
lection with a corrected p  0.05. Detailed results for the branch-level mix-
ture of negative, (nearly) neutral and positive selection models values could
be found in Tables SD1-3.

The analysis reported for Nitrospumilus evidences of 20 lineages where
the strength of diversifying selection (w+) > 40 and the proportion of sites
under selection (q+) range varies from 0.5 to 10.90%. Five of the lineages
detected were members of the subcluster 9. All other lineages detected are
spread around the other subclusters, e.g. branch-site methods detected two
lineages for subclusters 1, 2, and 3. Some of the lineages with higher q+ were
Node612 with a q+ = 10.90% and w+ = 154.577, an ancestral lineage from
Nitrosopumilus subcluster 9.1; Node568 with q+ = 4.1% and w+ = 3333.960
and Node399 with q+ = 4.5% and w+ = 1999.220.

In Nitrososphaera cluster, 4 branches were detected to be under EDS. All 4
branches had a omega > 200; Node28 had a q+ = 1.1% and w+ = 10000;
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Figure 5.3: Consensus phylogeny from Pester et al. (2012) (A). Cluster subtrees from consensus
phylogeny for Nitrosopumilus (B), Nitrososphaera (C) and Nitrosotalea (D). Branches detected
under episodic diversifying selection by the sequential test at p  0.05 are marked with a red
circle. Each tree is scaled on the expected substitution per codon site
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Node34 had a q+ = 0.5 and a w+ = 10000; Node299 had a q+ = 1.8% and a
w+ = 10000; and DQ500971, belonging to the subcluster 3, had a q+ = 1.6%
and a w+ = 292.969. Finally, for Nitrosotalea cluster, BranchSiteREL reported
4 branches under EDS. AB457631 with a q+ = 9.2% and a w+ = 66.511;
EF207220 with q+ = 3.4% and w+ = 48.836; Node703 with q+ = 3.7 and
w+ = 41.045; and DQ148793 with q+ = 2.5% and w+ = 18.792.

Differential selection test

We compared every amoA cluster (Figure 5.4A), habitat (Figure 5.4B), cluster
specific habitat (Figures 5.5A and 5.5B) and cluster specific sediment habitats
(Figures 5.6A and 5.6B) to analyze the existence of different selection pressures
on individual sites for internal and terminal branches with a p  0.05.

Differential selection test results (internal/terminal) for main amoA clus-
ters comparisons revealed 37/52 codons as selected differentially for the pair
Nitrosopumilus and Nitrososphaera (Tables SC1 and SC21); purifying selection
strength was slightly stronger in Nitrosophaera. Comparisons for Nitrosop-
umilus and Nitrosotalea (Tables SC2 and SC22) resulted in 15/18 codons and
19/24 codons for Nitrososphaera and Nitrosotalea (Tables SC3 and SC23). The
trends observed in the values of selection strength were similar for both pairs
of comparisons combined codons with stronger purifying selection {31, 98,
199} and others with a strong diversifying strength {46, 131}.

When all habitats were compared, differential selection test for marine
habitat identified 7/11 codons with marine sediment habitats (Tables SC9 and
SC29); 7/10 codons with estuarine sediments (Tables SC11 and SC31); 9/19
codons with hot springs (Tables SC13 and SC33) and 16/19 codons with soils
(Tables SC6 and SC26). Marine sediments had 3/2 codons with estuarine sed-
iments (Tables SC8 and SC28); 6/20 codons with hot spring (Tables SC10 and
SC30) and 16/22 codons with soils (Tables SC4 and SC24). Estuarine sediment
had 6/14 codons with hot spring (Tables SC12 and SC32); 13/14 codons with
soils (Tables SC5 and SC25). Hot springs had 12/10 codons with soils (Tables
SC7 and SC27).

Within cluster habitat specific alignments, tests for differential selection
reported for Nitrosopumilus in marine habitats 5/16 codons with marine sedi-
ment (Tables SC16 and SC38) and 10/10 codons with estuarine sediment (Ta-
bles SC17 and SC39); marine sediment had 1/4 codons with estuarine sedi-
ment (Tables SC20 and SC35). Nitrososphaera in soil had 2/0 codons in marine
sediment (Tables SC18) and 2/1 codons in estuarine sediment (Tables SC19
and SC40); marine sediment and estuarine sediment had 2/0 codons selected
differentially (Table 34).

In addition, we did a codon-based maximum likelihood reconstruction
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Figure 5.4: Hive plot with the distribution of differentially evolving sites (internal and external
branches) detected at p  0.05, on amoA clusters (A) and habitats (B). Codon positions based of
the amoA aminoacid sequence YP_001582834.1 form the genomic sequence of Nitrosopumilus;
codon 1 located at the axis inner part of the hive plot. Ns:Nitrosopumilus; Np=Nitrososphaera;
Nt=Nitrosotalea; m=marine; ms=marine sediment; es=estuarine sediment; hs=hot spring; s=soil.

of evolutionary history at the codon positions differentially selected in in-
ternal branches for the pair marine sediment and estuarine sediment in Ni-
trosopumilus and in Nitrososphaera (Figures S8-10 and Tables SD4-6). In Ni-
trosopumilus, we observed a different behavior for the patterns of substitu-
tion in codon {82} along the tree when we compared the two habitats; marine
sediment, showed non-synonymous substitutions along internal branches as
well as on terminal, while in estuarine sediment, mostly non-synonymous
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Figure 5.5: Hive plot with the distribution of differentially evolving sites (internal and external
branches) detected at p  0.05, on amoA cluster specific habitats for Nitrospumilus (A) and Ni-
trososphaera. Codon positions based of the amoA aminoacid sequence YP_001582834.1 form
the genomic sequence of Nitrosopumilus; codon 1 located at the axis inner part of the hive
plot. Ns: Nitrosopumilus; Np=Nitrososphaera; Nt=Nitrosotalea; m=marine; ms=marine sediment;
es=estuarine sediment; s=soil.

and synonymous substitutions were found on terminal branches only. In Ni-
trososphaera, codon {47} had similar pattern in both habitats, synonymous sub-
stitutions along internal and terminal branches; while codon {187} in estuar-
ine sediment, non-synonymous and synonymous substitutions were found on
terminal branches only but not in marine sediment.

Furthermore, we compared the common habitats in clusters, marine sedi-
ment and estuarine sediment, Nitrosopumilus had 10/27 codons (Tables SC15
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and SC37 and Nitrososphaera had 21/22 codons differentially selected (Tables
SC14 and SC36).
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Figure 5.6: Hive plot with the distribution of differentially evolving sites (internal and external
branches) detected at p  0.05, on amoA cluster specific sediment habitats for Nitrospumilus (A)
and Nitrososphaera. Codon positions based of the amoA aminoacid sequence YP_001582834.1
form the genomic sequence of Nitrosopumilus; codon 1 located at the axis inner part of the
hive plot. Ns: Nitrosopumilus; Np=Nitrosososphaera; Nt=Nitrosotalea; m=marine; ms=marine
sediment; es=estuarine sediment; hs=hot spring; s=soil.

To recognize which differentially selected codons in common habitats
were caused by cluster differences or by habitat influence, we crosschecked
differentially selected codon positions from the pair Nitrosopumilus and Ni-
trososphaera with the ones from the cluster specific common habitats. In
marine sediment, 23 of 27 codons, and in estuarine sediment, 17 of 22 codons,
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had also been differentially selected in cluster alignments terminal branches.
Four codons {20, 48, 147, 178} in marine sediment and five codons in estuarine
sediment {66, 70, 101, 116, 178} could be inferred as differentially selected
by habitat influence. When we checked on internal branches, we got 8 of
10 codons in marine sediment; and 14 of 21 codons in estuarine sediments.
Codons {122, 195} in marine sediment and codons {66, 101, 116, 122, 146, 166,
186} in estuarine sediment could differentially selected by habitat adaptation
effects.

In Nitrososphaera, codons {47,187} are evolving differentially between habi-
tats. Codon {47} is under a stronger purifying selection in both habitats while
codon {187} it is in estuarine sediments. In Nitrosopumilus, populations from
marine sediment and estuarine sediment differs only in codon {82}; selection
strength, as normalized dN � dS, in estuarine sediments is -1.49 while in ma-
rine sediment is -0.35. Ancestral state reconstruction at this codon agrees with
the fact this site is highly conserved on estuarine sediments by purifying se-
lection. To complete the picture, we added marine habitats (planktonic) to
Nitrosopumilus comparisons. Marine with marine sediments have 5 different
evolving codons {14, 53, 73, 88, 94}; while with estuarine sediments has 10
codons {49, 53, 73, 101, 116, 126, 131, 141, 144, 145} and signal of purifying
selection is stronger in marine samples.

When we do the test between clusters, we detect the intrinsic different
evolving codons between clusters plus the habitat specific. When we isolate
those codons we are able to identify codons {122, 195} in marine sediment and
codons {66, 101, 116, 122, 146, 166, 186}. Codon {122} and codons {66, 101, 116,
122, 166, 186} are under stronger purifying selection on Nitrososphaera while
codon {195} and codon {146} in Nitrosopumilus

5.4 Discussion

In the present work we analyzed the molecular evolution patterns of archaeal
ammonia oxidizers linked to their ecological information unveiling which
evolutionary processes and individual codons were behind the processes of
diversification and adaptation. We are able to identify individual codons that
underlie the factors responsible for habitat partitioning on the major amoA
clusters from the consensus phylogeny, as they were subjected to differential
selection and evolve differentially between habitats. The three archaeal am-
monia oxidizing clusters analysed have different life styles and are found in
very different environments. While Nitrosopumilus cluster members are gen-
erally found in open ocean and adapted to live in oligotrophic environments,
Nitrososphaera and Nitrosotalea clusters are ammonia oxidizing archaeons from
soil and acidic soils and usually nitrogen rich environments. To address the
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question about what factors are driving amoA diversification we started our
analyses at the cluster level (global) to capture the selective pressures at the
taxonomic level leaving in the background the environmental signal (mixture
of habitats). Then, we approached the other way around, splitting the phy-
logeny in five general habitats (Table 5.1), we wanted to maximize the effect
of habitats in front of the taxonomic effect. And finally, we selected cluster
specific habitats; therefore we are able to minimize the taxonomic effect asso-
ciated to the habitat.

Values of mean dN/dS in all alignments indicate that the amoA gene is
under purifying selection, deleterious mutations are removed from the AOA
population, probably due functional constraints. However, we found strong
evidences of episodic diversifying selection for individual sites and for lin-
eages as well. MEME consistently identified episodes of diversifying evolu-
tion affecting a small subset of branches at individual sites, where site meth-
ods often report purifying selection at the same site. In the case of amoA
we observed that episodic selection is widespread and we can conclude that
the number of sites experiencing positive selection may have been underesti-
mated Biller et al. (2012).

While Nitrosopumilus arised as the cluster with more codons under diver-
sifying selection, and, clear differences were observed with Nitrososphaera, in
terms of numbers and distribution of sites (Figure 5.1A). Nitrososphaera sites
under EDS are grouped in four separated regions of the amoA gene, whereas
Nitrosopumilus had a more parsimonious distribution along the gene. Not only
in individual sites Nitrosopumilus has more events of EDS, also in the number
of lineages; Figure 4 shows how lineages under EDS are spread around the
Nitrosopumilus subtree, having a representative in almost every subcluster.

Marine sediment and estuarine sediment habitats had almost exactly the
same number of sites under EDS, half of them found sharing the same po-
sition.. Different evolutionary histories combined with specific diversifying
codons are the source behind the diversification and adaptation processes ob-
served, e.g. codon 57 in estuarine sediments, presented non-synonymous and
synonymous substitutions located on terminal branches only, while in marine
sediment are substitutions were found throughout the tree. Similar conclu-
sions can be extracted when we analyze cluster specific habitat.

When we analyzed the selective pressures at the population level (internal
branches) we found many codons with non-synonymous substitutions only
at the tips. Those sites had lower variation than the ones with both internal
and terminal substitutions, suggesting that many recent substitutions were re-
moved by long-term purifying selection. The same process was also observed
in soil habitat, many codons were found only in tips, while the other habitats
included in this study had more internal and terminal non-synonymous sub-
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stitutions. Those results associated to habitats suggests that amoA sequences
from all habitats but soil can be under a more active diversification process
that can result in a higher capability for adaptation with a consequent increase
of the species-level diversity. Recently, it has been suggested that natural se-
lection could be basically episodic with transient periods of adaptive evolu-
tion that are masked by the prevalence of purifying or neutral selection on
other branches (Murrell et al., 2012). This diversification mediated by bursts
of positive selection followed by extensive conservation (homogenizing selec-
tion) shows evidences of the generation and maintenance of an evolutionary
AOA seed bank driving the adaptive radiation into the different amoA phyloge-
netic clusters and ultimately in so different habitats (Martiny et al., 2006). This
behaviour is in agreement with the AOA diversification patterns observed
in the lineage through time plots in Fernàndez-Guerra & Casamayor (2012)
where diversification events are followed by a stasis interval until a new burst
in diversification.

As we have shown, amoA has an enormous potential for diversification
and selective pressures are acting in different ways on the amoA phylogenetic
clusters during the adaptive process. We were able to detect which codons
were under different selective pressures and were evolving differentially be-
tween clusters, unveiling the key components for adaptation, as those codons
were under evolutionary pressures for change (diversifying selection) or con-
servation (purifying selection) to maintain their biological fitness. The differ-
ences we detect at cluster level are the result of the evolutionary history of
the ancestral amoA diversification and how evolutionary forces drives their
cladogenesis determining the actual phylogenetic relationships. At the popu-
lation level -internal branches test-, differences in sites evolving differentially
between Nitrosopumulis and Nitrososphaera are striking; more than 25% of the
codons are under a different selection regimes. Interestingly 86% of the sites
evolving differentially between Nitrosopumilus and Nitrosotalea are also in Ni-
trososphaera and Nitrosotalea. The lower number of different evolving codons
between Nitrosotalea and Nitrosopumilus agrees with their closer phylogenetic
relationship.

A similar approach can be used to explore the habitat partitioning ob-
served within amoA clusters, we analysed the differential selection between
habitats. Two recent studies have shown that the environmental factors
that influences amoA sequence diversity in marine environments are salinity,
temperature and depth (Biller et al., 2012) and in terrestrial habitats soil
pH (Gubry-Rangin et al., 2011). We have focused on the differences related
with salinity in marine habitats comparing the estuarine sediments against
the marine sediments. Nitrosopumilus and Nitrososphaera showed a different
behaviour in terms of selection when we compared the cluster specific sed-
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iment habitats. From our results we can infer that the estuarine and marine
sediments in Nitrososphaera come from allochthonous inputs based on the
low number of differential evolving sites. However, in Nitrosopumilus we
observed a real adaptation to these habitats probably based on the saline
gradient existing between the sediments from estuaries and open oceans.
In this case our results suggests that amoA protein-coding sequence have a
proportion of sites affected by different selective regimes in each habitat.

In conclusion, using a molecular evolution approach we were able to shed
some light on the diversification processes of AOA, we established a hypoth-
esis for the generation and maintenance of the amoA seed bank based on the
evidences of observed evolutionary events; we identified the putative codons
involved on amoA cladogenesis; and we were able to identify putative codons
involved in the adaptation processes that could have a role in AOA habitat
partitioning within clusters. Furthermore, with the sites we detect being un-
der EDSor those which are evolving differentially, we provided a set of targets
to develop or improve primers design for specific populations. Finally, this
pionnering work will show its full potential once the crystallized structure of
the archael amoA is available, helping for a better understanding of the phys-
iological implications derived from the differences observed at the molecular
level.
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6
Looking for AOA Distribution
by Fingerprinting Analysis in

Marine Environments

Resumen

Los Polimorfismos de longitud de fragmentos de restricción (T-RFLP) es una
técnica utilizada para analizar comunidades microbianas complejas. Permite
la cuantificación de los filotipos más abundantes y se ha utilizado principal-
mente para comparar diferentes comunidades. T-RFPred ha sido desarrollado
para identificar y asignar información taxonómica a los picos de los croma-
togramos obtenidos en los T-RFLP, para poder realizar una descripción más
intensiva de las comunidad microbianas. El programa estima el tamaño espe-
rado de los 16S rRNA representativos para un determinado cebador y enzima
de restricción y proporciona una asignación taxonómica.
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T-RFPred nucleotide sequence size prediction tool for microbial community
description based on terminal-restriction fragment length polymorphism

chromatograms

6.1 T-RFPred nucleotide sequence size prediction
tool for microbial community description based
on terminal-restriction fragment length polymor-
phism chromatograms

Abstract 1

Background

Terminal-Restriction Fragment Length Polymorphism (T-RFLP) is a technique
used to analyze complex microbial communities. It allows for the quantifica-
tion of unique or numerically dominant phylotypes in amplicon pools and
it has been used primarily for comparisons between different communities.
T-RFPred, Terminal-Restriction Fragment Prediction, was developed to iden-
tify and assign taxonomic information to chromatogram peaks of a T-RFLP
fingerprint for a more comprehensive description of microbial communities.
The program estimates the expected fragment size of representative 16S rRNA
gene sequences (either from a complementary clone library or from public
databases) for a given primer and restriction enzyme(s) and provides candi-
date taxonomic assignments.

