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PREFACIO

Mis estudios de doctorado se realizaron en el Programa de Ecologia Gendmica del Centro
de Ciencias Gendémicas de la UNAM que se concentra en el estudio de poblaciones bacterianas,
su diversidad y taxonomia, asi como en la base molecular de las funciones bacterianas que

participan en las interacciones de las bacterias con otros organismos.

Dentro del Programa, formé parte del Grupo de Microbiologia Ambiental y Simbiotica a
cargo de la Dra. Esperanza Martinez Romero donde tuve la oportunidad de proponer y colaborar
en proyectos enfocados en estudiar a las bacterias fijadoras de nitrogeno en los nddulos de las

leguminosas y a los simbiontes de artrépodos.

Por otra parte, el grupo de la Dra. Esperanza Martinez Romero tiene interés de analizar la
diversidad microbiana en ambientes naturales de México. Dentro de esta area de investigacion
surge mi interés y curiosidad personal de explorar la diversidad microbiana del campo
geotérmico de Los Azufres ubicado en Michoacan, México. Al ser originario de Michoacan es mi

intencion realizar investigaciones sobre microorganismos presentes en este Estado.

El proyecto de Los Azufres emerge por la fascinacion de conocer microorganismos
capaces de habitar en condiciones volcdnicas asi como analizar su potencial genético de
resistencia a temperatura, acidez y niveles elevados de metales pesados. De esta manera, mi reto
principal consistio6 en obtener ADN ambiental y generar secuencias metagenOmicas para

sobrepasar las limitantes de las técnicas de cultivo de microorganismos.



En el primer capitulo de esta tesis se presentan los resultados obtenidos a partir del
analisis de un metagenoma de una manifestacion termal de Los Azufres. En este primer estudio
recuperamos los primeros genomas de arqueas y arqueovirus de ambientes termales dentro de
territorio continental de México. Se presentan también avances obtenidos para comprender la

diversidad microbiana presente en otras comunidades microbianas del mismo campo geotérmico.

Durante el transcurso de mi licenciatura y doctorado, mostré un especial interés en
conocer el fenomeno de simbiosis entre plantas leguminosas y bacterias fijadoras de nitrogeno.
En el segundo capitulo de la tesis se presentan resultados sobre la diversidad gendémica de
rizobios de frijoles nativos de México. De manera especial se profundizo en analizar los rizobios

de una especie de frijol nativa de las regiones montafiosas de Michoacan y Jalisco.

Al participar en los seminarios del grupo de investigacion surgio la posibilidad de analizar
la diversidad de bacterias de insectos nativos de México. Mi propuesta fue explorar la microbiota
intestinal de la mariposa monarca ya que habia permanecido sin estudiar mediante técnicas
moleculares. Las mariposas monarca son insectos icOnicos y en riesgo que realizan una
fascinante migracion a través de Norteamérica para arribar a una region de bosques de oyamel en
Michoacan. En el tercer capitulo de la tesis se presentan los primeros resultados sobre la
diversidad de la microbiota intestinal de las mariposas monarca y resultados adicionales que

surgen de proyectos de colaboracion sobre otros insectos y artropodos de México.

Al final de esta tesis se incluyen resimenes para cada uno de los capitulos.



Resumen

La metagenomica permite analizar la diversidad microbiana que habita en distintas condiciones
ambientales tales como las presentes en aéreas volcdnicas. El presente estudio analizd la
diversidad microbiana que reside en el campo geotérmico de Los Azufres usando técnicas
metagendmicas. La diversidad gendmica de los microorganismos de Los Azufres no se habia
estudiado previamente. Se emplearon técnicas de secuenciacion de ADN ambiental y analisis
bioinformaticos para revelar la diversidad microbiana y para generar ensambles de genomas de
microorganismos abundantes. En el metagenoma de una fuente termal se identifico una
comunidad integrada por arqueas termoacidofilas. Del metagenoma de la fuente termal se
obtuvieron genomas de arqueovirus y de arqueas Sulfolobales y Thermoproteales. En un
metagenoma de sedimentos termales se identificé una comunidad dominada por una microalga de
la familia Cyanidiaceae. A partir de este metagenoma se obtuvo el genoma de una nueva arquea
del filo Parvarchaeota. También se identificoé una comunidad compuesta principalmente por
bacterias acidofilas y por una microalga de la clase Trebouxiophyceae en el metagenoma de una
laguna acida. Los genomas de los organelos de la microalga se ensamblaron a partir de las
secuencias del metagenoma. Ademas se obtuvo de células en cultivo, el primer genoma de
bacterias del género Acidocella. Las manifestaciones termales del campo geotérmico de Los
Azufres contienen comunidades microbianas novedosas con diversidad limitada. Los
microorganismos identificados poseen atributos funcionales potenciales que son consistentes con
las condiciones geoquimicas. Por ultimo, la tesis contiene capitulos adicionales con resultados
sobre la diversidad genomica de bacterias fijadoras de nitrogeno de especies de Phaseolus y de

bacterias simbiontes de insectos de México.



Abstract

Metagenomics allow the study of the microbial diversity that inhabit different environmental
conditions such as the ones present in volcanic areas. This study analyzed the microbial diversity
that thrives at the Los Azufres geothermal field by using metagenomic techniques. The genomic
diversity of the microorganisms residing at Los Azufres had not been previously studied.
Environmental DNA sequencing and bioinformatic analyses were used to reveal the microbial
diversity and to obtain genomic assemblies of abundant microorganisms. A community of
thermoacidiphilic archaeons was identified from a hot spring. From the hot spring metagenome,
novel genomes were reconstructed for archaecovirus and Sulfolobales and Thermoproteales
archaeons. A metagenome of thermal sediments contains a community dominated by a microalga
belonging to the Cyanidiaceae family. The first genome of a novel archaeon from the
Parvarchaeota phylum was obtained from this metagenome. Also, a community integrated
mainly by acidophilic bacteria and by a microalga belonging to the Trebouxiophyceae class was
identified from the metagenome of an acidic lagoon. The microalga organelle genomes were
assembled by using metagenomic sequences. Moreover, the first bacterial genome of the
Acidocella genus was obtained from cultured cells. To conclude, the thermal features at the Los
Azufres geothermal field contain novel microbial communities with limited diversity. The
identified microorganisms have potential functional attributes that are consistent with
geochemical conditions. Finally, this thesis contains additional chapters with results about the
genomic diversity of nitrogen fixing bacteria of Phaseolus species and symbiotic bacteria of

insects from Mexico.
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Capitulo I

Diversidad genomica de microorganismos extremofilos de Los Azufres




Introduccion v antecedentes

En algunos sitios volcanicos se encuentran manifestaciones termales con condiciones de
acidez extrema, de temperaturas elevadas y de concentraciones toxicas de metales (condiciones
extremas). Los andlisis de diversidad de comunidades microbianas de dichas manifestaciones
termales han identificado microorganismos que pertenecen a los dominios Bacteria, Archaea y
Eucaria y que son capaces de contender con las presiones ambientales (Huber et al., 2000). Estas
comunidades microbianas pudieran ser aprovechadas para mejorar los procesos actuales de
biorremediacion, de biomineria y otros procesos industriales (van den Burg, 2003; Podar y

Reysenbach, 2006; Gonzalez-Pastor y Mirete, 2010).