Results

To show the accuracy of the program, T-RFLP profiles of a marine bacterial
community were described using artificial bacterioplankton clone libraries of
sequences obtained from public databases. For all valid chromatogram peaks,
a phylogenetic group could be assigned.

Conclusions

T-RFPred offers enhanced functionality of T-RFLP profile analysis over cur-
rent available programs. In particular, it circumvents the need for full-length
16S rRNA gene sequences during taxonomic assignments of T-RF peaks.
Thus, large 16S rRNA gene datasets from environmental studies, including
metagenomes, or public databases can be used as the reference set. Further-
more, T-RFPred is useful in experimental design for the selection of primers as
well as the type and number of restriction enzymes that will yield informative
chromatograms from natural microbial communities.

1See original publication in Fernàndez-Guerra et al. (2010).
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6.1.1 Background

Terminal-Restriction Fragment Length Polymorphism (T-RFLP) analysis of
16S rRNA gene amplicons is a rapid fingerprinting method for characteri-
zation of microbial communities (Liu et al., 1997; Marsh, 1999). It is based
on the restriction endonuclease digestion profile of fluorescently end-labeled
PCR products. The digested products are separated by capillary gel elec-
trophoresis, detected and registered on an automated sequence analyzer.
Each T-RF is represented by a peak in the output chromatogram and corre-
sponds to members of the community that share a given terminal fragment
size. Peak area is proportional to the abundance of the T-RF in the PCR am-
plicon pool, which can be used as a proxy for relative abundance in natural
populations (Blackwood et al., 2003).

This method is rapid, relatively inexpensive and provides distinct pro-
files that reflect the taxonomic composition of sampled communities. Al-
though it has extensively been used for comparative purposes, a T-RFLP fin-
gerprint alone does not allow for conclusive taxonomic identification of in-
dividual phylotypes because it is technically challenging to recover terminal
fragments for direct sequencing. However, when coupled with sequence data
for representative 16S rRNA genes, T-RF identification is feasible (e.g. Gon-
zalez et al. (2000); Mou et al. (2005); Pinhassi et al. (2005)). Here we describe
a method to assign the T-RF peaks generated by T-RFLP analysis with either
16S rRNA gene sequences obtained from clone libraries of the same samples,
metagenome sequences or data from public 16S rRNA sequence databases.
T-RFPred can thus be used to classify T-RFs from T-RFLP profiles for which
reference clone libraries are not available, albeit with lower phylogenetic res-
olution, by taking advantage of the wealth of 16S rRNA gene sequence data
available from metagenome studies and public databases such as the Riboso-
mal Database Project (RDP) (Cole et al., 2007) or SILVA (Pruesse et al., 2007).

Metagenome sequencing studies from a variety of environments are ac-
cumulating at a rapid pace. While most often partial gene sequences, these
libraries have the advantage that they are less subject to biases of other PCR-
based techniques (see e. g. (Kanagawa, 2003) for a review) and, thus, can better
represent the original community structure. Furthermore, both metagenome
and pyrosequencing of tagged 16S rRNA gene amplicons provides unprece-
dented coverage of 16S rRNA gene diversity in specific environments. There-
fore, these types of datasets are valuable references when attempting to taxo-
nomically classify T-RF peaks from diverse microbial communities.

Tools have been previously developed to perform in silico digestions
of 16S rRNA gene sequences and/or to assign a taxonomic label to the
chromatograms. Such programs include TAP-TRFLP (Marsh et al., 2000),
MiCA (Shyu et al., 2007), T-RFLP Phylogenetic Assignment Tool (PAT) (Kent
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et al., 2003), TReFID (Rosch & Bothe, 2005), TRAMPR (Fitzjohn & Dickie,
2007), an ARB-software integrated tool (Ricke et al., 2005) and TRiFLe (Ju-
nier et al., 2008). Table 6.1 contains some of the essential features of these
packages. The most obvious advantage of T-RFPred as compared with other
available software applications is that the program handles either partial or
full-length user input sequences. This is because T-RFPred retrieves complete
sequences of close relatives from the public databases for T-RF assignments
and at the same time it taxonomically bins the clone sequences. Furthermore,
it can use large sequence datasets of virtually any size as reference sets in
taxonomic assignments. T-RFPred is exclusive to 16S rRNA gene sequences
and designed to exploit the full potential of T-RFLP profiles and their use in
the description of prokaryotic communities.

6.1.2 Implementation

T-RFPred is coded in Perl and uses the BioPerl Toolkit (Stajich et al., 2002), fuz-
znuc from the EMBOSS package (Rice et al., 2000) and the BLASTN program
from the NCBI BLAST suite (Altschul et al., 1990). T-RFPred has been tested in
Unix-like environments, but runs in all the operating systems able to execute
Perl, BioPerl, BLAST and EMBOSS; a ready-to-use VMware virtual image is
also available for download at http://nodens.ceab.csic.es/t-rfpred/.

An interactive shell guides the user through the multiple steps of the anal-
ysis. Users can choose to analyze archaeal or bacterial sequences using either
forward or reverse primers. The primer search utilizes fuzznuc, which allows
the user to select the number of nucleotide ambiguities. The program extracts
a subset of sequences from the RDP database that will supplement sequence
analysis of clone libraries. T-RFPred generates and exports in a tab delimited
text file: (1) the fragment length for the RDP sequence with the best BLASTN
hit to the input sequence(s), (2) the estimated fragment length for the input
sequence, (3) the gap length for the input sequence, (4) the percent identity
between the input sequence and the best hit RDP sequence and (5) the tax-
onomic classification. The BLASTN search results and the Smith-Waterman
alignments (Smith & Waterman, 1981) are saved to allow the user to manually
check the results.

Database

The program uses a custom version of the aligned RDP as a flat file in FASTA
format, where the header has been modified to include the NCBI taxonomic
information and the forward/reverse position of the first non-gap character
from the RDP alignment. T-RFPred exploits the Bio::DB::Flat capabilities from
BioPerl to index the RDP flat file for the rapid retrieval of 16S rRNA gene
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sequences. All restriction enzymes available in REBase (Roberts et al., 2005)
are stored in a flat file and available for use in the analysis. A list of frequently
used forward and reverse primers is available, although the user may also
input custom primers.

Algorithm

In part, the rationale for the described method was to circumvent the need
for full-length 16S rRNA gene sequences from representative clone libraries.
In addition to requiring multiple sequencing reactions, obtaining full-length
sequences is generally complicated by the ambiguous nature of the 5’ end of
a sequence generated by the Sanger approach (i.e. the first 10-30 bp of a se-
quence are missing). When the same primer set used to generate T-RFLP pro-
files is also used to generate amplicons for libraries and directional sequencing
of representative clones, as is often the case, in silico predictions of expected
peak sizes are cumbersome. Additionally, the size of the fragment is subject
to experimental error (Kaplan & Kitts, 2003; Marsh, 2005), which complicates
the assignment of chromatogram peaks to specific phylogenetic groups. T-
RFPred takes advantage of the most comprehensive database of 16S rRNA
gene sequences (the RDP) to identify the closest related sequences for analysis
to provide more definitive phylogenetic assignments of chromatogram peaks.
Collectively, the Perl scripts achieve the following steps:

1. Create a subset of all the sequences in the RDP with nucleotide infor-
mation spanning the region targeted by the fluorescently labeled primer
and with a length > 1200 nucleotides for Bacteria and > 900 nucleotides
for Archaea.

2. Convert the subset created in Step 1 into a BLAST-ready database us-
ing formatdb. Conduct a BLASTN search with the sample sequences
(FASTA format) against the RDP database and extract the best hits.

3. Determine if sample sequences have the denoted restriction enzyme
recognition site. If the cut site is present, proceed to Step 4. If the cut
site is not present, estimate the expected fragment size using the closest
RDP sequence and proceed to Step 5.

4. Generate a Smith-Waterman alignment of the sample sequence with the
best hit from the RDP. This will provide accurate percent identities and
the start/end positions of the alignment needed to estimate the fragment
sizes.

5. Obtain the position of the restriction enzyme recognition site in the
aligned sample sequence and the primer position in the RDP sequence.
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Use the RDP sequence to calculate the number of nucleotides in the
gap between the primer and the start position of the Smith-Waterman
alignment as shown in Figure 6.1.

6. Assign a taxonomic classification using the best RDP BLAST hit.

oligo sample sequence

RDP sequence

Gap

GCGC

GCGC

CfoI cuts here

CfoI cuts here

Sequences are not closely related (fragment sizes are different)

Fragment length of sample sequence

oligo sample sequence

RDP sequence

Gap

GCGC

GCGC

CfoI cuts here

CfoI cuts here

Sequences are closely related (same fragment size)

Fragment length of sample sequence

Fig. 1 Fernàndez-Guerra et al.

Fig. 1 Fernàndez-Guerra et al.Figure 6.1: Description of the method to estimate the length of the terminal-fragment size

for partial 16S rRNA sequences.

The closest sequences (by homology search) in the RDP database are used to estimate the length
of the fragment and its phylogenetic affiliation. The primer sequence is fluorescently labeled and
it is close to the 5’ end of the 16S rDNA gene. ’Gap’ is the missing part of the sequence between
the position of the primer and the beginning of the sequence. The position of the target sequence
determines the size of the terminal fragment.

6.1.3 Results and Discussion

We have developed a computational method to provide putative phylogenetic
affinities of chromatogram peaks of 16S rRNA gene T-RFLP profiles. Addi-
tional file 1, Supplementary Tables S1-S3 show the typical output of T-RFPred
for the clone sequences from Gonzalez et al. (2000), Mou et al. (2005), and Pin-
hassi et al. (2005), respectively. The T-RFPred output provides the estimated
fragment size of the digested clone sequences as well as a user defined number
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of closest relatives. This feature is valuable for estimating the conservation of
the digested product size for a given enzyme and taxonomic group analyzed.

T-RFPred was also evaluated by reanalyzing chromatogram peaks from T-
RFLP profiles of marine communities described in (Gonzalez et al., 2000). Two
16S rRNA datasets constructed from sequences from public databases, des-
ignated "4926" (4926 bacterioplankton Genbank sequences) and "GOS" (6370
Global Ocean Sampling Expedition Microbial Metagenome sequences; (Rusch
et al., 2007)), were analyzed with T-RFPred using three restriction enzymes
(i.e., CfoI, HaeIII, and AluI). Details on experimental procedure are described
in the Additional File 1. The two datasets and their predicted fragment
sizes and phylogenetic affiliations were used to taxonomically label the
chromatogram peaks from natural samples (Figure 6.2).

With very few exceptions, all valid fragment peaks were properly iden-
tified and in good agreement with the phylogenetic assignments reported
in the literature using complementary clone libraries (Table 2). For instance,
from the 4926 sequence dataset analyzed with three restriction enzymes,
124 clones yielded in silico digested fragment sizes matching peaks labeled
as "1" (previously identified as Alphaproteobacteria of the Roseobacter clade)
in Figure 6.2. Of these clones, 90% (111 clones) were properly classified as
Roseobacter-related, seven were Alphaproteobacteria outside the Roseobacter
group, four Gammaproteobacteria, and two were Betaproteobacteria (Table 6.2).
Thus, these T-RFs were labeled as Roseobacter. Those peaks labeled with a
"2" (Figure 6.2) were mapped to members of the SAR11 group as 119 of the
148 sequences (80%) were from this lineage (Table 6.2). The chromatogram
peak assignments were less ambiguous when the GOS dataset was used as
the reference. With regards to T-RFs labeled 1 and 2 in Figure 6.2, 95% of
the sequences belonged to the Roseobacter group and all (n = 269) sequences
belonged to the SAR11 group (Table 6.2). Therefore, the GOS dataset was
more representative of the diversity of the bacterioplankton in the natural
samples. This might be because that dataset was comprised of sequences
exclusively from surface seawater samples; the T-RFLP profiles analyzed
were also generated from surface seawater.

6.1.4 Conclusions

T-RFLP is a popular method for analysis of microbial communities and in sil-
ico automated methods are needed to facilitate the taxonomic identification
of T-RFs in community profiles. Traditionally, computational methods to an-
alyze T-RFLP experiments follow one of two approaches: (a) in silico simula-
tion of the digestion of reference sequences from databases to find the most
suitable enzymes that describes the microbial community organization or (b)
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Fig. 2 Fernàndez-Guerra et al.

Fig. 2 Fernàndez-Guerra et al.
Figure 6.2: Evaluation of the T-RFPred prediction tool.

Graphics of terminal fragment profiles generated from (A) CfoI, (B) HaeIII, and (C) AluI restriction
enzymes digestions of 16S rDNAs amplified from total community DNA as described in Gonzalez
et al. (2000). The taxonomic affiliations for the numerical labels are as follows: 1, Roseobacter ;
2, SAR11; 3, Cyanobacteria; 4, SAR86; 5, SAR116; and 6, SAR324.
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Table 6.2: Phylogenetic information for the 16S rRNA sequences present in the 4926 and GOS
datasets that matched selected chromatogram peaks shown in Figure 6.2

Dataset Peak Chromatograms Number of sequences Taxonomic group

4926 1 CfoI, HaeIII 243 Total

146 Roseobacter

53 Gammaproteobacteria

36 Alphaproteobacteria

4 Planctomycetes

2 Betaproteobacteria

1 Cyanobacteria

1 Firmicutes

4926 1 CfoI, HaeIII, AluI 124 Total

111 Roseobacter

7 Alphaproteobacteria

4 Gammaproteobacteria

2 Betaproteobacteria

4926 2 CfoI, HaeIII 207 Total

152 SAR11

51 Firmicutes

1 Alphaproteobacteria

1 Unclassified Bacteria

4926 2 CfoI, HaeIII, AluI 148 Total

119 SAR11

29 Firmicutes

GOS 1 CfoI, HaeIII 263 Total

231 Roseobacter

18 Alphaproteobacteria

13 Gammaproteobacteria

1 Actinobacteria

GOS 1 CfoI, HaeIII, AluI 243 Total

229 Roseobacter

12 Alphaproteobacteria

1 Gammaproteobacteria

1 Actinobacteria

GOS 2 CfoI, HaeIII 560 Total

559 SAR11

1 Alphaproteobacteria

GOS 2 CfoI, HaeIII, AluI 269 Total

269 SAR11

Sequences that matched the fragment sizes were analyzed using 2-3 different restriction enzymes as in-
dicated. Alphaproteobaceria sensu latu refers to any bacterial sequences in the class that were not either
Roseobacter or SAR11. See Experimental Procedures in the Additional File 1 for details.
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T-RF from experiments can be binned to the in silico generated fragments to
identify the taxonomic groups present in the sample. T-RFPred is designed to
provide a list of candidate taxa that corresponds to the chromatogram peaks
using a complementary reference clone library or public databases.

Depending upon the restriction enzyme used, broad phylogenetic groups
can sometimes give the same fragment size. Thus, we also determined that
community profiles generated with at least two different restriction enzymes
are needed for the most robust taxonomic identifications (Table 2). The
method has also its caveats as is not meant to positively identify phylogenetic
groups or species based upon terminal fragment length, particularly, as the
identification of the sequences cannot be solely determined based on the clos-
est BLASTN hit alone. Manual inspection of the BLASTN hits and additional
efforts may also be needed for more conclusive taxonomic assignments. In
the example above, we conducted homology searches (BLASTN) to a set of
reference sequences from representative taxa as well as phylogenetic treeing
methods to confirm the taxonomic affiliations of the GOS and 4926 sequences
whose predicted fragment sizes matched a chromatogram peaks (data not
shown). Despite these caveats, the position of restriction enzyme recognition
sites within the 16S rDNA molecule does reflect a level of phylogeny and
can be used to help guide experimental design (i.e. which and how many
restriction enzymes are most appropriate for a given community) so that the
most reliable results for the T-RFLP characterization of a given prokaryotic
assemblage can be obtained.

In summary, T-RFPred offers an alternative, freeware and open source pro-
gram for researchers using T-RFLP to examine microbial populations. The
program can help researchers determine the most appropriate restriction en-
zyme(s) to use when designing experiments to assess community structure
using the T-RFLP method. It can also provide information on the taxonomic
assignments of specific T-RFs without the need for comprehensive comple-
mentary clone libraries.
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2See more Supplementary Information in Fernàndez-Guerra et al. (2010).
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Annex

Targeted metagenomics by community fingerprinting

Next Generation Sequencing (NGS) is an expanding field and every year there
are new advances in the sequencing technologies developed, lowering the
price of the Mb. Although this seems to be a democratization of the sequenc-
ing technologies, not every laboratory has the funds to sequence any environ-
ment searching for their gene or species of interest. So in this case, a targeted
approach to choose the most suitable environment for sampling is essential.
Terminal Restriction Fragment Length Polymorphism (T-RFLP) is a molecular
biology technique for profiling microbial communities that has been shown to
be really useful during the last years for the identification and quantification
of microbial communities. Also T-RFLP could be complemented with clone
libraries as an alternate way to obtain sequence information about particular
microorganisms in a community profile. A first screening using T-RFLPs from
the potential sampling site could increase the chances of success to find the
functions we are interested in.

As an example to explain combination of community fingerprinting and
metagenomics, we selected metagenomes from the Global Ocean Sampling
Expedition (GOS) dataset (Rusch et al., 2007) to test the performance of
16S rRNA gene community fingerprinting on crenarcheal ammonia oxi-
dizers. Two different samples were examined, the freshwater lake Gatun
in the Panama Channel and in Coastal marine sites. For that purpose, we
performed a virtual digestion of the 16S rRNA genes from these sampling
sites and a posterior taxonomic assignment of the predicted fragments using
T-RFPred software (Fernàndez-Guerra et al., 2010). On Table 6.3 there are
the size of the peaks for each digested fragment; in Figure 6.3A we have
the taxonomic affiliations of the 16S rRNA gene performed by (Yilmaz et al.,
2012) and in Figure 6.3B there are the community profiles for each sampling

Sample Group RsaI HhaI MspI AfaI

Coastal
Eury 11, 252, 262, 607 - 19, 147 79, 251, 261, 606

Thau - 261 - -

Fresh water
Eury - - - -

Thau 26, 41, 602 326, 1297 283 26, 40, 601

Table 6.3: Peak size from the fragment resulting from the virtual digestion shown in Figure 6.3.
Eury: Euryarcheota; Thau: Thaumarchaeota
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sites after performing the digestion using three different restriction enzymes.
The fingerprinting showed presence of thaumarchaeota in both samples. In
the marine site we observed euryarchaeal peaks prevailing, whereas thau-
marchaeota prevailed in the freshwater site, in agreement with the picture
obtained from the relative abundances of the sequencing dataset. A prelim-
inary analysis using a fingerprinting method like T-RFLP of our suspected
sites would improve the information we can obtain from our metagenomic
studies.
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Resumen

Las Thaumarchaeota marinos son unos contribuyentes importantes en las pri-
meras etapas de la nitrificación en los oceanos y además tienen un importante
papel en les ciclos biogequímicos marinos. Estos Thaumarchaeota marinos pre-
sentan dos grupos diferentes correspondientes a un ecotipo de superficie (sha-
llow) y otro de aguas profundas (deep). Esta partición observada se cree que
es originada por adapataciones relacionadas con procesos de fotoinhibición-
resistencia y adaptación a la presión hidrostática. En el siguiente trabajo ana-
lizamos los diferentes ecotipos para determinar las presiones selectivas que
han actuado sobre el gen de la amoA. Hemos encotrado al codon {89} como un
potencial componente clave en las adaptaciones a la luz. Por otro lado, hemos
encontrado evidencias que el gen de la amoA se encuentra bajo intensa selec-
ción a nivel molecular para adaptarse a las condiciones de las profundidades
marinas. Por último, hemos encontrado que el linaje donde diversifican los
dos ecotipos están sujetos a selección episódica diversificadora; posiblemente
como resultado de la rápida diversificación y radiación adaptativa que este
grupo ha experimentado en la columna de agua marina.
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Abstract 1

Marine Thaumarchaeota are important contributors to the first step in oceanic
nitrification (ammonia oxidation) and have an important role on marine bio-
geochemical cycles. These Marine Thaumarchaeota presents a two phyloge-
netically distinct clusters corresponding to surface (shallow) and deep water
(deep) ecotypes. The partition observed has been suggested to be the result of
photoinhibition-resistance adaptations and hydrostatic pressure adaptations.
In the present work we analyze the different Marine Thaumarchaeota ecotypes
to find where the selective pressures acted in the adaptation of amoA gene. We
found that codon {89} as a potential key player in the light adaptation pro-
cess. We were able to identify the branching point between the shallow and
deep group to be under EDS. We found evidences that the amoA gene is under
intense selection to be adapted at the molecular level to the environmental
conditions prevailing in the deep sea. And we found signal of episodic di-
versifying selection on the branching point between the shallow and deep eco-
types, possibly as result from the rapid diversification and adaptive radiation
that this group experienced in the marine water column.

7.1 Introduction

Marine Thaumarchaeota (formely Marine Group I Crenarchaeota) are important
contributors to the first step in oceanic nitrification (ammonia oxidation) and
have an important role on marine biogeochemical cycles. In several stud-
ies (Francis et al., 2005; Hallam et al., 2006; Mincer et al., 2007; Beman et al.,
2008; Santoro et al., 2010; Hu et al., 2011a; Mosier & Francis, 2011; Biller et al.,
2012) have been reported a two phylogenetically distinct clusters correspond-
ing to surface (shallow) and deep water (deep) ecotypes. This significant phy-
logenetic partitioning has been related to photoinhibition-resistance adapta-
tions (Mincer et al., 2007), as the amo genes are known to be membrane span-
ning and this enzymatic complex could experience significant exposure to
light. For many years, this photoinhibitory effect was known in the ammonia
oxidizing bacteria (AOB) (Hooper & Terry, 1973; Horrigan & Springer, 1990;
MA & RD, 1996a,b) and recently has been studied extensively by (Merbt et al.,
2012) in archaeal ammonia oxidizers (AOA). There are evidences of species-
specific and dose- wavelength-dependent photoinhibition and contribute to
niche differentiation between and within AOA and AOB determining their
distribution and diversity in light-affected ecosystems.

Hydrostatic pressure adaptations also have been suggested as a factor
1Fernàndez-Guerra, A, EO Casamayor. Manuscript in preparation.
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that could influence the ecological and phylogenetic partitioning. Measur-
able piezophilic adaptations generally occur at deeps greater than 500-1000
m (Yayanos, 1995).Some Another factor interesting to analyze in the column
water is the oxygen deprivation found in the OMZ. Some marine AOA have
preference for environments of low (<10 µM) levels of dissolved O2, where
the ammonia oxidation might be coupled to anaerobic ammonium oxidation
(anammox) and/or denitrification (Molina et al., 2007; Lam et al., 2007; Beman
et al., 2008; Lam et al., 2009; Bouskill et al., 2011; Pitcher et al., 2011; Yan et al.,
2012; Ulloa et al., 2012).

To unveil the processes and mechanisms underlying the different adapta-
tion processes observed we analyzed the different vertical marine ecozones in
order to (i) find signatures of diversifying and episodic selection at the codon
level; (ii) detect the lineages subject to episodic diversifying selection; and (iii)
compare selection patterns along the vertical gradient in the marine realm.

7.2 Methods

Sequence collection and environmental annotation

The planktonic archaeal amoA sequences used in the present work were
retrieved from NCBI GenBank database release 191 (August 2012) using the
search string “amo subunit A or ammonia monooxygenase subunit A or
ammonia monooxygenase a subunit or Amo a subunit or amoA OR ammonia
monooxygenase A or ammonia monooxygenase or ammonium monooxy-
genase or ammonium monooxygenase A) NOT (genome or chromosome or
plasmid or bacteria[ORG])” as previously described in (Fernàndez-Guerra &
Casamayor, 2012). We retrieved a total of 22,284 sequences. Then we pro-
ceeded to perform a series of filtering steps that comprises a validation of the
annotation of the gene using HMMER 3.0 (Eddy, 2010) in combination with
the PFAM 26.0 (Punta et al., 2012) model PF12942 for the archaeal amoA do-
main and the removal of the sequences that lacked the isolation_source tag and
contained any ambiguities. At the end, we finished with a data set of curated
3,019 sequences. Then we clustered at the 97% identity (Pester et al., 2012)
with usearch6 (Edgar, 2010b). Finally, we ended with 366 representatives
OTUs used for the posterior analyses.

Using the information from the isolation_source tag and the publication
associated when needed, we classified sequences depending on depth accord-
ing to the following three marine vertical zones: 174 OTUs from the surface
euphotic layer (100 m depth); 126 OTUs from the oxygen minimum zone
(250 and 750 m depth), and 66 OTUs from bathy- and abyssopelagic depths
(1750–7000 m depth). The euphotic layer OTUs corresponded to the shallow
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ecotype, and the sequences from the OMZ and the bathy- abyssopelagic
zone to the deep ecotype from Marine Thaumarchaeota. We used the amoA
gene directly obtained from the genome Nitrosopumilus maritimus SCM1
(YP_001582834.1) as the reference sequence to refer codon positions and
the genomic amoA sequence from Candidatus Nitrososphaera gargensis Ga9.2
(YP_006863114.1) as an outgroup for the phylogenetic inference.

Sequence alignment

To achieve a high alignment quality for further codon-based analyses, first,
we checked whether selected sequences were on frame doing a BLAST search
against their respective amino acid sequences using bl2seq with the algorithm
tblastn from NCBI Blast+ 2.2.25 package (Camacho et al., 2009). Then, the nu-
cleotide sequences were spliced following the coordinates of the blast results.
Later, to minimize the codon alignments errors and improve the detection
of the selection events (Jordan & Goldman, 2011; Privman et al., 2011) we
used an in-house modified version of GUIDANCE (Penn et al., 2010). This
customized version of GUIDANCE takes profit of parallelization in some of
the steps required by the GUIDANCE algorithm and uses RAxML 7.3.0 (Sta-
matakis, 2006) as fast maximum-likelihood phylogenetic method to infer the
guiding trees for MUSCLE (Edgar, 2010a). The high quality codon alignment
after applying the filtering algorithms implemented in GUIDANCE resulted
in 585 positions with a confidence score to each individual position.

Screening for recombination and phylogenetic inference

Recombination events may mislead selection analysis as each partition could
have different rates. To correct for this effect, selection codon based analysis
has to take into account a tree topology for each partition (Scheffler et al.,
2006). We did a GARD screening on 5 different random data sets picking up
20 sequences from each vertical marine ecozone. We repeated GARD analysis
at least five times for each random data set to check convergence and test
whether the recombination breakpoints found were stable due to the aleatory
nature of GARD.

To use the implementation of the Kishino-Hasegawa test (KH) (Kishino
& Hasegawa, 1989) bundled in HYPHY to test the congruence of topologies,
we inferred a ML tree for each partition and for each ecozone using RAxML
7.3.0. We peformed1000 maximum likelihood searches with 1000 bootstrap
replicates to find the best-scoring tree under the GTRGAMMA model for each
partition of the alignment determined by the breakpoint location and using
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the confidence scores obtained by GUIDANCE. For each topology we calcu-
lated the sitewise log likelihoods. To check that the incongruences found by
the KH test were caused by a different ratio in each side of the breakpoint,
p-values of each alignment combination according to the Approximately Un-
biased (AU) test using multiscale bootstrapping (Shimodaira, 2002) and the
Shimodaira-Hasegawa (SH) test (Shimodaira & Hasegawa, 1999) were cal-
culated using CONSEL (Shimodaira & Hasegawa, 2001). Tree topologies for
every marine vertical ecozone inferred for each partition were used for later
codon based analyses. The distance matrices were calculated using the TN93
genetic distance.

Codon based analyses

We used HyPhy (Pond et al., 2005), a package for testing hypothesis using
phylogenies, to detect signatures of positive and negative selection and differ-
ential adaptive evolution from the amoA codon alignments estimating the ra-
tio of nonsynonymous (dN or b) and synonymous substitution rates (dS or a).
First, we performed pairwise comparisons of genetic distance between verti-
cal zones to be sure we were analyzing different populations and not polymor-
phisms (Kryazhimskiy & Plotkin, 2008). We calculated the distance based FST
pairwise metrics using the distance methods implemented in HYPHY (Zárate
et al., 2007) with 1000 bootstraps and 1000 permutations.

Then, we searched the best nucleotide model to be combined with the
codon model MG94 (Muse-Gaut 1994). Nucleotide models that fitted best
each data set by the AICC criterion could be found in Table 7.1.

To estimate the rates of nonsynonymous and synonymous substitutions
and identify which codon sites were under pervasive negative selection we
used the Fixed Effects Likelihood for terminal (FEL) and internal (iFEL)
branches taking in account recombination (Pond & Frost, 2005; Pond et al.,
2006).

To identify positive selection at the level of individual sites we applied
the Mixed Effects Model of Evolution (MEME) (Murrell et al., 2012)a mixed
effects model of evolution that allows the distribution of w to vary from site
to site and also from branch to branch at a site. Because MEME only detects
individual sites, we applied the BranchSiteREL method (Pond et al., 2011) to
detect which lineages were under episodic diversifying selection (EDS).

HyPhy provided the possibility to compare differential evolution in the
different marine ecozones following the hypothesis that at a given codon site,
the dN/dS ratio differed between two samples, on the entire tree and on the
internal branches as described in (Pond et al., 2006). This method only de-
tected sites subject to different selective pressures in both samples, regardless
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Table 7.1: Sequences analyzed in this study, classified by layer. N=number of sequences; S=Tree
length as expected expected substitution per codon site; Model: Best nucleotide model by AICc;
MEME, FEL, iFEL, dN internal, dN Tips Only: number of codons detected at p  0.05

Layer N S Model Mean dN/dS MEME

Euphotic 174 6.93/6.88 012340 0.044 25

OMZ 126 3.95/3.43 012340 0.042 16

Bathy- Abyssopelagic 66 2.61/1.86 012310 0.051 6

Layer FEL iFEL dN Intenal dN Tips Only

Euphotic 185 183 112 5

OMZ 183 185 88 10

Bathy- Abyssopelagic 124 103 60 14

of which residue appeared to be selected for.
All codon-based analyses were run on the non-recombinant fragments to

take account of recombination separately. To plot the lineages detected by
BranchSiteREL to be under episodic diversifying selection we performed a
phylogenetic inference for the whole data set with RAxML 7.3.0 with 1000
maximum likelihood searches and 1000 bootstrap replicates to find the best-
scoring tree under the GTRGAMMA model for each partition of the alignment
determined by the breakpoint location and using the confidence scores ob-
tained by GUIDANCE. Then, we made a consensus tree form both topologies
using the extended majority rule implemented in RAxML. Trees were graphi-
cally represented with iTOL (Letunic & Bork, 2007).
In order to deal with convergence problems, most analyses were run at least
twice with different initial conditions, and the run with the best likelihood
was kept.

7.3 Results

Recombination signals

The runs on the five random data sets of GARD algorithm reported break-
points at positions 323, 335, 344, 353 and 359. Thus, recombination signal
detected by GARD suggested a breakpoint nearby position 343. We therefore
partitioned the amoA gene alignments at the breakpoint position and we in-
ferred a maximum likelihood tree for each partition as described in the Meth-
ods section Then, we tested the inferred tree topologies for incongruences
using the KH test implemented in HYPHY, in all cases KH test reported a
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p < 0.01 supporting the presence of a breakpoint. In addition, CONSEL re-
ported p-values < 0.01 for AU and SH tests.

Codon based analyses

Pairwise comparisons of genetic distance between ecozones, calculated by the
FST statistic, showed that the euphotic layer diverged significantly from the
deeper layers at p < 0.001. While, the results for the OMZ and the bathy-
abyssopelagic ecozone were not significant (p = 0.27). And the tree lengths (S)
calculated as the expected substitution per codon site along the tree (Table 5.1)
assured medium sequence divergence (Anisimova et al., 2002). Accurate pre-
diction in similar sequences is possible when we include a large number of
lineages. For example a S = 6.93 in euphotic zone partition means an average
branch length of S/(2T � 3) ⇡ 0.02 nucleotide substitutions per codon (where
T are the number of taxa).

Mean w values (Table 7.1) suggested that the amoA gene sequences from
the different marine ecozones were under the effects of purifying selection.
When searching for individual sites under purifying selection, FEL (terminal
branches) detected 181 sites in the euphotic zone, 165 in the OMZ and 146 in
the bathy- abyssopelagic zone, whereas IFEL (internal branches) detected 179
sites in the euphotic layer, 161 in the OMZ and 128 in the bathy- abyssopelagic
layer. Overall, neither FEL nor iFEL detected any site under positive selection.