En las manifestaciones termales tenemos la oportunidad de analizar comunidades
conformadas por virus y microorganismos desconocidos o pobremente caracterizados. En
Meéxico, el campo geotérmico de Los Azufres alberga una gran cantidad de manifestaciones
geotérmicas de origen natural. El campo geotérmico de Los Azufres se localiza en el Estado de
Michoacan, dentro de la sierra de San Andrés en el Cinturon Volcanico Transmexicano en el
occidente de México. Las manifestaciones geotérmicas que se pueden encontrar en Los Azufres
son principalmente manantiales termales, fumarolas y solfataras (pozas termales de lodos acidos)
que llegan a alcanzar los 90 °C, con pH menores que 4.0 y altas concentraciones de sulfatos,

silicatos y metales pesados (Tello-Lopez y Suarez-Arriaga, 2000).

Los estudios microbiologicos que se han realizado en Los Azufres se han enfocado en
determinar microorganismos de muestras de metales corroidos o de tuberias empleadas para la
generacion de energia geotérmica (Torres-Sanchez et al. 1996; Valdez-Salas et al., 2000; Alfaro-
Cuevas-Villanueva et al., 2006; Castorena et al., 2006). Estos estudios han detectato la presencia
de bacterias pertenecientes a los géneros Desulfotomaculum, Desulforomonas, Desulfobacter,
Desulfovibrio, Burkholderia y Thermodesulfobacterium. El estudio de Navarrette-Bedolla et al.,
1999 fue el primero en reportar arqueas del género Thermoproteus en tuberias de las plantas
geotérmicas. La identificacion de los microorganismos en estos estudios se realizd analizando

imagenes de microscopia electronica o pruebas bioquimicas.



La gran mayoria de la diversidad microbiana de las manifestaciones termales de Los
Azufres se desconoce por completo. En el afio 2014 se publicé un primer trabajo que utilizd
secuencias y patrones de digestion enzimatica de genes ribosomales 16S rRNA de muestras de
lodo y agua de una area pequefia que es utilizada como un spa natural para cientos de turistas
(Brito et al., 2014). En este estudio se identificaron y se lograron aislar bacterias pertenecientes a
los géneros Rhodobacter, Acidithiobacillus, Lyzobacter, Thermodesulfobium, Desulfurella,

Thiomonas 'y Thermodesulfobium.

Los estudios microbioldgicos realizados en Los Azufres han analizado la diversidad
microbiana presente en manifestaciones termales que han sufrido impacto de actividades
humanas, principalmente debido a las actividades recreativas y de generacion de energia
geotérmica. Es comun encontrar manantiales termales que han sido entubados y sellados con
concreto para bombear las aguas termales con el proposito de llenar albercas para turistas. En
otros casos, se extraen los lodos y sedimentos acidos con propositos de exfoliar la piel o se
pavimentan los caminos por donde se pueden encontrar pequefias pozas termales. Ademas es
frecuente encontrar ganado vacuno que genera desechos organicos que modifican la composicion
de nutrientes presentes en suelos y manantiales. Finalmente, la generacion de energia geotérmica
también tiene un impacto ecologico al bombear agua geotérmica, generar salmuera y provocar la

acumulacion de metales pesados en la superficie.

La diversidad gendémica de los microorganismos que residen en las manifestaciones
termales de Los Azufres habia permanecido sin explorar. En el laboratorio de la Dra. Esperanza
Martinez se desarrolla una linea de investigacion en gendémica ambiental en la que propuse
analizar la diversidad de comunidades microbianas de Los Azufres mediante técnicas
metagendmicas. Este proyecto representa una oportunidad para analizar comunidades

microbianas que de otra forma permanecerian desconocidas.



Los mecanismos microbianos de resistencia a condiciones ambientales son conocidos en
su mayoria a partir del estudio de microorganismos cultivados (van den Burg, 2003). Una enorme
cantidad de microorganismos permanecen como entidades desconocidas para la ciencia si se
considera que alrededor del 99% de la diversidad microbiana que reside en un ambiente en
particular no se puede cultivar con técnicas tradicionales en el laboratorio (Amann et al., 1995;
Hugenholtz et al., 1998; Rappé y Giovannoni, 2003; DeLong y Pace, 2001; Pace, 2007; Epstein,
2009; Chaftron, et al., 2010; Pham y Kim, 2012).

La metagendémica es una aproximacion que trata de revertir el desconocimiento que
tenemos sobre los microorganismos que conforman las comunidades microbianas tal como se
encuentran en la naturaleza (Podar y Reysenbach, 2006). La metagendmica contempla una serie
de métodos independientes del cultivo microbiano que permite, en teoria, tener acceso al ADN de
todos los microorganismos cultivables y no cultivables de un ambiente especifico y con ello, es
posible determinar la composicién, la estructura y el metabolismo potencial de tales

microorganismos (Handelsman et al., 2002; Riesenfeld et al., 2004).

La secuenciacion de metagenomas es efectiva para caracterizar comunidades microbianas
de complejidad limitada ya que poseen un nimero reducido de diferentes microorganismos.
Algunos ejemplos incluyen las comunidades microbianas de biofilmes de una mina éacida de
California que presentan altas concentraciones de metales pesados (Tyson et al., 2004), las aguas
profundas que drenan una mina de oro en Africa a 2.8 km de profundidad, con nutrientes
limitados y en un ambiente aislado de la luz solar (Chivian et al., 2008) y las comunidades
microbianas de las pozas termales de Yellowstone que presentan altas temperaturas y acidez
extrema (Inskeep et al., 2010). Recientemente se han obtenido cerca de 800 genomas casi
completos de bacterias diminutas (de incluso menos de 400 nm) que no se han podido cultivar y
que representan mas de 35 filos nuevos. Los genomas de estas bacterias se obtuvieron al realizar
analisis metagendmicos de muestras de aguas subterraneas de un sitio de remediacion en
Colorado. Se ha estimado que estos filos nuevos representan mas del 15% de los grupos
conocidos de bacterias (Brown et al., 2015). Los hallagos de los estudios metagenémicos han

permitido descubrir una enorme diversidad microbiana y han remodelado el arbol de la vida.



De igual forma se han publicado estudios metagendmicos fascinantes que han identificado
nuevas ramas dentro del dominio Archaea incluyendo filos de arqueas hiperhalofilas
(Narasingarao et al. 2012) y de arqueas del fondo marino (Spang et al., 2015). Ademas las
técnicas metagendmicas en conjunto con analisis de células unicas han permitido recuperar una

gran cantidad de genomas de microorganismos de ambientes extremos (Rinke et al., 2013).

En los ejemplos antes expuestos, los analisis metagendémicos recuperaron los genomas
consenso de las poblaciones de microorganismos mas abundantes. Los estudios metagendmicos
ayudan a detectar microorganismos totalmente nuevos para la ciencia y abren la posibilidad de

analizar sus potenciales genéticos sobrepasando las limitantes de su cultivo.