One of the advantages of IFEL is the estimation of dN and dS separately in
both internal and the terminal branches. Thus, it is possible to identify if re-
cent nonsynonymous substitutions (terminal branches) were not represented
on internal branches or the other way around (Table 7.1). We observed differ-
ences in the ratio of nonsynonymous substitution on terminal branches and
on internal branches (terminal:internal) was 5:112 in the euphotic zone, 10:88
on the OMZ and 14:60 on the bathy- abyssopelagic zone. Therefore, in all
three ecozones there were more codons with nonsynonymous substitutions in
internal branches (population level) than in the terminal branches, suggesting
local adaptation of the AOA, where transient substitutions are removed by
purifying selection.

We identified signatures of episodic or diversifying selection (EDS),
through MEME the strength and the proportion of branches that were under
episodic diversifying selection (q+) with a p  0.05 (Figure 7.1; Table S7-9).
For the AOA inhabiting the euphotic zone, 12 codon sites were detected
to be under EDS, 1 in the OMZ, and 8 in the bathy- abyssopelagic layer
(Figure 1). Several codon sites under EDS where shared among the AOA
inhabiting the different ecozones (Figure 7.1). For instance, codon {188} in the
euphotic zone (b+/a = 39.58; q+ = 1.6%) and in the OMZ (b+/a = 506.72;
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q+ = 2.8%);codon {58} with b+/a = 66.17 and q+ = 6.4% in the eu-
photic zone and b+/a = 11.4 and q+ = 6.0% in the bathy- abyssopelagic
zone; codon {123} with b+/a = 39.58 and q+ = 6.4% in the euphotic zone
and b+/a = 139.54 and q+ = 1% in the bathy- abyssopelagic zone; and
codon {192} with b+/a = 27.07 and q+ = 1.8% in the euphotic zone and
b+/a = 71.52 and q+ = 3.4% in the bathy- abyssopelagic zone. Interestingly,
AOA in the euphotic zone showed 8 specific EDS codon sites {43, 44, 54, 100,
107, 108, 188, 199, 201} and 5 the bathy- abyssopelagic zone {25, 53, 90, 147,
194}.
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Figure 7.1: Distribution of sites detected, p  0.05, under Episodic Diversifying Selection
by MEME for every marine layer. Codon positions based of the amoA aminoacid sequence
YP_001582834.1 from the genomic sequence of Nitrosopumilus maritimus SCM1. q�: proportion
of branches under purifying selection; q+: proportion of branches under diversifying selection.
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0.1

euphotic zone oxygen minimum zone bathy- and abyssopelagic zone

Node253

Node387

N’sphaera

Figure 7.2: Maximum likelihood inferred phylogeny for the Marine Group I Crenarcheota.
Branches detected under episodic diversifying selection by the sequential test at p  0.05 are
marked with a red circle. Each tree is scaled on the expected substitution per codon site. Candi-
datus Nitrososphaera gargensis Ga9.2 (YP_006863114.1) is the outgroup.
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Differentially evolving sites

Terminal branches
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Abyssopelagic

Euphotic vs
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Figure 7.3: Hive plot with the distribution of differentially evolving sites on the different marine
layers at p  0.05. Codon positions based of the amoA aminoacid sequence YP_001582834.1
form the genomic sequence of Nitrosopumilus maritimus SCM1; codon 1 located at the axis inner
part of the hive plot.

Lineages under episodic diversifying selection

BranchSiteREL method found evidences of lineages under episodic diversi-
fying selection with a corrected p  0.05 (Holm’s procedure). Detailed re-
sults for the branch-level mixture of negative, (nearly) neutral and positive
selection models values are shown in Table S16. The analysis reported evi-
dences of 14 lineages where the strength of diversifying selection (w+)> 500
and the proportion of sites under selection (q+) varied from 0.7 to 10.1%. The
tree topology (Figure 7.3) revealed a clear partitioning in two clusters. One
dominated by AOA sequences from the euphotic layer (shallow ecotype, split
in 7 lineages) and the other constituted mainly by AOA sequences from the
OMZ and the bathy- abyssopelagic zone (deep ecotype, split in the remaining
7 lineages). Two of the lineages detected are particularly interesting in the
diversification process of the planktonic AOA, e.g., Node253 (w+ = 3333.11;
q+ = 3.3%) and Node387 (w+ = 1559.51; q+ = 1.1%). Node253 corresponded
to the branching event between the shallow ecotype and the deep ecotype in
Marine Thaumarchaeota.

Comparing selection pressures in different marine ecozones

We compared the sequences from the AOA shallow ecotype against the deep
ecotype to analyze the existence of different selection pressures. Looking at
individual sites at the population level (internal branches), AOA from the eu-
photic zone showed two differentially evolving codon sites {89, 132} with the
OMZ and five codon sites {25, 53, 89, 132, 194} with the bathy- abyssopelagic
layer at a p  0.05.

However, when terminal branches were compared, the euphotic zone
showed eleven differentially evolving codon sites {34, 57, 80, 89, 119, 130, 143,
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147, 171, 172, 190} with the OMZ and fifteen codon sites {14, 15, 20, 25, 53, 62,
80, 89, 132, 155, 166, 182, 183, 194, 201} with the bathy- abyssopelagic zone at
p  0.05. Thus, we observed that codon {89} evolved differentially in shallow
and deep ecotypes. Codon 89 may potentially be related to the adaptation to
the photoinhibitory processes observed in the euphotic zone (Church et al.,
2010; Merbt et al., 2012). We performed a maximum likelihood ancestral state
reconstruction for the codon {89}, as this codon was evolving differentially
in the internal branches and in the terminal branches. In the euphotic layer
the values of the normalized dN � dS for internal and terminal branches were
smaller than those in the deeper zones (TableS10, TableS11, TableS13 and
TableS14) indicating the effect of purifying selection to maintain the residue
on the euphotic zones. In Figure S1, Figure S2 and Figure S3 there are the
different evolutionary history of codon {89} for the euphotic zone, the OMZ
and the bathy- abyssopelagic zone respectively. In agreement with the nor-
malized dN � dS values observed, in the euphotic zone there were mainly
synonymous substitutions along the internal and terminal branches, while in
the deeper layers nonsynonymous substitutions dominated its evolutionary
history (Table S17).

7.4 Concluding remarks

In the present work we carried out a molecular evolutionary analysis to ex-
plore the mechanisms involved in the depth-dependent phylogenetic parti-
tioning observed in the marine ammonia oxidizers Thaumarchaeota. This par-
titioning has been observed in terms of microbial community structure and
phylogenetic analyses in multiple studies (Mincer et al., 2007; Yakimov et al.,
2007; Varela et al., 2008; De Corte et al., 2008; Agogué et al., 2008; Yakimov
et al., 2009; Kalanetra et al., 2009; De Corte et al., 2009; Church et al., 2010;
Bouskill et al., 2011; Hu et al., 2011b; Sintes et al., 2012). To explain the fac-
tors driving this partitioning, (Mincer et al., 2007) suggested photoinhibition-
resistance and piezophilic adaptations as the main forces. As a result of these
adaptations, particular residue substitutions could be affected. To find the sig-
natures of selection in the partitioning and adaptation to each marine ecozone,
we compared available sequences of the amoA gene from thaumarchaeotal
populations from the shallow ecotype (euphotic) against the populations from
the deep group (OMZ and bathy- abyssopelagic). We split the populations
from the deep group in the populations from the OMZ and the populations
from the bathy- abyssopelagic layer, because measurable piezophilic adapta-
tions generally occur at depths greater than 1000 m (Yayanos, 1995). OMZ are
usually detected above such threshold.

Ammonia oxidation is a pivotal energy-gaining pathway required to sus-
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tain metabolic activity in the different vertical zones we analyzed (de la Torre
et al., 2008; Könneke et al., 2005; Yakimov et al., 2009). ). As a result of the
importance of this pathway, amoA gene experiences functional constraints re-
flected on the signatures of purifying selection detected. Although amoA
gene is under purifying selection, it is known that natural selection is basi-
cally episodic and is mediated by bursts of selection localized in a subset of
sites and in a small number of lineages (Murrell et al., 2012) allowing the di-
versification and adaptation of the different amoA phylotypes. ending in the
diversification and adaptation of the different amoA phylotypes. In all three
marine vertical ecozones we have been able to detect signatures of episodic
diversifying selection. In the euphotic zone, the codon sites under EDS are
concentrated in three regions along the gene. As the set of AMO genes are
known to be membrane spanning and the enzymatic complex could experi-
ence significant exposure to light, the regions that contains the codon sites de-
tected to be under EDS could be the result to the adaptation for the high light
conditions from the surface waters producing changes in the protein structure
that confers a better resistance to the photoinhibition observed in AOA (Be-
man et al., 2008; Merbt et al., 2012). Thus hypothesis certainly deserves further
investigations.

Regarding the deep group, the FST statistic indicated that the OMZ and
the bathy- abyssopelagic zone hadn’t diverged enough and are the same mi-
crobial population. In this scenario, one expects similar behaviors in terms
of the EDS signatures between the two ecozones. However, the analyses re-
vealed a high level of adaptation and functional constrain in the populations
inhabiting the OMZ. The almost inexistent sites under EDS in the OMZ are
related to sustained stability and the specific environmental properties of the
OMZ. In the OMZ there is a sharp decrease of dissolved O2 (< 10µM) and a
characteristic vertical distribution of nitrogen compounds, e.g. NO�

3 deficit,
a secondary nitrite maxima, and low NH+

4 concentrations along the vertical
gradient, as well as N2O maxima towards the OMZ boundaries (Molina et al.,
2007; Beman et al., 2008; Lam et al., 2009; Bouskill et al., 2011; Pitcher et al.,
2011; Yan et al., 2012; Ulloa et al., 2012). Such strong chemical gradients could
be considered gene flow barriers and their oxygen-deficient waters as suitable
environments for innovation, where organism develop specific adaptations to
exploit these unique conditions (Rogers, 2000). Unlike the OMZ amoA genes,
the bathy- abyssopelagic zone amoA genes have more codon sites under EDS,
indicating that adaptation processes are undergoing on the deeper layers of
the water column, most probably due the piezophylic and temperature adap-
tations (Biller et al., 2012).

In the analysis to explore the differential adaptation in the different ma-
rine layers we were able to identify a codon site {89} as a potential key player
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in the light adaptation process. Photoinhibition appears to affect the amoA,
and Merbt et al. (2012) demonstrated that the effect of photoinhibition is sig-
nificantly greater in AOA than AOB. In aquatic environments, AOA presence
increases with depth, when light intensity decreases (Church et al., 2010), but,
although this evidences of photoinhibition, AOA amoA abundance is high in
regions with high irradiance, such as surface waters (Galand et al., 2010) and
high mountain lakes (Auguet et al., 2011; Auguet & Casamayor, 2008). Church
et al. (2010) found a high transcriptional activity as a response to the photo-
inhibition in the upper water column in the Pacific Ocean, where the abun-
dance of AOA was low; but the high abundance of AOA in the previously de-
scribed high irradiance environments, could support our findings about spe-
cific adaptations at the molecular level. The combination of the conservation
of codon {89} with codons {43, 44, 54, 100, 107, 108, 188, 199, 201} detected to
be under EDS, can be another factor to be included in the explanation of the
adaptive process of AOA to the high irradiance conditions of marine surface.

When we explored the adaptation of the amoA gene to the high pressures
conditions found in the bathy- abyssopelagic layer compared with the eu-
photic layer, most of the codon sites detected to be differentially selected in
the bathy- abyssopelagic were under EDS. This finding could be interpreted
as an evidence that the amoA gene is under intense selection to be adapted
at the molecular level to the environmental conditions prevailing in the deep
sea.

Finally, in order to complete the evolutionary picture of the partitioning
mechanisms of the marine amoA gene we analyzed the lineages to specifically
find those under EDS. We were able to identify the branching point between
the shallow and deep ecotypes to be under EDS. The signal of EDS on this lin-
eage might have resulted from the rapid diversification and adaptive radia-
tion that this group experienced in the marine water column. AOA are flexi-
ble enough to adapt to a wide range of environments but, unfortunately, it is
difficult to assign a direction for the evolutionary processes observed because
the origin of the archaeal ammonia oxidation is unknown. However, we have
shown that the amoA is certainly a dynamic gene in terms of evolutionary pro-
cesses, despite its functional constrains related to the energetic metabolism in
Thaumarchaeota. These findings adds another view on the ecology of AOA
centered on molecular evolutionary processes, that will help to understand the
habitat partitioning and ecological success observed in worldwide distributed
Thaumarchaeota.
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Resumen

El análisis del genoma de Candidatus “Nitrosopumilus maritimus” SCM1, un
Thaumarchaeota marino, ha revelado la existéncia de un sistema diferente para
la oxidación del amonio del descrito para bacterias. Actualmente se barajan
dos hipótesis para explicar la falta del homólogo para la hidroxilamina oxi-
dasa encontrado en bacterias. Unos sugieren que el nytroxyl puede ser utili-
zado como intermediario en lugar de la hidroxilamina; y otros que el proceso
puede ser mediado por oxidasas presentes en el espacio periplásmico. En el
siguiente trabajo hemos aplicado Modelos Gráficos Gaussianos para analizar
la oxidación del amonio en arqueas. Hemos combinado el conocimiento de las
familias de proteínas conocidas con la fracción proteica desconocida para en-
contrar asociaciones en terminos de función y estructura. Hemos sido capaces
de determinar estas asociaciones a los genes de Nitrosopumilus y generar una
serie de candidatos que podrían estar implicados en la oxidación del amonio.
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Abstract 1

The analysis of the marine AOA Candidatus Nitrosopumilus maritimus SCM1
genome revealed the existence of an ammonia oxidation system different from
the one found in ammonia oxidizing bacteria (AOB); therefore two hypotheses
had been proposed to explain the lack of the homolog for the hydroxylamine
oxidase complex found in Bacteria. One hypothesis assumes that it could may
driven by one of the periplasmic multicopper oxidases; and the other suggests
the use of nytroxyl as intermediate instead of hydroxylamine. In the present
work we applied Graphical Gaussian Models to analyze the archael ammonia
oxidation in the Global Ocean Survey (GOS) metagenomic samples. We com-
bined the knowledge of the known protein domain families with the unknown
unknowns to discover unknown protein associations that lead us to understand
better archaeal ammonia oxidation in terms of function and structure. We
have been able to track the protein families to the specific genes in Nitrosop-
umilus genome and generate candidates, that later could be further explored
by experimental assays, which by their special structural conformation, could
be components for the ammonia oxidation itself or participate in the electron
transport.

8.1 Introduction

Since metagenomic surveys in seawater (Venter et al., 2004) and soil (Treusch
et al., 2005) revealed the existence of a different amoA gene related to the phy-
lum Thaumarchaeota, the idea of a possible ammonia-oxidizing metabolism
in widespread archaea was quickly expanded. Ammonia oxidizing arcahaea
(AOA) had been widely detected in a large variety of aquatic and terrestrial
environments (Rotthauwe et al., 1997; Nicol & Schleper, 2006; Francis et al.,
2007; Agogué et al., 2008; Nicol et al., 2008; Auguet et al., 2010; Reigstad et al.,
2008; Zhang et al., 2008; Auguet & Casamayor, 2008; Erguder et al., 2009;
Tourna et al., 2011; Mussmann et al., 2011; Auguet et al., 2012; Pester et al.,
2012). Ammonia oxidation is the first step of nitrification and is a biogeochem-
ical process of global importance in natural worldwide ecosystems. Although
the knowledge regarding the AOA biology has consistently increased during
last years by the new AOA sequenced genomes (Walker et al., 2010; Kim et al.,
2011; Tourna et al., 2011; Hallam et al., 2006) many aspects of the ammonia oxi-
dation pathway still remain unclear. Recently the isolation of the marine AOA
Candidatus “Nitrosopumilus maritimus” strain SCM1 (Walker et al., 2010), un-

1Fernàndez-Guerra, A, A Barberán, R Kottmann, FO Glöckner, EO Casamayor. Manuscript
submitted.
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veiled the existence of an ammonia oxidation system based in a highly copper-
dependent system for ammonia oxidation and electron transport, completely
different from the present in ammonia oxidizing bacteria (AOB). AOA lack
the homolog for the hydroxylamine oxidase complex found in AOB and, al-
though it is not clear still how the process is carried out; (Walker et al., 2010)
have proposed two hypothesesOne suggests that may occur via one of the
periplasmic multicopper oxidases, and the other may involve nytroxyl as in-
termediate instead of hydroxylamine.

The ecology and environmental distribution of AOA has also been exten-
sively studied in the most recent years, and a recent study has reported pho-
toinhibition in the ammonia oxidizing activity of AOA, larger than in AOB.
Several studies on AOA (Francis et al., 2005; Hallam et al., 2006; Mincer et al.,
2007; Beman et al., 2008; Santoro et al., 2010; Hu et al., 2011a; Mosier & Francis,
2011; Biller et al., 2012) have reported the existence of two phylogenetically
distinct AOA clusters corresponding to surface (“shallow”) and deep water
(“deep”) ecotypes. To explain this significant phylogenetic partitioning (Min-
cer et al., 2007) proposed the existence of photoinhibition-resistance adapta-
tions, as the amo genes are known to be membrane spanning and this enzy-
matic complex could experience significant exposure to light.

Large scale metagenomic surveys such as the Global Ocean Survey
(GOS) (Rusch et al., 2007) have brought the chance to carry out a more holistic
approach to study marine ecosystem (Karl, 2007) providing new clues to
find missing pieces in biological pathways as the case of ammonia oxidation
process in AOA. Metagenomics also increases the current limited view on the
protein universe (Koonin, 2007; Gilbert et al., 2008) spectacularly expanding
the number of both known unknowns, like the domains of unknown function
(DUF), and unknown unknowns, putative coding sequences without any kind
of previous knowledge (Harrington et al., 2007; Jaroszewski et al., 2009).
Recently several approaches have been developed to try to assign functions to
metagenomic fragments using a large repertoire of bioinformatic techniques
including sequence homology searches, sequence clustering, self-organizing
maps, support vector machines, relevance networks, and protein-protein
interaction networks (Galperin & Koonin, 2004; Abe et al., 2009; Jaroszewski
et al., 2009; Yooseph et al., 2008; Harrington et al., 2007; Hawkins et al., 2008).
In the present work, we proposed a different approach to extract valuable
information from the co-ocurrence of individual protein domains obtained
from metagenomic complex datasets (Levin, 2003) using Graphical Gaussian
Models (GGM). GGMs are very popular for modeling genomic data, i.e.,
reverse engineering of genetic regulatory networks, because they are able to
distinguish direct from indirect interactions as it is explicitly considered the
effect of all remaining observed variables (Schäfer & Strimmer, 2005a; Whit-
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taker, 1990). Here, we combined the knowledge of the known protein domain
families and 16S RNA gene with the unknown unknowns present in the GOS
dataset to specifically looking for the archaeal ammonia oxidation process.
The approach unveiled new associations of AOA with known protein families
that helped for a better understanding of the associations of the known AMO
with other biological processes. We also proposed candidate proteins to be
further experimentally tested, which by their special structural conformation
could be key components in the ammonia oxidation process in AOA or active
participants in the electron transfer chains.

8.2 Methods

PFAM annotation

Unassembled reads from the GOS expedition (Rusch et al., 2007) were re-
trieved from the CAMERA database (Seshadri et al., 2007). We selected 53
surface water samples from picoplankton collected within the same size
fraction (0.1–0.8 m), and free of bacterial contamination during sample
handling (DeLong, 2005) The analyzed metagenomic data set comprised
approximately 8000 Mb contained in approximately 5 million reads. We used
HMMER 3 (Eddy, 2010) in combination with PFAM 26.0 (Punta et al., 2012)
to screen the protein domains present on the six frame translation of the GOS
reads with length � 60 amino acids. We identified a hit significant if E-value
 0.001 and bias is at the same order of magnitude as the sequence bit score.
We followed such strict approach to avoid falsely significant non-homologous
hits that merely shared a similar strong biased composition with the query
model. In order to explore the archaeal ammonia oxidation process in our
dataset, we reannotated Nitrosopumilus maritimus SCM1 genome (NC_010085)
to update its functional annotation to PFAM release 26.0 as we used in the
network inference.

Clustering of the unknown fraction

All the reads that were not assigned to a PFAM domain were clustered hier-
archically using USEARCH 5.2 (Edgar, 2010b), first at 90% and then at 60%
identity (Li et al., 2008a). We removed for posterior analyses all singleton
clusters. We identified the reads encoding for 16S RNA and then we clus-
tered those reads using USEARCH 5.2 at the 97% identity level( (Gevers et al.,
2005). We used the representative sequences from each cluster to retrieve their
taxonomic annotation from SILVA database (Pruesse et al., 2007).
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Network analysis

Data preparation: Filtering and normalization

We built abundance tables for the PFAM families, the clusters of unknowns,
and for the annotated 16S rRNA gene clusters, respectively. We selected those
PFAM families and 16S rRNA gene clusters that were present in at least 10%
of the GOS sampling sites. In order to get more robust results we selected only
those clusters of unknowns present in at least the 20% of GOS sampling sites.
Next, read abundances counts were normalized. First we log-transformed
the read counts; then we standardized the log-transformed values, for each
transformed measure i of sample s, we subtracted the arithmetic mean of all
transformed values and this difference was divided by the standard deviation
of all log-transformed values for the given sample. Finally we performed a
multiple sample scaling; all values were scaled from 0 to 1, and therefore we
could remove the negative values derived from the log-transformation with-
out affecting the relative differences within samples.

Graphical Gaussian models

For building a Graphical Gaussian Model network it has to be to estimated the
empirical covariance matrix, calculate the partial correlation matrix and per-
form statistical tests to determine the partial correlation coefficients that were
different from 0 and that correspond to the significant edges of the graph. Af-
ter data normalization, abundance tableX had Nrows -number of sampling
sites- and Ccolumns -number of clusters, including PFAM families, unknown
clusters and 16S rRNA gene clusters. X followed a multivariate normal distri-
bution NC = (µ, S), with mean vector µ = (µ1, . . . , µC) and positive-definite
covariance matrix S = (sij)i1,jC.

Covariance parameters sij can be written as: sij = rij � sisj. Parameter rij
corresponds to the Pearson correlation coefficient between clusters i and j; and
s2

i and s2
j are the variance terms for clusters i and j. High correlation coeffi-

cients between two clusters in the Pearson correlation matrix P = (rij)(i1,jC
could indicate direct associations, indirect associations or associations medi-
ated by a common cluster. As we were interested only in direct associations,
the partial correlation matrix P̃ = (r̃ij)1i,jC described the direct associa-
tions between two clusters whilst taking away the effects of another cluster, or
several other clusters. Standard graphical modeling theory (Whittaker, 1990)
showed that partial correlation matrix P̃ is related to the inverse of the co-
variance matrix s (also known as the concentration matrix, W) leading to the
straightforward estimator

ˆ̃ri,j = �wi,j/
p

wi,iwj,j,



116
A Network Approach to Explore the Archaeal Ammonia Oxidation in Oceans trough

Metagenomics

where Ŵ = (ŵij) = Ŝ�1 and ŵij is the (i, j) � th element of Ŵ.
Our data settings had the effects of “small n, large p", the number p of clus-

ters is much larger than the number n of sampling sites; this dimensionality
issue affected the estimation of the unbiased empirical covariance matrix Ŝ,
with entries defined as

ŝij =
1

N � 1

N

Â
k=1

(Xki � X̄i)(Xkj � X̄j),

S could not be considered a good approximation of the true covariance ma-
trix as wasn’t anymore positive-definite and couldn’t be inverted as it became
singular. Limitations caused by the “small n, large p" prevented a direct com-
putation of the partial correlation. One way to overcome this limitation is to
use shrinkage estimators of the covariance matrix. Schäfer & Strimmer (2005b)
proposed a shrunk estimate of the covariance matrix using a James-Stein esti-
mator. The idea was to construct a well-conditioned positive-definite matrix
so that the matrix had full rank and could easily be inverted. The shrink-
age estimator decreased Ŝ variance, and also reduced the mean squared error
(MSE) by finding the best trade-off between error due to bias and error due
to variance. The estimator shrinks the sample covariance matrix Ŝ towards a
low-dimensional estimator T̂ of the covariance matrix S. The linear shrinkage
estimator S⇤ is defined as the linear combination of the estimators Ŝ and T̂:

S⇤ = lT̂ + (1 � l)Ŝ,

where le[0, 1] represented the shrinkage intensity. There were several low-
dimensional estimators of T̂, for gene association networks, (Schäfer & Strim-
mer, 2005b) recommended to shrink the correlation terms towards zero and to
leave the diagonal terms as estimated by the empirical variances. Shrinkage
intensity could be calculated analytically:

l =
Si 6=j cvar(sij)

Si 6=js2
ij

,

where sij are the empirical covariance parameters. Last step in the gene as-
sociation network reconstruction was to assign statistical significance to the
edges. For this purpose a mixture model,

f (r̃) = h0 f0(r̃; k) + (1 � h0) fA(r̃),

was fit to the observed partial correlation coefficients r̃ across edges. f0 was
the distribution under the null hypothesis of vanishing partial correlation, h0
was the (unknown) proportion of "null edges", and fA the distribution of ob-
served partial correlations assigned to actually existing edges. The latter was
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assumed to be an arbitrary nonparametric distribution that vanished for val-
ues near zero. This permits estimate from the data k, h0, and fA (Efron, 2004).
We applied a Bayes local false discovery rate (fdr) statistic (Efron, 2004) to
asses the significance of the edges. The posterior probability that a specific
edge exists given r̃ equals

IP(non_null edge|r̃) = 1 � f dr(r̃) = 1 � h0 f (r̃; k)
fr̃

We considered an edge to be significant when the probability of an edge was
> 0.8 (Efron, 2005).

Maximum relatedness subnetwork

To extract the essential associations within clusters for the resulting GGM net-
work, we used the maximum relatedness subnetwork (MRS) approach (Lee
et al., 2010). MRS algorithm assigns to each node i, a directed link to node j
with which node i has its maximum and minimum partial correlation values.
One node could have more than one directed link in the case of the multiple
nodes with the same maximum partial correlation value. GGMs are undi-
rected graphical models; using the MRS we were able to assign directionality
to the edges and provide more information about the asymmetry of the node
pairs. Node’s incoming degree in MRS let us to identify the nodes with more
importance in the GGM.

Metrics associated to network topologies have been calculated, those are
average node connectivity, average path length, diameter, cumulative degree
distribution, clustering coefficient and modularity. ForceAtlas 2 from Gephi
software (Bastian et al., 2009) was used to layout the resulting network. All
analyses involved in the data preparation and network analysis were per-
formed using the R language and environment (Team, 2010). GGMs were cal-
culated using an in-house modified version of the GeneNet package (Schäfer
et al., 2001) and MRS was de novo implemented in R. GGMs were represented
using Gephi.

Unknown clusters in sequenced genomes

In order to relate clusters of unknowns with the hypothetical proteins found in
sequenced genomes we performed a BLAST+ tblastn search (Camacho et al.,
2009) using as query all the unknown clusters against all microbial genomes
available on Genbank release 190.0 (June 2012). We selected all hits that re-
ported a hypothetical protein with an e-value 1e � 05.
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GO and KO mapping

We mapped the PFAM families included in the MRS to their GO homologs
using the mapping files derived from InterPro (Hunter et al., 2009) available
in Gene Ontology (Harris et al., 2004). We performed a KEGG ORTHOLOGY
(KO) mapping using the domain information found in KEGG GENES Release
58.1 (June 2011) (Kanehisa et al., 2008). Once we obtained the KO terms we
did a pathway reconstruction using MinPath 1.2 (Ye et al., 2009)

Nitrosopumilus maritimus SCM1 subnetwork extraction

We performed a functional annotation ofNitrosopumilus maritimus SM1
(NC_010085.1) genome with HMMER 3.0 and PFAM 26.0. Then we se-
lected all the genes with a hit PFAM domain associated and we mapped them
to the existing PFAM domains present in the complete network. With this
information we created a Nitrosopumilus maritimus centered subnetwork.

Metatranscriptome crosschecking of AMO neighborhood candidates

We downloaded from CAMERA all cDNAs for the metatranscriptomes
CAM_P_0000692 (Oregon MT) and CAM_PROJ_Sapelo2008 (Sapelo MT) to
find expression evidences of the nodes found in the AMO network neigh-
borhood. For each neighbor node, we used the Nitrosopumilus proteins that
contained the PFAM domain to perform a BLAST+ tblastn search in the
metatranscriptomes. We reported the raw reads count for the hit with an
e-value 1e � 05.

8.3 Results and discussion

Pre-network processing: Annotation, clustering and filtering.

From the original dataset containing 7,523,471 reads, HMMER was able to
annotate 5,653,491 reads resulting in 15,528,086 hits. The unknown fraction
achieved 1,869,980 reads and after performing a 6-frame translation, we kept
a total of 8,884,278 translated sequences larger than 60 aminoacids. The hier-
archical clustering at 90% reported 7,681,220 clusters and 6,689,553 clusters at
60%. We removed 5,759,646 singletons resulting in a total of 929,907 clusters.
In the final data set, 9,190 of the reads were 16S rDNA and after clustering at
97% identity, ended in 7119 reference 16S rDNA. Sampling site filtering steps
resulted in 6,903 different PFAM families, 9,925 unknowns clusters and 347 16S
rDNA.
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Figure 8.1: Global Ocean survey Maximum Relatedness Subnetwork (A) capturing 32672 asso-
ciations among 16520 nodes. Each node represents an unknown unknowns cluster (blue), as 16S
rDNA cluster (yellow) or a PFAM family (red). MRS node degree distribution (B) fit a power law dis-
tribution (a = 3.5, xmin = 12 and p > 0.1) although as most biological systems is not a totally scale-
free network. In C) there are representes the proportion of unknown unknowns clusters, 16S
rDNA clusters and PFAM families and the taxonomic and functional composition of the MRS. GO
terms for Biological Process are GO:0055114 oxidation-reduction process; GO:0006412 transla-
tion; GO:0005975 carbohydrate metabolic process; GO:0006508 proteolysis; G O:0006355 regu-
lation of transcription, DNA-dependent; GO:0008152 metabolic process; GO:0006810 transport;
GO:0006260 DNA replication; GO:0006351 transcription, DNA-dependent; GO:0006281 DNA re-
pair. GO terms for Molecular function are GO:0003677 DNA binding; GO:0005524 ATP binding;
GO:0005515 protein binding; GO:0003735 structural constituent of ribosome; GO:0016491 oxi-
doreductase activity; GO:0003824 catalytic activity; GO:0008270 zinc ion binding; GO:0003723
RNA binding; GO:0004553 hydrolase activity, hydrolyzing O-glycosyl compounds; GO:0003700
sequence-specific DNA binding transcription factor activity.
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GGM construction

Our initial matrix suffered from the “small n, large p”. The matrix arrange-
ment had 17,175 columns and 53 rows. The optimal shrinkage intensity (l) es-
timated from the data was 0.4171. From the maximum number of 294,980,625
partial correlations we kept 552,099 with a posteriorprobability > 0.8; We re-
duced the complexity of the resulting network applying the MRS algorithm;
the final subnetwork has 16,520 nodes and 32,672 edges. For the nodes, 6,459
represented PFAM families (47% of PFAM families), 9,714 clusters of unknowns
and 347 nodes were 16S rRNA gene clusters (Figure 8.1A). As shown in Fig-
ure 8.1A, PFAM and clusters of unknowns were clearly divided in two groups
on the MRS.

We calculated the networks metrics for the complete network (CN) and
for the MRS; in both cases we interpreted the networks as undirected. The CN
had an average degree of 66.84 while the MRS 1.98. Figure 8.1B represents the
cumulative degree distribution of the MRS. As shown in Figure 8.1 the MRS
seemed to follow a scale-free degree distribution (that is, a few nodes highly
connected while the vast majority only have few connections). This network
topology is typically found in biological systems (Bork et al., 2004) and in
co-ocurrence domain networks (Wuchty, 2001). For a scale-free network the
degree distribution has to follow a power law distribution, and we confirmed
that the dataset fit in (a = 3.5, xmin = 12 and p > 0.1). We also run a likelihood
ratio test (LRT) in order to find whether other distributions could fit better
the dataset. We found that the exponential distribution fit our data equally
good as the power law (Clauset et al., 2007). Most biological networks are
not totally scale-free but certain scale-free features such as small world and
centrality properties were present (Khanin & Wit, 2006; Amaral et al., 2000).