Planteamiento del problema

La diversidad de las comunidades microbianas que residen en las manifestaciones termales del
campo geotérmico de Los Azufres no se habia estudiado mediante técnicas metagendmicas. A la
fecha no se habian realizado andlisis metagenomicos de sitios geotérmicos que presentan

condiciones extremas de temperatura y de acidez extrema del Eje Volcanico de México.

Hipotesis

Las condiciones geoquimicas y térmicas imponen una presion de seleccion significativa en la
diversidad de las comunidades microbianas. Bajo las restricciones de los nichos ecologicos de
Los Azufres, las comunidades microbianas de este campo geotérmico presentan baja complejidad

y poseen atributos funcionales potenciales de resistencia a condiciones ambientales extremas.



Objetivos

Realizar censos de diversidad microbiana de nichos representativos y con condiciones
ambientales extremas del campo geotérmico de Los Azufres (Figura 1) usando anélisis

filogenéticos de genes ribosomales.

Seleccionar comunidades microbianas de baja complejidad y con microoganismos
filogenéticamente novedosos en base a los resultados de los andlisis de diversidad.

Posteriormente, realizar la secuenciacion metagendémica de las comunidades seleccionadas.

Evaluar la diversidad de las comunidades microbianas seleccionadas mediante el analisis de
secuencias metagenodmicas para evitar los sesgos inherentes a las técnicas de amplificacion de

genes ribosomales.

Determinar el metabolismo potencial contenido en las secuencias metagendmicas utilizando
analisis comparativos de identidad de secuencia con genes ya conocidos. Realizar analisis de
presencia de dominios funcionales en secuencias de genes desconocidos que pudieran dar alguna

evidencia de su funcion posible.

Identificar genes codificantes que sirvan como marcadores clave para determinar los mecanismos
de resistencia a las condiciones extremas tales como los ya conocidos para la detoxificacion de

metales pesados, fijacion de nitrogeno y carbono y estabilidad del ADN.



Resultados y discusion

Muestreo de los sitios termales de Los Azufres

Se realizaron muestreos en seis sitios termales de Los Azufres para obtener ADN
ambiental. Los sitios muestreados fueron una solfatara acida (Figura 1A), un manantial
hidrotermal conocido como manantial de Maritaro (Figura 1B), sedimentos fotosintéticos
expuestos a una fumarola (Figura 1C), una laguna acida (Figura 1D), un pozo de enfriamiento de
agua geotérmica (Figura 1E) y ademads se analizé agua condensada de una tuberia que transporta

vapor desde el reservorio geotérmico hasta la superficie.

Los sitios termales se eligieron en base a su facil acceso y por el bajo nivel de impacto de
actividades humanas. Los sitios se localizaron en viajes de exploracion y por recomendacion del
personal del campo geotérmico. En estos sitios se esperaba encontrar microorganismos y
consorcios microbianos no descritos debido al aislamiento geografico de Los Azufres. También
se esperaba encontrar microorganismos capaces de contender con las condiciones ambientales

extremas particulares a cada sitio termal.

'AYSolfataralacida

A. Solfatara acida. pH =3.0, T = 65°C

Y B. Manantial Maritaro. pH = 3.7, T = 89°C

* C. Tapete microbiano. pH — 3.5, T — 45°C

Figura 1. Sitios termales de Los Azufres de donde se tomaron muestras para analizar la

diversidad microbiana.



Uno de los objetivos primarios fue realizar los censos de diversidad microbiana de los
sitios elegidos (Figura 1) usando andlisis filogenéticos de genes ribosomales. Por ello se
realizaron muestreos multiples de agua y sedimentos que variaron dependiendo de cada sitio. En
algunos casos solo fue posible realizar una inica toma de muestras debido a que los consorcios
microbianos se encontraban en abundancia limitada como fue el caso de los sedimentos termales
(Figura 1C). Otros sitios fueron muestreados en multiples ocasiones debido a la extension de las
manifestaciones o para verificar la estabilidad de las comunidades microbianas cuando la
cantidad de material bioldgico no era limitante, como por ejemplo las muestras de agua de la

laguna verde (Figura 1D) y de la solfata acida (Figura 1A).

Cada sitio termal se analizd siguiendo una dinamica particular sin perder de vista el
objetivo comun de explorar su diversidad microbiana con fines a seleccionar las comunidades
microbianas que pudieran ser las mejores candidatas a ser analizadas mediante enfoques
metagendémicos. Se busco encontrar comunidades microbianas de baja complejidad o que
poseyeran consorcios microbianos poco comunes o con miembros no reportados. También se
deseaba que las comunidades microbianas fueran estables y que se encontraran en sitios termales
donde la toma de muestras fuera accesible y abundante, esto con miras a seguir estudiando las

comunidades en su ambiente natural en proyectos futuros.

Las muestras de todos los sitios fueron de un litro por triplicado y las muestras se
conservaron en frascos estériles a temperatura ambiente. En el caso de las muestras de sedimento

la colecta se realiz6 directamente con cajas de Petri estériles.

La laguna verde (Figura 1D) y la solfatara acida (Figura 1A) recibieron interés especial
debido a que su acceso es sencillo, a que presentan condiciones geoquimicas y térmicas
contrastantes y a que permiten la toma de muestras en abundancia. Los muestreos de agua de la
laguna acida y de la solfatara dcida se realizaron durante el mes de marzo (estacién de primavera)
de tres afos consecutivos (2008, 2009 y 2010) para determinar la estabilidad de las estructuras de

las comunidades microbianas.



Dos muestreos adicionales se realizaron durante julio (sequia) y noviembre (posterior a la
época de lluvias) de 2009 para determinar la estabilidad de las estructuras de las comunidades
durante las estaciones de un mismo afio. Estos muestreos se realizaron en los mismos lugares de
colecta. El lugar de colecta de la laguna 4cida estaba seco durante julio de 2009 debido a la
sequia por tanto se colectd agua cerca del centro de la laguna a cuatro metros de una

manifestacion geotérmica que normalmente se encuentra en el fondo.

La colecta de agua del pozo de enfriamiento (Figura 1E) y del manantial Maritaro (Figura
1B) se realizd durante marzo de 2009. La colecta de agua geotérmica de las tuberias se realiz
durante mayo de 2010. Finalmente la colecta de sedimentos termales y fotosintéticos se realizo

durante julio de 2009 en el area de Maritaro (Figura 1C) y durante abril de 2013.

Analisis geoquimicos

Los analisis de la composicion quimica del agua de la laguna acida y de la solfatara 4cida
se presentan en la Tabla 1. Los andlisis se llevaron a cabo en el Instituto Mexicano de Tecnologia
del Agua (IMTA). Las muestras empleadas para los analisis quimicos fueron las mismas que se

utilizaron para los analisis de secuenciacion masiva.

Tabla 1. Composicion quimica de las muestras de agua colectadas durante 2010 de la laguna

acida y de la solfatara acida y que se utilizaron para purificar y secuenciar ADN metagenomico.