The average path length (distance between all pair of nodes) was 2.9 for
the CN and 7.4 for the MRS. The diameter of the CN was 8 while MRS had
a diameter of 15 nodes. Clustering coefficient quantified how well connected
are the neighbors of a node in a graph, and the CN had a clustering coeffi-
cient of 0.17 and 0.016 for MRS. Measuring the modularity index (Q) for the
MRS, Q = 0.573, we detected 20 modules with a resolution of 2.5 (Fortunato
& Barthelemy, 2007) considering edge weights in the calculations (Figure 8.2).
We created subnetworks for the modules that accumulated more vertices and
we extracted for the most abundant 16S rRNA their first order neighbors sub-
network as well.

GO and KEGG functional annotation

From the 6903 PFAM domains included in the network we mapped 2476 to
a GO term. As a result of the many-to-many relationship between PFAM



Results and discussion 121

Unknown PFAM 16S rDNA Unknown PFAM 16S rDNA

0%

20%

40%

60%

80%

Unknown PFAM 16S rDNA Unknown PFAM 16S rDNA

A

B

V: 16520
E: 32672
Q: 0.573
Modules: 20

Module 13 Module 14 Module 16 Module 15

0%

10%

20%

30%

40%

50%

60%

S
A

R
1
1
 c

la
d
e

A
c
id

im
ic

ro
b
ia

le
s

P
ro

c
h
lo

ro
c
o
c
c
u
s

O
c
e
a
n
o
s
p
ir
il
la

le
s

R
h
o
d
o
b
a
c
te

ra
le

s
R

h
o
d
o
s
p
ir
il
la

le
s

F
la

v
o
b
a
c
te

ri
a
le

s

S
A

R
1
1
 c

la
d
e

A
c
id

im
ic

ro
b
ia

le
s

O
c
e
a
n
o
s
p
ir
il
la

le
s

P
ro

c
h
lo

ro
c
o
c
c
u
s

R
h
o
d
o
b
a
c
te

ra
le

s

S
y
n
e
c
h
o
c
o
c
c
u
s

S
A

R
3
2
4
 c

la
d
e

S
A

R
1
1
 c

la
d
e

O
c
e
a
n
o
s
p
ir
il
la

le
s

A
c
id

im
ic

ro
b
ia

le
s

R
h
o
d
o
b
a
c
te

ra
le

s

R
h
o
d
o
s
p
ir
il
la

le
s

P
ro

c
h
lo

ro
c
o
c
c
u
s

S
y
n
e
c
h
o
c
o
c
c
u
s

S
A

R
1
1
 c

la
d
e

A
c
id

im
ic

ro
b
ia

le
s

O
c
e
a
n
o
s
p
ir
il
la

le
s

P
ro

c
h
lo

ro
c
o
c
c
u
s

F
la

v
o
b
a
c
te

ri
a
le

s

O
C

S
1
1
6
 c

la
d
e

R
h
o
d
o
b
a
c
te

ra
le

s

SILVA Taxonomy: Order

Figure 8.2: MRS modules detected by community detection methods. The four (A) more abun-
dant modules are colored: Module 13 (blue), Module 14 (red), Module 15 (yellow) and Module
16 (green). In B) there are represented the proportion of unknown unknowns clusters, 16S rDNA
clusters and PFAM families and the taxonomic composition for each module of the MRS.
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and GO terms we got 5699 potential GO terms, of which 1516 were unique.
The three most abundant GO terms (Figure 8.1C) in Biological Process do-
main were GO:0055114, oxidation-reduction process; GO:0006412, translation
and GO:0005975, carbohydrate metabolic process. And for Molecular Func-
tion domain were GO:0003677, DNA binding; GO:0005524, ATP binding and
GO:0005515, protein binding.

The mapping from PFAM domains to KEGG ORTHOLOGY resulted in
20932 possible annotations, and the effect of many-to-many relationships was
even higher than mapping GO terms. We used those identified KO terms to
run a KEGG pathway reconstruction using the parsimony approach imple-
mented by MinPath (Ye et al., 2009). Protein domains contained in the MRS
leaded to the reconstruction of 236 pathways composed by 9527 KO terms (Ta-
ble S2). At least, 80 pathways had more than the 90% involved protein fam-
ilies recovered from our dataset. In our MRS we were able to reconstruct 92
of the 148 related pathways (each pathway had more than the 50% of proteins
involved annotated) to the KO term Metabolic pathways (ko01100).

Clusters of unknowns in sequenced genomes

When we queried the clusters of unknowns against the sequenced genomes
using BLAST, we obtained 1559 hits with hypothetical protein as annotation
and 4933 clusters of unknowns had a hit to an annotated protein. Nearly the
70% of the hits reported had an e-value < 1e-20 (Figure S1; Table S1). A bit
more than one third of the clusters of unknowns (3222) did not match to the
sequenced genomes currently available.
Two factors have to be considered for the annotated protein hits obtained.
First, the use of strict search parameters to rule out false positives caused by
similar strong biased composition between the query and the hit. Second,
although PFAM contains an exhaustive number of protein families, it did not
fully cover the whole universe of proteins. For instance, PFAM release 26 has
a coverage of nearly the 80% of proteins found in UniProtKB (Punta et al.,
2012).

MRS modules analysis

Module 13 (32%), Module 14 (16%), Module 15 (12%) and Module16 (24%)
accumulated up to the 84% of the nodes in the MRS. Such modules showed
clear differences in terms of PFAM domains, clusters of unknowns and 16S
rRNA clusters. Most of the Module 13 nodes were classified as clusters of
unknowns (83%) and just a small fraction of nodes were PFAM domains (14%).
Conversely, Module 15 showed 60% of the nodes as PFAM domains. Module
14 and Module 16 had a similar number of clusters of unknowns and PFAM



Results and discussion 123

domains. By far, the bacterial SAR11 clade was the most abundant 16S rRNA
gene cluster found in each case.

To unveil differences in the functional content for each module we re-
constructed the biological pathways independently. The protein domains in-
cluded in the four modules yielded the reconstruction of 216 different path-
ways with 8519 KO terms mapped. While 5952 KO terms were shared be-
tween modules, 2567 terms were module specific (Figure S2, Table S3-S10).

Interistingly, Module 13 presented specific KO terms (338) related with
signaling and interaction pathways, e.g., Neuroactive ligand-receptor inter-
action pathway had 42% of specific KO terms. Module 14 (650 specific terms),
showed most of them involved in different metabolic pathways. Module 15
had the 20% of its KO terms (750) into the two-component regulatory systems.
And Module 16, with 829 specific terms, had ABC transporters as the pathway
with more mapped KO terms (13%).

MRS taxonomic composition

The four most abundant 16S rRNA clusters in the MRS were SAR11 clade
(53%), Acidimicrobiales (13%), Oceanospirillales (9%) and Prochlorococcus (8%).
For each of these 16S rRNA clusters we extracted the first order neighbour
subnetwork (Figure 3). The node neighborhood for SAR11 had almost the
same proportion of PFAM domains (41%) and clusters of unknowns (45%)
whilst the other 16S rRNA clusters had most of the nodes classified as clus-
ters of unknowns, being Prochlorococcus the most extreme case with 68% of the
nodes as clusters of unknowns and only a 13% of them, classified as PFAM
domains.

We explored in detail the clusters of the unknowns in the neighborhood of
SAR11 clade and Prochloroccocus in genomes as hypothetical proteins. From
the 420 hits reported by BLAST for SAR11 clade, 30% of them were found
in genomes from that clade (Figure 8.4). The percentage of hits increased
when looking at a higher taxonomic level, and 52% of the hits matched the
Alphaproteobacteria class. In Prochlorococcus, the 60% of unknown neighbors
annotated as hypothetical proteins were found in genomes of the same order
(Figure 8.5).

Functional and structural relationships found in the GOS MRS

One of the advantages of combining Graphical Gaussian Models and a Protein
Domain Co-occurrence Network was the possibility to capture the structural
interactions of domains within a protein and the functional interactions be-
tween proteins. Here we present some examples of the possibilities that this
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Figure 8.3: First order neighborhood subnetwork for the four more abundant taxonomic Order
found in the MRS. Each node represents an unknown unknowns cluster (blue), as 16S rDNA
cluster (yellow) or a PFAM family (red). Bar plots represents the proportion of unknown unknowns
clusters, 16S rDNA clusters and PFAM families and the taxonomic and functional composition on
each subnetwork.
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Cluster121706
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Figure 8.6: First order neighborhood subnetwork for the RNA polymerase II. Nodes color corre-
spond to Rpb2 subunit domains (green), Rpb3-Rpb11 heterodimer (orange), Rpb5 subunit (lilac),
PFAM families (red), unknown unknowns (blue) and unknow unknows with homology to a hypo-
thetical protein found in a sequenced genome. Edges with a r̃ij < 0 are colored in grey and edges
with a r̃ij > 0 in black. Edge thickness corresponds to the r̃ij strength.

approach could bring to broaden our knowledge in metagenomic studies and
possibilities of unveiling new functions that remained unconnected.

RNA polymerase II subunit

Prokaryotes have a single type of RNA polymerase (RNAP), in Bacteria,
RNAP is formed by the subunits a, b and w whilst archaeal RNAP is com-
posed by the Rpo1–Rpo13 subunits (Minakhin et al., 2001; Yee et al., 2000;
Werner & Grohmann, 2011) . Bacterial b-subunit is the homolog to the
RPB1 and RPB2 in Eukarya and Rpo1 and Rpo2 in Archaea. PFAM domain
annotation uses the eukaryotic form, e.g. PF04565.11 is annotated as RNA
polymerase Rpb2, domain 3, we will use the term specified in the PFAM
annotation, in this case Rpb2, to refer to the prokaryotic RNAPs. Figure 8.6
shows the first order neighborhood subnetwork of the RNAP, in this network
our approach has been able to recover associations that involve structural
properties as functional aspects related with the transcriptional function.

Rpb2, formed by 8 domains, is the second largest subunit in RNAP
and a key element in the core complex (Cramer et al., 2001); domains 3,
4, 5 and 6 from Rpb2 are present in the network and they are connected
together (PF04565, PF04566, PF04567 and PF00562 respectively). PF04567,
Rpb2 domain 5 has a link to PF01191, the subunit C from Rpb5, the homolog
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counterpart of archael Rpo5 and is involved in DNA melting and early
transcription (Miyao & Woychik, 1998; Yee et al., 2000; Grünberg et al., 2010).

PF13656 stands for the Rpb3-Rpb11 (the a subunit in bacteria) dimerization
domain; Rpb3-Rpb11 heterodimer is involved in the initiation of the RNAP
assembly( (Benga et al., 2005; Kimura et al., 1997). Connected to the PF13656
we found PF03159, an XRN 5’-3’ exonuclease, that promotes the termination
of RNAP transcription activity by the degradation of the downstream cleaved
RNA (Kaneko et al., 2007; Moore & Proudfoot, 2009; Cramer et al., 2000).

In association with the termination related exonuclease and the Rpb2 do-
main 4, we found PF01652, and eukaryotic translation initiation factor mem-
ber of the 4E family. Homologs of this translation factor are also found in
Prokaryotes (Kyrpides & Woese, 1998).

In the neighborhood of Rpb2 domain 4, there is a ribonucleotide reduc-
tase domain, PF08471, involved in the reduction of ribonucleotides to deoxyri-
bonucleotides for DNA synthesis and repair (Borovok et al., 2002) as the one
found in the bacterial transcription-repair coupling factor/RNA polymerase
interaction (Westblade et al., 2010).

Based on network topological measures like node degree, we are able to
unveil functional differences based in structural properties like those observed
in Rpb2 domain 3, 4 and 5. Domain 4 and 5 have a node degree of 15 and 12,
these domains correspond to the external 2 region of Rpb2, while domain 3
and 6 with a node degree of 2 are the domains found in the fork and hybrid
binding, inner regions of Rpb2 (Cramer et al., 2001), therefore with less poten-
tial to interact with other proteins as node degree reflects.

KaiC domain: Circadian clocks and recombinational repair

KaiC is a protein family that binds to DNA. Two members of this family,
KaiC and RadA/Sms, are involved in different functional processes. KaiC
proteins are responsible of the circadian rhythms in Cyanobacteria, which reg-
ulates global changes in the expression patterns in the cell. KaiC behaves as
its own transcriptional repressor by autophosphorylation and is implicated
on ATP-dependent hexameric rings formation and binding to forked DNA
substrates (Mori et al., 2002).KaiC protein from Synechococcus is composed
by two RecA-like domains (Leipe et al., 2000). Whilst RadA/Sms, an ATP-
dependent protease, is involved in recombination and recombinational re-
pair (Beam et al., 2002). RadA/Sms middle region is related to the RecA strand
exchange protein and the DnaB replicative DNA helicase (Leipe et al., 2000).

Figure 8.7A shows the first order neighbor network centered in the KaiC
domain PF06745. Its neighborhood defines the differences and similarities be-
tween KaiC and RadA/Sms proteins. In the network, node PF00154 is the
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domain for the bacterial recA bacterial DNA recombination protein. In both
proteins, a RecA-like domain is present. RadA/Sms recombinational repair
function is carried out by the combination of PF03796, PF00772 and PF10108.
PF03796 and PF00772 are the C- and N-terminal domain of a DNAB-like he-
licase; and PF10108 is an exonuclease related to the exonuclease domain of
PolB, a DNA polymerase that participates in DNA repair and replication.

Biofilm formation and regulation

Biofilms are an aggregate of microorganisms in which cells adhere to each
other on a surface embedded within a self-produced matrix of extracellu-
lar polymeric substance composed basically from proteins and polysaccha-
rides. This matrix acts as protection for the cells and facilitates communica-
tion through biochemical signals. In the subnetwork shown in Figure 8.7B,
PF10757 is the domain of the regulator in biofilm formation, YbaJ. This pro-
tein regulates biofilm formation and also has an important role in the reg-
ulation of motility in the biofilm. YbaJ stimulates conjugation, aggregation
and decreases motility, resulting in an increase of the biofilm (Barrios et al.,
2006). Related with cell communication we found PF04888, a secretion sys-
tem effector C (SseC) like family. SseC family includes the bacterial secreted
proteins PopB, PepB, YopB and EspD that are involved in pore formation and
type III secretion system translocon. Type III secretion system are part of the
direct intercellular transport of molecules complex (Beloin et al., 2008; Mar-
golis et al., 2010; Christopher et al., 2010) . Associated to SseC we found
PF09551, a stage II sporulation protein, where SseC family proteins could
have a function in the signaling mediated by a channel that links the mother
cell to the forespore (Camp & Losick, 2009, 2008) . In the network we found
PF01024, a colicin pore-forming domain; colicins are released into the en-
vironment to reduce competition. Negatively associated we found PF13418
and PF13415, a galactose oxidase domain that catalyzes the chemical reaction
D � galactose + O2 ⌦ D � galacto � hexodialdose + H2O2. D-galactose is a
key component for the synthesis of the exopolysaccharide, critical molecule
for biofilm formation. (Ma et al., 2007; Chai et al., 2012; Ryder et al., 2007) .

Ammonia oxidization in Nitrosopumilus maritimus SCM1

In the bacterial ammonia oxidation, the ammonia monoxygenase enzyme pro-
duces hydroxylamine that is further oxidized by the hydroxylamine oxireduc-
tase (HAO) complex. When hydroxylamine is oxidized it supplies electrons
to the ammonia oxidase and to the bacterial typical iron-based electron trans-
fer electron transport chain. The AOA have an alternative pathway without
HAO and cytochrome c proteins. In Archaea, the electron transfer mechanism
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Figure 8.8: Nitrosopumilus maritimus SCM1 genome centred subnetwork. Each node represents
an unknown unknowns cluster (blue), as 16S rDNA cluster (yellow) or a PFAM family (red).
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seems to be mediated by the numerous copper-containing proteins contained
in their genomes. In the ocean, members of the Marine AOA are one of the
most abundant microorganisms (Karner et al., 2001; Agogué et al., 2008) and
are one of the most significant contributors to carbon and nitrogen cycling.

To find the association between the AMO subunits and their networks we
used the Nitrosopumilus maritimus genome subnetwork. We were able to re-
cover 2277 PFAM domains that belonged to 1342 Nitrospumilus maritimus pro-
teins, nearly the 75% of the whole proteome.

Figure 8.9 represents the first order neighbor network for the archaeal
amoA and amoB subunits. It worthy to note, that the 57% of neighbor nodes
to AMO subunits were PFAM domains found in Nitrosopumilus maritimus
SCM1 genome. This proportion increases up to the 92% if we remove the
negatively associated clusters and the two PFAM domains with the lowest
partial correlation strength that were not identified in the genome. As has
been shown in the previous examples, those 9 positively associated nodes to
the AMO subunit domains, most probably will have a role in the archaeal
ammonia oxidation.