Elcrn?lr_ll_ltf o)mpound Acidic lake Acidic solfatar
Carbonates 0 0
Chlorides 69.5 <1.06
Phosphates <1.13 <1.13
Nitrites 249 0.263
Sulphates 287 314
TOC 5.67 9.70
As 0.1440 1.0714
Fe 16.511 11314
Mn 0.104 0.460
Al 7.905 12.454
Cd / <0.02
Cu / <0.05
Cr / <0.05
Si / 160.311
Zn / 0.115
Pb / <0.10




La temperatura y el pH se determinaron durante los muestreos utilizando termometros
estandar y tiras indicadoras de pH (Fermont). Adicionalmente, el pH de las muestras se
determiné en el laboratorio utilizando un potenciometro (accumet AB15). En general los pHs se
mantuvieron estables en la laguna verde y en la solfatara acida y solo presentaron variaciones

pequeiias en las épocas de lluvia. Esto se explicara mas adelante en el capitulo.

Extraccion de ADN

Las muestras colectadas de cada sitio se procesaron el mismo dia de colecta o al dia
siguiente para evitar que las poblaciones microbianas se alteraran. Las muestras de ADN de la
laguna acida, de los sedimentos, del pozo de enfriamiento y de la muestra de agua geotérmica se
purificaron utilizando el Ultra-Clean microbial DNA Isolation Kit (MoBio Laboratories, Inc.,
Carlsbad, CA) siguiendo las instrucciones del fabricante. Las muestras de ADN del manantial de
Maritaro y de la solfatara acida se purificaron utilizando el Ultra-Clean mega soil DNA Kit

(MoBio Laboratories, Inc., Solana Beach, CA) siguiendo las instrucciones del fabricante.

Analisis de diversidad

Los genes ribosomales 16S rRNA y 18S rRNA se amplificaron mediante reacciones de
PCR para determinar la diversidad de las comunidades microbianas (Apéndice IV). Se utilizaron
distintas parejas de oligonucledtidos para evitar el sesgo inherente a las técnicas de PCR (Tabla
2). Los productos de PCR se amplificaron y se clonaron utilizando el TOPO-TA Cloning Kit for
Sequencing (pCR4- TOPO) de Invitrogen y se siguieron las instrucciones del fabricante. Los
productos de PCR se purificaron utilizando el High Pure PCR Product Purification Kit de Roche.
Los productos de PCR purificados se secuenciaron en Macrogen Inc. en Setl, Corea del Sur. La
identidad de secuencia de los genes ribosomales se determind mediante busquedas de BLASTN
(las identidades de secuencia se presentan en la seccidén correspondiente a cada sitio termal). Se
obtuvieron secuencias de GenBank para realizar andlisis filogenéticos. Las secuencias se
alinearon utilizando MUSCLE v.3.8.31. Las reconstrucciones filogenéticas se infirieron con
MrBayes v.3.1.2 ( Ronquist y Huelsenbeck, 2003) y PhyML v.3.0 (Guindon et al., 2010). Los
arboles filogenéticos se editaron en TreeDyn v.198.3 (Chevenet et al., 2006). Los datos para

realizar las curvas de rarefaccion se calcularon en mothur v.1.7.2 (Schloss et al., 2010).
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Tabla 2. Oligonucleétidos utilizados para los analisis de diversidad microbiana.

Oligonucleotido Tamafo Sentido Reverso Referencia
16S rRNA Bacteria 1 1500 pb FD1 RD1 Weisburg et al., 1991
16S rRNA Bacteria2 700 pb 799f 1492r Chelius y Triplett, 2001
16S rRNA Arqueal 600 pb Arch0333aS15 Arch0958aA19 Lepp et al., 1999
16S rRNA Arquea2  660/1300 pb  UA751F UA1406R Baker et al., 2004
Lepp et al., 1999,
16S rRNA Arquea3  1000/1700 pb  Arch0333aS15 UAI1406R
Baker et al., 2004
16S rRNA Arquea4  1460/2000 pb A2F U1510R Hugenholtz et al., 1998
18S rRNA Eucariota 1700 pb 90F B Yuasa et al., 2004
arsenito oxidasa aoxB 1100 pb aoxBM1-2F aoxBM3-2R Quéméneur et al., 2008
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Diversidad de comunidades de arqueas de manantiales termales de Los Azufres

El manantial de Maritaro (Figura 1B) mostr6 una temperatura de 89 °C y un pH de 3.7
mientras que la solfatara acida (Figura 1A) tiene pH y temperaturas constantes en todos los
muestreos (~pH =3, ~T=65 °C). Las comunidades de la solfatara 4cida y del manantial de
Maritaro presentaron diversidad limitada y estdn conformadas por poblaciones de arqueas. Las
reacciones de PCR no amplificaron genes ribosomales de bacterias ni de eucariotas. Se

identificaron dos secuencias distintas de genes ribosomales 16S rRNA de arqueas en las librerias.

Las secuencias de la arquea predominante representa mas de tres cuartas partes de la
libreria de la solfatara 4cida (40 de 50 secuencias) y casi la totalidad de la libreria del manantial
de Maritaro (28 de 30 secuencias). La secuencia del gen ribosomal 16S rRNA de la arquea
predominante es similar a secuencias de arqueas del orden Sulfolobales y las cepas mas cercanas
corresponden al género Acidianus. La cepa tipo mas cercana corresponde a Acidianus infernus

Soda' que presenta una identidad de 92.8% en 1334 nucledtidos.

El género Acidianus no es monofilético (Figura 2). El género Acidianus sensu stricto esta
definido por la cepa tipo de Acidianus infernus So4a'. Un anélisis filogenético basado en genes
ribosomales 16S rRNA agrupa las secuencias de la arquea predominante de la solfatara acida de
Los Azufres en un grupo independiente las cepas del grupo de Acidianus sensu stricto (Figura 2).
La arquea predominante se designd como arquea Sulfolobales AZ1. Las cepas de "Acidianus
brierleyi" DSM 1651 y "Acidianus tengchongensis" S5 poseen una identidad de 92% en 1334

nucleétidos pero su clasificacion taxondmica no se ha resuelto.
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CPO002818 Sulfolobus acidocaldarius 98-3 (T)
‘-“”I(‘P(NDZHI'I Sulfolobus acidocaldarius N8 Sulfolobus

1.00 CPO00077 Sulfolobus acidocaldarius Ronl2/1
1.00 D85520 Stygiolobus azoricus FC6 (T) | Srvgiolobus
1.00; D85507 Sulfurisphaera ohwakuensis TA1 (T) S -
0.94 —={BA000023 "Sulfolobus tokodaii” 7 (T) | sutfurisphaera

1.00pM32504 "Sulfolobus shibatae” B12 (T)
_[{DZ()-W(I "Sulfolobus solfataricus” P1 (T)
097 CP002425 "Sulfolobus islandicus” REY 15A
JN971012 Sulfolobales sp. MK5
D85519 "Sulfolobus metallicus” Kra 23 (T)
0.991 CP002535 Acidianus hospitalis W1
D85505 Acidianus infernus Soda (T) Acidianus
0.64]0.6%FJ 154516 Acidianus ambivalens Lei 10 (T)
AY907891 "Acidianus sulfidivorans" JPT (T)
AB 182498 "Acidianus manzaensis" NA1 (T)
JQ513288 'Ca. Acidianus copahuensis' ALEI
K (749984 Maritaro hot spring clone AZM1009
|-IN|IJZWS(II 'Ca. Aramenus aquaesulfuratae' AZ1 (454) Aramenus
KC749962 'Ca. Aramenus aquaesulfuratae’ AZ1 (Illumina)
I.(KI[I)E()JR‘) "Acidianus brierleyi” DSM 1651 (T)
AF226987 "Acidianus tengchongensis" S5
IN971014 Merallosphaera vellowstonensis MK
KJ735100 Metallosphaera tengchongensis Ric-A (T)
CP0O00682 Metrallosphaera sedula TH2 (T) Metallosphaera
D86414 Merallosphaera hakonensis HO1-1 (T)
CP002656 Metallosphaera cuprina Ar-4 (T)
Loo— CP002100 Vulcanisaeta distributa 1C-017 (T)
1.00, CP000504 Pyrobaculum islandicum GEO3 (T)
FN869859 Thermoproteus tenax Kra 1 (T)

0.07 nucleotide
substitutions per site

Figura 2. Reconstruccion filogenética de arqueas del orden Sulfolobales. En negritas se indica la
posicion de secuencias correspondientes a la arquea Sulfolobales AZ1. El alineamiento de
secuencias contiene 1426 caracteres. La reconstruccion filogenética bayesiana se realizd en
MrBayes3 (Ronquist & Huelsenbeck, 2003) utilizando el modelo de sustitucion GTR+I+G. Se
muestran los nimeros de acceso de GenBank de las secuencias de referencia. Los valores de
soporte de las ramas se muestran como probabilidades posteriores bayesianas. La barra de escala

representa el nimero promedio de sustitucion de nucledtidos por sitio.

La arquea Sulfolobales AZ1 cumple los requisitos para considerarse como la
representante de un nuevo género candidato si consideramos los criterios de clasificacion
taxonomica actuales (Hugenholtz et al, 1998; Tindall et al., 2010; Yarza et al., 2008; Yarza et al.,
2010; Yarza et al., 2014). Los criterios incluyen que la identidad de secuencia del gen ribosomal
16S rRNA sea menor a 94.9+0.4%, que la secuencia sea mayor a 1000 nucleoétidos, que la
secuencia se recupere tres o mas veces en productos de PCR independientes y que las

reconstrucciones filogenéticas den soporte a clados independientes.
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Las secuencias del gen ribosomal 16S rRNA de la arquea minoritaria presentan una
identidad de entre 97 y 98% en 1,031 nucledtidos con secuencias de arqueas Thermoproteales del
género Thermoproteus. La arquea minoritaria se designé como Thermoproteus sp. AZ2. En un
analisis filogenético basado en genes ribosomales 16S rRNA se encontrd6 que la posicion
filogenética de Thermoproteus sp. AZ2 es externa dentro del clado Thermoproteus, lo que provee

evidencia de que pudiera corresponder a una especie nueva (Figura 3).

CP000561 Pyrobaculum calidifontis VA1 (T)
AE009441 Pyrobaculum aerophilum IM2 (T)
Lo~ CP003316 Pyrobaculum oguniense TET (T)
CP000660 Pyrobaculum arsenaticum PZ6 (T) Pyrobaculum
1.00[ 0.64] — CP001014 Pyrobaculum neutrophilus V24Sta (T)
0.551 {CP000504 Pyrobaculum islandicum GEO3 (T)
1.00' AB063647 Pyrobaculum organotrophum H10 (T)
KC749963 "Ca. Thermoproteus azufrensis" AZ2
I CP002590 "Ca. Thermoproteus uzoniensis" 768-20 Thermoproteus
1.00—FNR869859 Thermoproteus tenax Kra 1 (T)
HM594677 Vulcanisaeta thermophila CBA1501 (T)
KC749964 " Ca. Vulcanisaeta taximaroa" AZ3

0.96

L. CP002100 Vulcanisaeta distributa 1C-017 (T) Vulcanisaeta

CP002529 "Ca. Vulcanisaeta moutnovskia" 768-28
1.00 0.99 AB063645 Vulcanisaeta souniana 1C-059 (T)
CPO000852 Caldivirga maquilingensis 1C-167 (T) | Caldivirga
0.98 AB005296 Thermocladium modestius 1C-125 (T) | Thermocladium
1.00— CP007493 Thermofilum carboxyditrophus 1505 (T) | Thermofilum
|_— CP000505 Thermofilum pendens Hrk 5 (T) Bl

Lo —————— CP000077 Sulfolobus acidocaldarius 98-3 (T)

1 1_00: CP002535 Acidianus hospitalis W1
CP000682 Metallosphaera sedula TH2 (T)

0.07 nucleotide
substitutions per site

Figura 3. Reconstruccion filogenética de arqueas del orden Thermoproteales. En negritas se
indica la posicion de secuencias correspondientes a Thermoproteus sp. AZ2 ("Ca. Thermoproteus
azufrensis"). También se presenta la posicion de la arquea Vulcanisaeta sp. AZ3 ("Ca.
Vulcanisaeta taximaroa" AZ3). La arqueas Thermoproteales y sus nombres candidatos seran
presentados mas adelante en el capitulo 1. El alineamiento de secuencias contiene 1445
caracteres. La reconstruccion filogenética bayesiana se realizd en MrBayes3 (Ronquist &
Huelsenbeck, 2003) utilizando el modelo de sustitucion GTR+I+G. Se muestran los nimeros de
acceso de GenBank de las secuencias de referencia. Los valores de soporte de las ramas se
muestran como probabilidades posteriores bayesianas. La barra de escala representa el nimero

promedio de sustitucion de nucledtidos por sitio.
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En conjunto, estos resultados nos indican que las comunidades microbianas son de
complejidad limitada en la solfatara 4cida y en el manantial de Maritaro, que las comunidades
estan integradas predominantemente por arqueas y que la poblacion de arqueas mayoritaria

pertenece a un grupo filogenético novedoso del orden Sulfolobales.

Se realizaron estos andlisis de diversidad con la finalidad de determinar si las
comunidades microbianas de la solfatara acida son estables a través del tiempo. Los analisis de
diversidad de la solfatara acida realizados durante el mes de marzo de tres afios consecutivos
(2008, 2009 y 2010) y de julio y noviembre de 2009 identifican a los mismos grupos
filogenéticos. Varias manifestaciones termales alrededor del mundo presentan comunidades
microbianas estables (Wilson et al., 2008; Satoh et al., 2013; Wembheuer et al., 2013). En general
se esperaban pocos cambios en las poblaciones de arqueas de la solfatara 4cida debido a la baja

complejidad y a la estabilidad de las condiciones geoquimicas y de temperatura.

Analisis de secuencias metagenomicas de la solfatara acida

La solfatara &cida se eligié6 como uno de los sitios para realizar la secuenciacion de un
metagenoma debido a que sus comunidades microbianas son estables a través del tiempo, son de
diversidad limitada y estan integradas por una poblacion abundante de arqueas Sulfolobales de un
nuevo género candidato. La solfatara 4cida se encuentra en un sitio aislado que no muestra
impacto humano y presenta condiciones extremas de pH y de temperatura. Ademds no existian

genomas de referencia de los grupos filogenéticos identificados.