In the neighborhood of amoA we found the domain family PF03911.11
that corresponds to a Sec61b family. Although this domain is not present
in the annotation of Nitrosopumilus maritimus SCM1, we identified it in an
ORF located at chromosomic positions 563213..563049. This family consists
of homologues of Sec61beta, a component of the Sec61/SecYEG protein
secretory system. These translocases are responsible for decoding the to-
pogenic sequences within membrane proteins that direct membrane protein
insertion and orientation (Grassly & Fraser, 2008; Kalies et al., 1998; Park &
Rapoport, 2011; Kinch & Saier Jr, 2002). Next domain in the amoA neigh-
borhood was PF01950.11, a Fructose 1,6-bisphosphatase domain encoded by
the gene Nmar_1035. Fructose-1,6-bisphosphatase is an essential regulatory
enzyme in the gluconeogenesis. (Nishimasu et al., 2004). The node PF01862, a
Pyruvoyl-dependent arginine decarboxylase domain, is product of the gene
Nmar_1180. This domain produces agmatine after arginine decarboxyla-
tion (Graham et al., 2002). Agmatine is an essential intermediate in polyamine
biosynthesis (Fukuda et al., 2008) and in translation( (Osawa et al., 2011).
Agmatinase (Nmar_0925) hydrolyses agmatine to putrescine, the precursor
for the biosynthesis of higher polyamines like spermidine and spermine (Ahn
et al., 2004). Spermine/spermidine plays an important role as a substrate
for the hypusine (Nmar_0648) modification of the eukaryotic translation
initiation factor 5A (eIF-5A), encoded by the gene Nmar_0529. eIF-5A is
involved in cell growth and protein synthesis (Peat et al., 1998; Zanelli &
Valentini, 2007; Wagner & Klug, 2007; Kim et al., 1998; Chattopadhyay et al.,
2008; Eichler & Adams, 2005; Jansson et al., 2000; Wolff et al., 2007).
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Figure 8.9: First order neighborhood subnetwork for the AMO subunits A (brown) and B (or-
ange). Red colored nodes correspond to the PFAM families, blue colored nodes represents the
unknown unknowns. Dark green nodes represent PFAM families found in proteins coded by
genes in Nitrosopumilus maritimus SCM1 genome. Light green nodes are DUF domains found
in Nitrosopumilus maritimus SCM1 genome. Edges with a r̃ij < 0 are colored in grey and edges
with a r̃ij > 0 in black. Edge thickness corresponds to the r̃ij strength.

In the amoB neighborhood we found, PF05165, a GTP cyclohydrolase III
product of the gene Nmar_1614, that produces a formylaminopyrimidine
from the hydrolysis of GTP that is the starting point for riboflavin biosyn-
thesis in many archaea; precursor for FMN and FAD biosynthesis, two redox
cofactors involved in many steps in the metabolism (Graham et al., 2002;
Shiemke et al., 2004; Mashhadi et al., 2008).

Another node associated to the amoB subunit was the domain PF02778.9,
a tRNA intron endonuclease, product of gene Nmar_0450 and Nmar_1039. It
is interesting to note the relationship between AMO subunits and domains
related to tRNA processing (Heinemann et al., 2010). On the one hand, it is
related to the tRNA splicing, perhaps as a response to stress factors it could
trigger the translation of codon-biased proteins (Chan et al., 2012); on the other
hand is related with agmatine. Agmatine is also important for the agmatiny-
lation of tRNA, and essential mechanism for the correct AUA codon decod-
ing (Osawa et al., 2011; Mandal et al., 2010).

Finally, from the neighborhood of AMO, we selected three candidates to
be potentially related structurally or functionally to the ammonia oxidation
in some way. The proteins in Nitrosopumilus with PF06348 and PF12421 do-
mains, are good candidates to be directly involved into ammonia oxidation
or electronic transfer by their special structure. PF06348 is a domain of un-
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known function (DUF1059) and is the protein product of the gene Nmar_0235.
This protein seems to be specific to the Nitrosopumilales genomes. We ana-
lyzed more in detail Nmar_0235 using DELTA-BLAST (Boratyn et al., 2012)
to find distant homologs; and we found that it shares homology with pre-
dicted small metal-binding proteins (COG5466). As a result of the higher
concentrations of copper in seawater (Hatzenpichler, 2012) and its associa-
tion with the amoB subunit, this small protein could have a role in cellular
copper management, similar to the one observed in the protein SmbP found
in Nitrosomonas europaea (Barney et al., 2004). Domain PF04894, an archaeal
protein of unknown function (DUF650), is the product of the gene Nmar_0975
and is conserved along the entire archaeal domain. Its possible implication
on archaeal ammonia oxidation remains unclear, we were unable to find any
clue to a possible function. The last candidate was PF12421.3, a Fibronectin
type III protein domain (FnIII). We found it present in three different genes,
Nmar_1073, Nmar_1047 and Nmar_1040. Nmar_1073 is a giant gene (28758 nu-
cleotides) that encodes a protein with 73 FnIII repeats. Nmar_1047 contains
a NHL repeat in the N-terminal end followed by three FnIII repeats. While
Nmar_1040 encoded a protein formed by a signal peptide spanning positions
1 to 34, followed by three FnIII repeats and with a multicopper oxidase-like
domain at the C-terminal end. Those three genes, after a screening by BLAST
against all microbial genomic proteins, seem to be specific to the Nitrosopumi-
lales genomes.

FnIII domains in prokaryotic proteins are associated with a wide range of
functions. They are part of carbohydrate processing enzymes such as cellu-
lases and chitinases; are involved in adhesion and in cell-to-cell interaction
functions when are located in cell surface and could assist large enzyme com-
plexes to remain soluble. FnIII domains assist in the adhesion of the protein
to polysaccharides or cell receptors keeping the proper conformation at the
binding or catalytic sites of the enzyme (Little et al., 1994; Reva & Tümmler,
2008; Alahuhta et al., 2010).

Nmar_1040, as node associated to the amoB subunit, presents a highly in-
teresting combination of domains. The multicopper oxidase-like domain at
the N-terminal end has homology to a blue (type 1) copper protein and could
be involved in electron transfer. Despite we have found a low sequence sim-
ilarity (PFAM e-value = 0.03; Gene3D e-value = 9.4e � 21; RPSBlast e-value
= 3.29e � 07) we can speculate about the existence of a potential copper-
binding site. Similar to the structure observed in Nmar_1040, it has been previ-
ously observed in Geobacter with the ompB gene product. OmpB participates
in the Fe(III) oxide reduction, and contains a Fe(III)-binding site, a fibronectin
type III domain and a multicopper domain (Mehta et al., 2006; Holmes et al.,
2008; Schäfer et al., 1999). The structural analogy between Nmar_1040 and
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ompB, and its association to amoB subunit strongly suggests Nmar_1040 is a
key component in the ammonia oxidation with a potential relevant role that
has not been unveiled yet.

Interestingly, we found evidences of expression for the three candidates on
the two marine metatranscriptomes we used for crosschecking. We found 58
different transcripts in the Oregon MT and 6 on Sapelo MT for Nmar_1040; 23
different reads in Oregon MT and 2 in Sapelo MT for Nmar_1073; and 14 in
Oregon MT and 1 in Sapelo MT for Nmar_1043.

8.4 Discussion

We have shown through different examples that the approach resulted in a
tool helpful for the exploration of the information on complex systems con-
tained in metagenomes, and for a better understanding of the biological pro-
cesses operating in the ocean. One of the strengths of the approach is the
inclusion in the network of the batch of information related to the clusters of
unknowns (both Domains of Unknown Function, and full unknowns). With the
inclusion of the unknown unknowns in the network, we investigated not only
the known associations, but also the unknown universe, generating hypothesis
on potential candidates that may have been playing a key role in biological
processes but have remained hidden until now.

The use of Graphical Gaussian Models has more advantages than the rele-
vance network methods, because measure the degree of dependence between
protein domains and rule out the effects of a third variable when looking for
direct association (Schäfer & Strimmer, 2005b). With the MRS, it is possible to
extract a subnetwork containing the strongest associations and assign a direc-
tion to the edges showing the sense of the dependence between nodes.

Finally, we generated a specific Nitrosopumilus maritimus subnetwork and
map the protein families related to the AMO subunit to specific genes in Ni-
trosopumilus maritimus SCM1 genome. Within the nodes associated to the
AMO subnetwork we proposed a plausible explanation on how a member
of the Sec61b family translocates AMO subunits into the membrane and how
AMO is linked to the tRNA processing showing its implications on cell growth
and regulation. We also unveiled two potential candidates, which by their
special structural conformation, could be key components for the direct am-
monia oxidation or components of the electron transfer system. Further ex-
ploration of these proteins by experimental assays could provide relevant in-
formation on how ammonia oxidation works in archaea.
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General overview
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Concluding Remarks

For many years microbiology, ecology and evolution have not been walk-
ing hand in hand together. Evolutionary microbiologists were traditionally
more interested in studying genetic patterns in terms of exploring the links
between genes and genomes and the mechanisms generating diversity and
the selection operating processes. Meanwhile, microbial ecologists were more
focused on the study of the relationships between microbes and their environ-
ment including other organisms and how these relationships modulate the
global biogeochemical cycling. Luckily, microbial ecology is a very dynamic
research field and well aware on the limitations to study microorganims has
quickly integrated and adapted to microbial systems the improvements not
only in methodology but also in concepts from other research areas such as
macroecology. However, although microbial ecology and microbial evolution
have phylogenies as the nexus point, how they approached to the topic was
very different in each field. While evolutionists were using phylogenies to un-
derstand the past (identification of important evolutionary events), microbial
ecologists were using it to understand the present (current biodiversity).

As stated before, microbial ecology is always redefining itself, and rapidly
adopted the methods developed from the recent merging between community
ecology and phylogenetics. Just a few years ago community ecologists started
to be interested in bringing together evolutionary history and phylogenetic re-
lationships of organisms to answer question regarding community assembly
and diversity (Webb et al., 2002; Webb, 2000; Cavender-Bares et al., 2009). This
new approach links short-term local processes and global processes that occur
over deep evolutionary time scales. Phylogenetic community ecology studies
unveil which processes are driving the community assembly and show the
importance of evolution in the assembly process. The use of phylogenies has
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revealed how important are community interactions for speciation, adapta-
tion and extinction.

Microbial ecologists have been, and still are, eager to explore the huge di-
versity of microorganisms and have carried out an extensive sequencing ef-
fort for the 16S rRNA and several other markers genes from a large range
of natural and artificial environments. As a result of such effort, microbial
ecology provides a large amount of molecular data ready to be used for phy-
logenetic analyses. The combination of increasing computer power and larges
phylogenetic datasets, have brought microbial ecology to the perfect scenario
for the community phylogenetic approach. Thus, although this is a very re-
cent area of research, microbial community phylogenetics has produced lot of
fresh knowledge in a very short time (Jones & Hallin, 2010; Auguet et al., 2010;
Barberán & Casamayor, 2010; Barberán et al., 2011).

In this PhD thesis I have applied these approaches to compare bacterial
ammonia oxidizers (AOB) against their archaeal counterparts (AOA) using
the ammonia monooxygenase subunit A gene (amoA). The results of the anal-
yses revealed for the first time a global picture of the phylogenetic community
structure of ammonia-oxidizing assemblages. Our study unveiled larger phy-
logenetic richness in AOA with more dissimilar communities and clear mono-
phyletic groups for the different habitats. The rates of diversification in AOA
were higher than in AOB and the archaeal diversification dynamics showed
an unusual feature, with an initial diversification process followed by a long
period of stasis and a final burst of diversification. The variations observed
between AOB and AOA in terms of community structure, phylogenetic di-
versity, diversification patterns, and habitat dispersion were unexpected just
a very few years ago, and the community phylogenetics approach has nicely
captured these differences.

Understand the diversification processes observed in AOA and their suc-
cessful performance under a myriad of different environmental conditions
such as low pH, different ammonia concentrations, high hydrostatic pres-
sures, high light exposure, low oxygen availability among others, needs how-
ever of a deeper insight adding the evolutionary processes. The ecological
and genetic diversity observed in AOA can be explained at two different lev-
els. First, processes related with a global cell adaptation to the different en-
vironments, probably because of a diverse gene content in the genomes of
the different AOA groups. To link changes in genomic content with environ-
mental conditions, additional AOA genomes are needed to carry out proper
comparative genomic analyses. Currently, with only a few genomes avail-
able, some differences have been already shown (Stahl & de la Torre, 2012),
i.e., only two small plastocyanin-like proteins are shared by all AOA. And
second, processes related with molecular adaptations of the enzyme amoA to
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efficiently carry out ammonia oxidation activity under very diverse environ-
mental conditions, probably mediated by nucleotide substitutions. With the
huge molecular data sets available for AOA it is feasible to explore in detail the
molecular level and understand how small changes are triggering the diversi-
fication processes and ecological adaptations observed at a global scale. This
has been nicely shown by, Bielawski et al. (2004) suggesting that the observed
vertical distribution of photochemically divergent marine proteorhodopsins
could be tuned by Darwinian selection. In this work they identified which lin-
eages and sites potentially were under the effects of Darwinian selection and
how these changes modulated a global effect.

The work by Bielawski et al. (2004), applied codon-based models (Li et al.,
1985b; Nei & Gojobori, 1986; Goldman & Yang, 1994; Suzuki & Gojobori,
1999; Yang & Nielsen, 2000; Zhang et al., 2005) to analyze signatures of Dar-
winian selection. These methods have been extensively used in eukaryotes,
viruses, sometimes with pathogenic bacteria and in a few cases in microbial
ecology. Although the methods used by Bielawski et al. (2004) are based on
the estimation of dN/dS and avoided to make any assumptions regarding the
demographic history of the population, unlike other "neutrality tests" (Tajima,
1989, 1996; Fu & Li, 1993a,b; Deng & Fu, 1996; Fu, 1997; Misawa & Tajima,
1997; Fay & Wu, 2000), in prokaryotes there are some limitations to be aware.
First, dN/dS is inappropriate when comparing either very distantly-related
strains (dS saturated with multiple substitutions), or very closely-related
strains, within which dN/dS is inflated by segregating nonsynonymous poly-
morphism (Rocha et al., 2006; Kryazhimskiy & Plotkin, 2008). And second,
phylogenetic discordance caused by recombination affect likelihood methods
for quantifying selection pressure on codon alignments and may suffer from
high rates of false positives (Anisimova et al., 2003; Shriner et al., 2003).

For codon-based analyses, PAML software (Yang, 2007) has been the most
widely used approach with more than 4700 citations. However, it has some
limitations for the treatment of massive datasets, as those that microbial ecol-
ogists generated, and along this PhD thesis HYPHY (Pond et al., 2005)was
applied. HYPHY can perform all models implemented in PAML and has its
own high-level programming language (HyPhyBatch Language, HBL) that al-
lows users to implement and distribute new methods of sequence analysis or
to modify existing settings. And also has support for parallel computing, a
very convenient feature when the analyzed data sets are huge as in this PhD
thesis. HYPHY authors are constantly developing new cutting-edge methods
and models that resulted very helpful for the work presented here.

Following Bielawski et al. (2004), individual changes at the level of nu-
cleotides were translated to the global diversification patterns of archaeal
ammonia oxidizers. Thus, this resulted in a step further from the results
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obtained after applying community phylogenetics methods providing precise
evolutionary information behind the phylogenetic patterns observed within
an ecological context. We will gain the full picture once the results can be
integrated in a comparative genomics framework.

Recently microbial ecologists are applying network analysis approaches
derived from the science of complex systems, to analyze co-occurrence and
correlation patterns observed in the environment to predict species interac-
tions and develop ecosystem-wide dynamic models. These approaches have
been initially applied to the large 16S rRNA gene datasets obtained from py-
rosequencing to analyze species interactions. In this PhD thesis, the approach
has been applied to explore functional genes interactions mostly related to
the ammonia oxidizing process, and to confront one of the main challenges
of metagenomics, the exploration of the unknown fraction of the metagenomic
protein universe. Applying methods of reverse engineering of regulatory net-
works (Schäfer et al., 2001) the associations between the known and the un-
known fraction were reconstructed offering a pioneering fresh view for mi-
crobial ecology. One especially relevant result obtained from this approach on
AOA was the reconstruction of the association network of the different AMO
subunits to the other proteins previously reported in the marine AOA Ni-
trosopumilus. The information recovered from metagenomics combined with
available genomes fuels hypothesis for the particular and yet unknown bio-
chemistry of ammonia oxidation in Archaea. The information contained in
Chapter 8 provides candidates that could be involved in the unknown steps
of this metabolic pathway giving specific gene names for further testing in lab
experiments, and guiding future research to gain better understanding on the
ecological, phylogenetic and evolutionary differences observed between AOA
and AOB.