La zona donde se encuentra el manantial de Maritaro se seca casi por completo durante la
estacion de sequia y solo permanecen algunos pequefios riachuelos. A partir de finales del afo
2009 la zona del manantial de Maritaro se convirtid en una zona de recreacion humana. El
manantial de Maritaro quedo inaccesible debido a que fue sellado con varillas y concreto y sus
aguas termales son bombeadas a través de tuberias a piscinas para turistas. También se ha
permitido el ingreso de ganado a la zona. Debido a estas razones ya no se continu6 analizando el

manantial de Maritaro.
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El primer metagenoma de la solfatara se secuencid en la plataforma de Illumina-Solexa
como uno de los proyectos piloto de la Unidad Universitaria de Secuenciacion Masiva de la
UNAM. Las secuencias metagenomicas comprenden 12.5 millones de lecturas pareadas de 35
bases que integran 436 Mb. El ensamble de las lecturas se realizd durante 2009 usando Velvet
v.1.0.13 (Zerbino y Birney, 2008). Posteriormente se continuaron realizando ensambles
adicionales con los programas Edena (Hernandez et al., 2008), SOAPdenovo (Luo et al., 2012) y

Metavelvet (Namiki et al., 2012) pero no fue posible mejorar los ensambles.
Las secuencias metagendmicas revelaron la composicion filogenética de la comunidad de

la solfatara 4cida y permitieron la reconstruccion del genoma parcial de la arquea Sulfolobales

AZ1 y de arqueovirus novedosos.
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Articulo:

Servin-Garciduefias LE, Martinez-Romero E. 2014. Draft genome sequence of the Sulfolobales

archaeon AZIl, obtained through metagenomic analysis of a Mexican hot spring. Genome

Announc. 2: €00164-14.

A partir del ensamble del primer metagenoma de la solfatara acida de Los Azufres
logramos identificar solo un gen ribosomal 16S rRNA que corresponde a la arquea Sulfolobales
AZ]1. El primer metagenoma se obtuvo de una muestra de agua de la superficie de la solfatara
acida. Es decir, la muestra de ADN ambiental que se secuencid estaba naturalmente enriquecida
en arqueas aerdbicas o aerdbicas facultativas, que en este caso correspondieron a la poblacion de
la arquea Sulfolobales AZ1. En este primer metagenoma no se obtuvieron secuencias gendomicas

de las poblaciones de arqueas Thermoproteales ya que son anaerobicas.

En base a la comparacion de secuencias de genes ribosomales y de secuencias gendomicas
se encontro que la arquea Sulfolobales AZ1 representa una especie candidata de un género nuevo
dentro del orden Sulfolobales y se ha propuesto el nombre 'Candidatus Aramenus sulfurataquae’.
En este articulo se reporta el ensamble del genoma de la arquea Sulfolobales AZ1 a partir de las
secuencias metagendémicas de la solfatara acida. Este ensamble representa el primer genoma

obtenido de una arquea que habita en el Eje Volcanico de México.

Se encontr6 que el contenido de G+C del genoma de la arquea Sulfolobales AZ1 (47%) es
de los mas altos reportados para arqueas Sulfolobales. Ademas el contenido de G+C promedio de
sus 47 genes de ARN de transferencia predichos es incluso mas alto, de 65%, lo que reflejaria las
adaptaciones a las condiciones termales extremas. Las principales caracteristicas del genoma de

la arquea Sulfolobales AZ1 se presentan en el articulo.
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he order Sulfolobales is placed within the phylum Crenar-

chaeota (1), and some of its species are considered model or-
ganisms (2). The order Sulfolobales comprises the genera Sulfolo-
bus, Acidianus, Metallosphaera, Stygiolobus, and Sulfurisphaera (3—
7). Sulfolobus contains the highest number of sequenced strains
(8-15), and until now, only one complete Acidianus genome se-
quence was available (16). Metallosphaera contains three se-
quenced species (17, 18, 19), including “Metallosphaera yellow-
stonensis,” which was first described through metagenomic efforts
(20). A novel Sulfolobales archaeon has also been discovered from
a metagenomic study (21). We report the draft metagenomic se-
quence of the Sulfolobales archaeon AZ1, the first member of the
“Candidatus Aramenus” genus.

Samples were collected from a hot spring (pH 3.6 and 65°C)
located at Los Azufres National Park, Mexico, during March 2009.
Environmental DNA was purified using the Ultra-Clean micro-
bial DNA and the Ultra-Clean mega soil DNA kits (MoBio Labo-
ratories, Inc., Carlsbad and Solana Beach, CA). Sequencing was
performed with an Illumina-GAIIx platform, producing 36-bp
paired-end reads with 300-bp inserts representing 216 Mbp.
Reads were assembled de novo using Velvet version 1.2.10 (22). A
total of 163 contigs were verified by BLASTN searches to be of
archaeal origin. All other contigs were assembled into the Sulfolo-
bales Mexican rudivirus 1 (SMR1) (23) and the Sulfolobales Mex-
ican fusellovirus 1 (SMF1) (24) sequences. All reads were mapped
to the archaeal contigs using Maq 0.7.1 (25). The mapping reads
were reassembled to eliminate gaps from the archaeal contigs by
sequence extensions. Genome annotation was performed with the
NCBI Prokaryotic Genomes Automatic Annotation Pipeline ver-
sion 2.0 (https://www.ncbi.nlm.nih.gov/genome/annotation
_prok/). DNA-DNA hybridization (DDH) values were computed
using the Genome-to-Genome Distance Calculator (26, 27) ver-
sion 2.0 (28).

The metagenome assembly was 1,798,894 bp, and only one
type of 16S rRNA gene was detected. We retrieved a consensus
genome of a population consisting of a dominant Sulfolobales ar-
chaeon that was designated AZ1. The consensus genome contains
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46 contigs with a coverage of 71.9X and an N, value of 223,688
bp. A total of 2,002 genes were predicted, including 1,975 protein-
coding genes. The consensus genome had a G+C content of 47%,
higher than the 34.1% of the Acidianus hospitalis W1 genome and
the 32.8 to 36.7% of the Sulfolobus genomes. The G+C content
more closely resembles the 42 to 47.7% G+C contents of Metal-
losphaera genomes.

The 16S rRNA gene from the archacon AZ1 shares 93% se-
quence identity with the corresponding gene from A. hospitalis
WI1. A 95% sequence identity has been proposed as a reasonable
value to limit different genera (29, 30). Genome sequence com-
parisons between the archaecon AZ1 and A. hospitalis W1 revealed
a DDH estimate of 16.10%, well below the 70% proposed for
species definition (30, 31). The archaeon AZ1 would then corre-
spond to a novel Sulfolobales genus. The name “Candidatus Ara-
menus sulfurataquae,” meaning “the guardian of the sulfurated
water,” is proposed. The word “Arameni,” from the Mexican
Purepecha language, means “guardian/custodian of the water.”
Further characterization of the “Candidatus Aramenus” genus is
in progress.

Nucleotide sequence accession number. This whole-genome
shotgun project has been deposited at DDBJ/EMBL/GenBank un-
der the accession no. ASRH00000000.
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Diversidad filogenética de las arqueas Sulfolobales

Al realizar andlisis filogenéticos de la arquea Sulfolobales AZ1 nos dimos cuenta de que
existian inconsistencias en la clasificacion de las arqueas Sulfolobales. El orden Sulfolobales
contiene varios grupos de arqueas que no han sido descritas y que pueden representar géneros

diferentes. Ademas varias especies descritas formalmente no tienen una clasificacion adecuada.

Para estudiar la diversidad de las arqueas Sulfolobales realizamos un analisis de
agrupamiento de 94 secuencias de genes ribosomales 16S rRNA de cepas tipo, de aislados y de
secuencias ambientales. Este analisis revelo 15 grupos de arqueas Sulfolobales cuando se aplicd
un valor de corte de identidad de secuencia de 94.9%, que es el valor del limite maximo para
definir géneros en base a genes ribosomales 16S rRNA. Solo cinco de los 15 grupos contienen

cepas tipo de los géneros Acidianus, Metallosphaera, Stygiolobus, Sulfolobus y Sulfurisphaera.

Una reconstruccion filogenética del mismo conjunto de secuencias de genes ribosomales
reveld que 14 de los 15 grupos identificados en el analisis de agrupamiento son monofiléticos
(Figura 4). La unica excepcion fue la arquea "Sulfolobus vallisabyssus" F que no ha sido descrita
y que es un grupo externo dentro del grupo de Sulfurisphaera ohwakuensis TA1'. También

comprobamos que los géneros Acidianus y Sulfolobus no son monofiléticos.

Las inconsistencias en la clasificacion de las arqueas Sulfolobales han sido documentadas
extensivamente (Stetter et al., 1989; Goebel et al., 2000; Fuchs et al., 1996; Trevisanato et al.,
1996; Burggraf et al., 1997; Kurosawa et al., 1998; Huber y Prangishvili, 2006).

A la fecha no se ha adoptado una reclasificacion formal de los géneros del orden
Sulfolobales. Las principales limitantes han sido tradicionalmente la falta de morfologias, de
pruebas bioquimicas y de metabolismos diferenciales, ademas de que muchas cepas reportadas en

la literatura no han sido depositadas en centro de cultivo internacionales.
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Figura 4. Reconstruccion filogenética de arqueas del orden Sulfolobales basada en genes

ribosomales 16S rRNA (ver siguiente pagina para explicacion de la reconstruccion filogenética).
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(Continuacion Figura 4). Se aplicod un valor de corte de identidad de secuencia de 94.9%, que es
el valor del limite maximo para definir géneros en base a genes ribosomales 16S rRNA. Los
colores indican a los grupos definidos con base en el punto de corte. El alineamiento de
secuencias contiene 1335 caracteres. La reconstruccion filogenética bayesiana se realizd en
MrBayes3 (Ronquist & Huelsenbeck, 2003) utilizando el modelo de sustitucion GTR+I+G. Se
muestran los nimeros de acceso de GenBank de las secuencias utilizadas. Los valores de soporte
de las ramas se muestran como probabilidades posteriores bayesianas. La barra de escala

representa el nimero promedio de sustitucion de nucledtidos por sitio.

Posicion filogenomica de la arquea Sulfolobales AZ1

El orden Sulfolobales representa un linaje del filo Crenarchaeota dentro del dominio
Archaea. El filo Crenarchaeota a la vez es parte del supergrupo 'TACK' junto con los filos
Thaumarchaeota, Aigarchaeota y Korarchaeota. El filo Crenarchaeota estd integrado por las
arqueas Sulfolobales, Acidilobales, Desulfurococcales, Fervidicoccales y Thermoproteales. Una
reconstruccion filogendmica ubica a la arquea Sulfolobales AZ1 en una rama externa dentro del
grupo que contiene a Acidianus hospitalis W1 y 'Candidatus Acidianus copahuensis' ALE1
(Figura 5). Sin embargo, es necesario contar con genomas adicionales de otros grupos
filogenéticos para poder sustentar la posicion filogenomica de la arquea Sulfolobales AZ1. La
posicion de la arquea Sulfolobales AZ1 depende del numero y tipo de secuencias incluidas en las

reconstrucciones filogenéticas (Fig. 3, Fig. 4, Fig. 5).

Para realizar la reconstruccion filogendmica se usaron proteomas de arqueas depositados
en GenBank. Se utilizO6 AMPHORAZ2 para identificar un conjunto de 104 proteinas conservadas
en arqueas y que incluyen proteinas ribosomales, proteinas involucradas en transcripcion y
replicacion del ADN asi como otras proteinas del metabolismo celular (Wu y Scott, 2012). Las
proteinas conservadas ademas se presentan en copia unica en los genomas de arqueas y no
presentan eventos de transferencia horizontal. Las secuencias de proteinas se concatenaron y se
alinearon usando MUSCLE v.3.8.31 (Edgar, 2004). El alineamiento se edit6 utilizando Gblocks

(Castresana, 2000) para eliminar regiones divergentes y pobremente alineadas.
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Figura 5. Reconstruccion filogendmica de arqueas Sulfolobales y de otras arqueas representativas
del supergrupo TACK. El alineamiento editado contiene 24,569 posiciones de amino acidos. El
analisis filogenético corresponde a un analisis de maxima verosimilitud realizado en PhyML
(Guindon et al., 2010) bajo el modelo de sustitucion WAG. Los valores de soporte de las ramas
corresponden a 100 réplicas de Bootstrap debido al alto tiempo de computo requerido y por la
longitud del alineamiento de secuencias de proteinas. La barra de escala representa el nimero

promedio de sustitucion de aminoacidos por sitio.

Metabolismo potencial de la arquea Sulfolobales AZ1

El metabolismo potencial de la arquea Sulfolobales AZ1 es consistente con las
condiciones geoquimicas de la solfatara acida (Tabla 1). A partir de la anotacion del genoma de
la arquea Sulfolobales AZ1 se predijeron genes codificantes que potencialmente participan en la
fijacién de carbono, en la detoxificacion de metales pesados y en los procesos de resistencia a
temperatura y acidez. Primeramente se encontraron los genes de la ruta completa de biosintesis

de lipidos isoprenoides, que son fundamentales para las membranas de las arqueas.
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También se encontraron genes comunes de arqueas termofilas tales como una girasa
reversa (superenrollamiento del ADN), la proteina de uniéon a ADN Sac7d (estabilidad al ADN) y
las subunidades del termosoma (chaperonas de proteinas). También se encontraron genes

relacionados con la capa S lo que podria indicar la presencia de algtn tipo de arquitectura celular.

Las arqueas Sulfolobales son capaces de crecer en dioxido de carbono como unica fuente
de carbono. La identificacion de una deshidrogenasa de monoxido de carbono (EWG06769.1)
que pudiera permitir a las células hacer uso de monoxido de carbono como fuente de energia y
utilizar diéxido de carbono como fuente de carbono indicarian la posibilidad de un metabolismo
autotrofico. Esta enzima seria esencial dada la ausencia de carbonatos en el agua de la solfatara
acida (Tabla 1). También se identificaron genes clave del ciclo 3-hidroxipropanoato/4-

hidroxibutanato y de la via de reduccion de acetil coenzima A para la fijacion de carbono.