As a closure for the experience gained along my PhD, I am able to glimpse
the next direction for microbial ecology. We are living in a time where every
day, Next-Generation Sequencing (NGS) technologies provide more and more
sequences, increasing the sequencing deep of any environment. The ideas and
results shown in this PhD combined with the ideas from Whitaker & Banfield
(2006) for the use of population genomics to analyze microbial communities and
the concept of reverse ecology from Li et al. (2008b) to provide a new way to
analyze microbial communities, will probably feed the newest revolution in
molecular microbial ecology of the NGS era.



10
Conclusions

The general conclusions of this PhD dissertation are:

• AOA and AOB present different community structure in terms of phy-
logenetic richness and b-diversity.

• Diversification patterns showed a more constant cladogenesis through
time for AOB whereas AOA apparently experienced two fast diversifi-
cation events separated by a long steady-state episode. Diversification
rates (g statistic) for most of the habitats indicated gAOA > gAOB.

• The combination of codon-based models and community phylogenetic
methods resulted in a valuable tool to understand the diversification
process in environmental marker genes.

• The amoA gene showed evidences to be under purifying selection due
functional constraints. However, strong evidences of episodic diversify-
ing selection for individual sites and for lineages were also detected.

• The amoA diversification pattern shows evidences of generation and
maintenance of an evolutionary AOA seed bank driving the adaptive
radiation into the different amoA phylogenetic clusters.

• The amoA gene in the ocean shows different patterns of episodic diver-
sifying selection to environmental conditions for shallow and deep eco-
types. The amoA from the OMZ is under strong functional constrains
and did not show evidences of diversifying selection.

• The pioneering approach combining families of unknowns and Graphical
Gaussian Models to analyze functional associations in metagenomes is
a valuable tool for functional discovery.
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Appendix





A
Hive Plots Applied in Molecular

Evolution

In Chapter 5 and Chapter 7 we use a graphical representation called hive
plots which are a ’perceptually uniform, and scalable linear layout visualization for
network visual analytics’ (Krzywinski et al., 2012). Here nodes in a network are
mapped based on network structural properties and positioned on radially
distributed linear axes; and the edges are drawn as curved links. Hive plots
focus on visualizing the structural properties of large networks. They manage
the visual complexity arising from large number of edges and exposing both
trends and outlier patterns in network structure by assigning nodes to

one of three (or more) axes, which may be divided into segments. Nodes
are ordered on a segment based on properties such as connectivity, den-
sity, centrality or quantitative annotation. (Krzywinski et al., 2012)

This renders hive plots perceptually uniform, because differences in net-
works are displayed as proportional differences in hive plots. Therefore, it is
possible to use hive plots to visualy assess network similarities, because hive
plots of networks are directly comparable. See Krzywinski et al. (2012) for
examples and more detailed introduction.

In this thesis we adapted the hive plots concept and modified the software
to represent the large amount of information derived from the evolutionary
analyses. We achieved a reduction in visual complexity by condensing 26
different graphics to four hive plots as shown in Figure A.1 (also shown
in Chapter 5). They represent the distribution of differentially evolving
sites on amoA clusters (Figure A.1A) and habitats (Figure A.1B). First, these
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four hive plots need a reduced amount of space to show the evolutionary
analysis results. Second, and most important, they provide a more rational
way to compare multiple results based on the properties of hive plots. Differ-
ences and similarities between the different data sets can be visually analyzed.
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Figure A.1: Hive plot with the distribution of differentially evolving sites (internal and external
branches) detected at p  0.05, on amoA clusters (A) and habitats (B). Codon positions based on
the amoA aminoacid sequence YP_001582834.1 form the genomic sequence of Nitrosopumilus;
codon 1 located at the axis inner part of the hive plot. Ns:Nitrosopumilus; Np=Nitrososphaera;
Nt=Nitrosotalea; m=marine; ms=marine sediment; es=estuarine sediment; hs=hot spring; s=soil.

We achieved this by defining the axis as the codon positions for the amoA
aminoacid sequence YP_001582834.1 from the genomic sequence of Nitrosop-
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umilus maritimus. In Figure A.2A every edge linking two codon positions
represents a site under Episodic Diversifying Selection (EDS) as detected by
MEME. In Figure A.2B every edge linking two codon positions represents a
differentially evolving site between two amoA clusters.

In Figure A.2 one can easily observe how different the distributions of sites
under EDS are for each data set. The dark blue and green data set share a com-
mon codon site under EDS close to the C-terminal end of the amoA protein,
while the green and red dataset have unique codon sites under EDS. The same
interpretation can be used for the hive plots representing differently evolving
sites (Figure A.2B). In this case the edges are the result of comparing two data
sets and obtaining the significant differentially evolving sites.
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Other Publications

As a result of my curiosity during my PhD I’ve been involved in a myriad of
projects covering the three domains of live. Although the work is not related
with the main PhD topic I consider them an important part of my learning
experience.

The genome of the sea urchin Strongylocentrotus purpuratus
Sodergren E, Weinstock G.M, Davidson E.H, Cameron R.A, Gibbs R.A, Angerer R.C,
Angerer L.M, Arnone M.I, Burgess D.R, Burke R.D. and others.
Science 314 (5801): 941-952
Abstract: We report the sequence and analysis of the 814-megabase genome of the
sea urchin Strongylocentrotus purpuratus, a model for developmental and systems
biology. The sequencing strategy combined whole-genome shotgun and bacterial
artificial chromosome (BAC) sequences. This use of BAC clones, aided by a pooling
strategy, overcame difficulties associated with high heterozygosity of the genome.
The genome encodes about 23,300 genes, including many previously thought to be
vertebrate innovations or known only outside the deuterostomes. This echinoderm
genome provides an evolutionary outgroup for the chordates and yields insights into
the evolution of deuterostomes.

The genomic repertoire for cell cycle control and DNA metabolism in S. purpu-

ratus

Fernandez-Guerra A, Aze A, Morales J, Mulner-Lorillon O, Cosson B, Cormier P,
Bradham C, Adams N, Robertson AJ, Marzluff WF, Coffman JA, Genevière AM.
Dev Biol 300: 238-251
Abstract: A search of the Strongylocentrotus purpuratus genome for genes associated
with cell cycle control and DNA metabolism shows that the known repertoire of these
genes is conserved in the sea urchin, although with fewer family members represented
than in vertebrates, and with some cases of echinoderm-specific gene diversifications.
For example, while homologues of the known cyclins are mostly encoded by single
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genes in S. purpuratus (unlike vertebrates, which have multiple isoforms), there are
additional genes encoding novel cyclins of the B and K/L types. Almost all known
cyclin-dependent kinases (CDKs) or CDK-like proteins have an orthologue in S.
purpuratus; CDK3 is one exception, whereas CDK4 and 6 are represented by a single
homologue, referred to as CDK4. While the complexity of the two families of mitotic
kinases, Polo and Aurora, is close to that found in the nematode, the diversity of the
NIMA-related kinases (NEK proteins) approaches that of vertebrates. Among the
nine NEK proteins found in S. purpuratus, eight could be assigned orthologues in
vertebrates, whereas the ninth is unique to sea urchins. Most known DNA replication,
DNA repair and mitotic checkpoint genes are also present, as are homologues of the
pRB (two) and p53 (one) tumor suppressors. Interestingly, the p21/p27 family of
CDK inhibitors is represented by one homologue, whereas the INK4 and ARF families
of tumor suppressors appear to be absent, suggesting that these evolved only in
vertebrates. Our results suggest that, while the cell cycle control mechanisms known
from other animals are generally conserved in sea urchin, parts of the machinery have
diversified within the echinoderm lineage. The set of genes uncovered in this analysis
of the S. purpuratus genome should enhance future research on cell cycle control and
developmental regulation in this model.

Genome analysis of the proteorhodopsin-containing marine bacterium Polarib-

acter sp. MED152 (Flavobacteria)
González JM, Fernández-Gómez B, Fernàndez-Guerra A, Gómez-Consarnau L,
Sánchez O, Coll-Lladó M, Del Campo J, Escudero L, Rodríguez-Martínez R, Alonso-
Sáez L, Latasa M, Paulsen I, Nedashkovskaya O, Lekunberri I, Pinhassi J, Pedrós-Alió
C.
PNAS, 105:8724-8729
Abstract: Analysis of marine cyanobacteria and proteobacteria genomes has provided
a profound understanding of the life strategies of these organisms and their ecotype
differentiation and metabolisms. However, a comparable analysis of the Bacteroidetes,
the third major bacterioplankton group, is still lacking. In the present paper, we report
on the genome of Polaribacter sp. strain MED152. On the one hand, MED152 contains
a substantial number of genes for attachment to surfaces or particles, gliding motility,
and polymer degradation. This agrees with the currently assumed life strategy of ma-
rine Bacteroidetes. On the other hand, it contains the proteorhodopsin gene, together
with a remarkable suite of genes to sense and respond to light, which may provide a
survival advantage in the nutrient-poor sun-lit ocean surface when in search of fresh
particles to colonize. Furthermore, an increase in CO2 fixation in the light suggests
that the limited central metabolism is complemented by anaplerotic inorganic carbon
fixation. This is mediated by a unique combination of membrane transporters and
carboxylases. This suggests a dual life strategy that, if confirmed experimentally,
would be notably different from what is known of the two other main bacterial groups
(the autotrophic cyanobacteria and the heterotrophic proteobacteria) in the surface
oceans. The Polaribacter genome provides insights into the physiological capabilities
of proteorhodopsin-containing bacteria. The genome will serve as a model to study
the cellular and molecular processes in bacteria that express proteorhodopsin, their
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adaptation to the oceanic environment, and their role in carbon-cycling.

Phylogenetic ecology of widespread uncultured clades of the Kingdom Eur-
yarchaeota
Barberán A, Fernández-Guerra A, Auguet JC, Galand PE, Casamayor E.
Molecular Ecology, 20(9), 1988-19962
Abstract: Despite its widespread distribution and high levels of phylogenetic diver-
sity, microbes are poorly understood creatures. We applied a phylogenetic ecology
approach in the Kingdom Euryarchaeota (Archaea) to gain insight into the envi-
ronmental distribution and evolutionary history of one of the most ubiquitous and
largely unknown microbial groups. We compiled 16S rRNA gene sequences from our
own sequence libraries and public genetic databases for two of the most widespread
mesophilic Euryarchaeota clades, Lake Dagow Sediment (LDS) and Rice Cluster-V
(RC-V). The inferred population history indicated that both groups have undergone
specific nonrandom evolution within environments, with several noteworthy habitat
transition events. Remarkably, the LDS and RC-V groups had enormous levels of
genetic diversity when compared with other microbial groups, and proliferation
of sequences within each single clade was accompanied by significant ecological
differentiation. Additionally, the freshwater Euryarchaeota counterparts unexpect-
edly showed high phylogenetic diversity, possibly promoted by their environmental
adaptability and the heterogeneous nature of freshwater ecosystems. The temporal
phylogenetic diversification pattern of these freshwater Euryarchaeota was concen-
trated both in early times and recently, similarly to other much less diverse but deeply
sampled archaeal groups, further stressing that their genetic diversity is a function
of environment plasticity. For the vast majority of living beings on Earth (i.e. the
uncultured microorganisms), how they differ in the genetic or physiological traits
used to exploit the environmental resources is largely unknown. Inferring population
history from 16S rRNA gene-based molecular phylogenies under an ecological per-
spective may shed light on the intriguing relationships between lineage, environment,
evolution and diversity in the microbial world.

A close relationship between primary nucleotides sequence structure and the
composition of functional genes in the genome of prokaryotes
Garcia JAL, Fernández-Guerra A, Casamayor E.
Molecular phylogenetics and evolution 61: 650-658.
Abstract: Comparative genomics is an essential tool to unravel how genomes change
over evolutionary time and to gain clues on the links between functional genomics
and evolution. In prokaryotes, the large, good quality, genome sequences available
in public databases and the recently developed large-scale computational methods,
offer an unprecedent view on the ecology and evolution of microorganisms through
comparative genomics. In this work, we examined the links among genome structure
(i.e., the sequential distribution of nucleotides itself by detrended fluctuation analysis,
DFA) and genomic diversity (i.e., gene functionality by Clusters of Orthologous Genes,
COGs) in 828 full sequenced prokaryotic genomes from 548 different bacteria and
archaea species. DFA scaling exponent a indicated persistent long-range correlations
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(fractality) in each genome analyzed. Higher resolution power was found when
considering the sequential succession of purine (AG) vs. pyrimidine (CT) bases than
either keto (GT) to amino (AC) forms or strongly (GC) vs. weakly (AT) bonded nu-
cleotides. Interestingly, the phyla Aquificae, Fusobacteria, Dictyoglomi, Nitrospirae,
and Thermotogae were closer to archaea than to their bacterial counterparts. A strong
significant correlation was found between scaling exponent a and COGs distribution,
and we consistently observed that the larger a the more heterogeneous was the gene
distribution within each functional category, suggesting a close relationship between
primary nucleotides sequence structure and functional genes composition.

Genomics of the Proteorhodopsin-Containing Marine Flavobacterium Dokdo-

nia sp. Strain MED134
González JM, Pinhassi J, Fernández-Gómez B, Coll-Lladó M, González-Velázquez
M, Puigbò P, Jaenicke S, Gómez-Consarnau L, Fernàndez-Guerra A, Goesmann A,
Pedrós-Alió C
Environ Microbiol 77: 8676-8686
Abstract: Proteorhodopsin phototrophy is expected to have considerable impact
on the ecology and biogeochemical roles of marine bacteria. However, the genetic
features contributing to the success of proteorhodopsin-containing bacteria remain
largely unknown. We investigated the genome of Dokdonia sp. strain MED134 (Bac-
teroidetes) for features potentially explaining its ability to grow better in light than
darkness. MED134 has a relatively high number of peptidases, suggesting that amino
acids are the main carbon and nitrogen sources. In addition, MED134 shares with
other environmental genomes a reduction in gene copies at the expense of important
ones, like membrane transporters, which might be compensated by the presence of the
proteorhodopsin gene. The genome analyses suggest Dokdonia sp. MED134 is able to
respond to light at least partly due to the presence of a strong flavobacterial consensus
promoter sequence for the proteorhodopsin gene. Moreover, Dokdonia sp. MED134
has a complete set of anaplerotic enzymes likely to play a role in the adaptation of the
carbon anabolism to the different sources of energy it can use, including light or var-
ious organic matter compounds. In addition to promoting growth, proteorhodopsin
phototrophy could provide energy for the degradation of complex or recalcitrant
organic matter, survival during periods of low nutrients, or uptake of amino acids
and peptides at low concentrations. Our analysis suggests that the ability to harness
light potentially makes MED134 less dependent on the amount and quality of organic
matter or other nutrients. The genomic features reported here may well be among the
keys to a successful photoheterotrophic lifestyle

Exploration of community traits as ecological markers in microbial metagenomes
Barberán A, Fernández-Guerra A, Bohannan BJM, Casamayor EO.
Molecular Ecology, 21(8), 1909–1917
Abstract: The rate of information collection generated by metagenomics is uncoupled
with its meaningful ecological interpretation. New analytical approaches based on
functional trait-based ecology may help to bridge this gap and extend the trait ap-
proach to the community level in vast and complex environmental genetic data sets.
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Here, we explored a set of community traits that range from nucleotidic to genomic
properties in 53 metagenomic aquatic samples from the Global Ocean Sampling (GOS)
expedition. We found significant differences between the community profile derived
from the commonly used 16S rRNA gene and from the functional trait set. The
traits proved to be valuable ecological markers by discriminating between marine
ecosystems (coastal vs. open ocean) and between oceans (Atlantic vs. Indian vs. Pa-
cific). Intertrait relationships were also assessed, and we propose some that could be
further used as habitat descriptors or indicators of artefacts during sample processing.
Overall, the approach presented here may help to interpret metagenomics data to
gain a full understanding of microbial community patterns in a rigorous ecological
framework.

Patterns and Architecture of Genomic Islands in Marine Bacteria.
Fernández-Gómez B, Fernàndez-Guerra A, Casamayor EO, González JM, Pedrós-Alió
C, Acinas SG.
BMC Genomics, 13:347
Abstract: Genomic Islands (GIs) have key roles since they modulate the structure
and size of bacterial genomes displaying a diverse set of laterally transferred genes.
Despite their importance, GIs in marine bacterial genomes have not been explored
systematically to uncover possible trends and to analyze their putative ecological
significance.