Las arqueas Sulfolobales presentan metabolismos diversos pero dependen de compuestos
azufrados para su crecimiento autotréfico o heterotréfico. Varias arqueas Sulfolobales pueden
oxidar el azufre elemental a acido sulfurico. El potencial genético de la arquea Sulfolobales AZ1
incluye enzimas para el metabolismo de compuestos azufrados que se encuentran en altas
concentraciones en al agua de la solfatara acida (Tabla 1). El sulfuro de hidrégeno seria oxidado
con la accion de una oxidoreductasa de sulfido-quinona (EWG08227.1) y una sulfuro
deshidrogenasa (EWG07347.1). El azufre elemental seria oxidado a través de una oxigenasa-
reductasa de azufre (EWG07991.1) para generar sulfitos, tiosulfatos y sulfuro de hidrégeno.
Posteriormente una oxidasa de sulfitos (EWG07614.1) estaria oxidando los sulfitos a sulfatos y
los sulfatos serian excluidos de la célula con la accion de una permeasa de transporte de sulfatos
(EWGO07143.1). Ademas se detectaron genes codificantes para otras oxidoreductasas de sulfuros

(EWG06962.1, EWG07174.1, EWG07347.1, EWG07348.1, EWG07964.1, EWG08187.1).

Los andlisis quimicos del agua de la solfatara 4cida indican que los fosfatos son limitantes
(Tabla 1). En el genoma de la arquea Sulfolobales AZ1 se detectaron genes involucrados en la
asimilacion y la regulacion del transporte de fosforo incluyendo un transportador de fosfato
(EWG07892.1), reguladores del transporte de fosfatos (EWG07893.1, EWG08278.1,
EWGO08059.1), una pirofosfatasa (EWG06940.1) y una exopolifosfatasa (EWG06476.1).
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Respecto a resistencia a metales pesados, encontramos que el genoma de la arquea
Sulfolobales AZ1 codifica para una bomba de exclusion de arsénico (KJR79114.1), una reductasa
de mercurio (EWG07641.1), una proteina periplasmica de tolerancia a cationes divalentes
(EWGO07078.1), una proteina de resistencia a cobalto/zinc/cadmio (EWG07495.1), un
transportador de niquel (EWG06504.1) y una ATPasa de transporte de metales pesados
(EWG06513.1). La afinidad de estos transportadores debe ser explorada pero es probable que
estos transportadores sean esenciales para la detoxificacion de varios metales pesados que se
encuentran presentes en el agua de la solfatara acida (Tabla 1). La solfatara acida también posee
concentraciones elevadas de hierro (Tabla 1) y en relacion, se identificaron dos transportadores

de hierro (EWGO08191.1, EWG07908.1) en el genoma de la arquea Sulfolobales AZ1.

No se detectaron genes para fijacion de nitrégeno como ocurre en otras arqueas
Sulfolobales. Las busquedas gendmicas sugieren que el amonio es la principal fuente de
nitrégeno. Se detectaron genes que codifican para un transportador de amonio (EWG07125.1),
una carbamoil fosfato sintetasa (EWG08080.1, EWGO08081.1), una glutamina sintetasa
(EWGO07704.1, EWG07765.1, EWG06893.1), y una glutamato deshidrogenasa (EWG08210.1).
La presencia de estos genes sugiere que el amonio pudiera ser asimilado mediante la formacion
de carbamoil fosfato, glutamina y glutamato. Los analisis quimicos indican la presencia de
nitratos en el agua de la solfatara acida (Tabla 1) y en relacion el genoma de la arquea

Sulfolobales AZ1 codifica un transportador ABC para el transporte de nitratos (EWG07885.1).

Algunas otras arqueas Sulfolobales son heterotrofas facultativas y pueden utilizar
compuestos organicos complejos. El genoma de la arquea Sulfolobales AZ1 codifica varios
transportadores ABC para el transporte de azicares (EWG06676.1, EWG06677.1, EWG06678.1,
EWG06681.1, EWG07766.1, EWGO07886.1). También se identificaron permeasas y
transportadores involucrados en el transporte de amino acidos (EWG06646.1, EWG06703.1,
EWG06792.1, EWG06878.1, EWG07452.1, EWG07707.1, EWG07937.1, EWG07972.1,
EWG06473.1, EWG06484.1, EWG07668.1, EWG07683.1). Ademds se identificaron tres
clusteres de genes que codifican para transportadores ABC de oligopéptidos y dipéptidos
(EWGO07878.1-EWG07881.1, EWG06691.1-EWG06694.1, EWG06414.1-EWG06418.1).
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Finalmente, se identificaron genes que codifican para enzimas proteoliticas tales como
una carboxipeptidasa (EWGO07607.1), endopeptidasas (EWG07258.1, EWG08229.1,
EWG08286.1, EWGO08287.1), pepsinas (EWG07940.1, EWG07555.1), aminopeptidasas
(EWG06756.1, EWG07436.1, EWG07574.1, EWG08162.1) y una asparaginasa (EWG07860.1).
La presencia de estos genes en el genoma de la arquea Sulfolobales AZ1 era esperada ya que la
gran mayoria de las arqueas Sulfolobales son heterotroficas facultativas. Los genes predichos
indican por tanto que la arquea Sulfolobales AZ1 puede crecer heterotréficamente usando

compuestos organicos tales como extracto de levadura, peptona y triptona.
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Articulo:

Servin-Garciduefias LE, Peng X, Garrett RA, Martinez-Romero E. 2013. Genome sequence of a

novel archaeal rudivirus recovered from a Mexican hot spring. Genome Announc. 1: e00040-12.

La secuencias metagendmicas de la solfatara acida permitieron identificar la presencia y
la reconstruccion de genomas de arqueovirus novedosos. Los arqueovirus son abundantes en
manifestaciones termales en todo el planeta, sin embargo no se habian realizado estudios sobre

los virus que habitan en sitios termales de México.

En este trabajo reportamos el genoma de un arqueovirus que representa un linaje
novedoso dentro de la familia Rudiviridae y que se nombré como SMRI1 (Sulfolobales Mexican
rudivirus 1). Se logré obtener un genoma de ADN lineal con una cobertura de 240X debido a la

abundancia de secuencias metagendmicas del arqueovirus SMR1.

El analisis del contenido génico del genoma del arqueovirus SMRI1 ayud6 en la
delimitacion de los genes conservados en otros genomas de virus de la familia Rudiviridae. El
genoma del rudivirus SMR1 es el quinto disponible para la familia Rudiviridae y el primero
recuperado de un sitio termal del continente americano. A la fecha no se cuenta con rudivirus

representativos y secuenciados completamente provenientes del Parque Nacional de Yellowstone.

Se encontrd que el genoma del arqueovirus SMR1 exhibe el contenido de G+C (46.6%)
mas alto de todos los rudivirus secuenciados a la fecha. El contenido de G+C del arqueovirus
SMRI se relaciona con el de la arquea Sulfolobales AZ1 (47%), quien es su hospedero probable.
En la Figura 6 se presenta una representacion grafica del genoma de SMR1. Las caracteristicas

del genoma y su potencial génico se describen en detalle en el articulo.
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hermophilic archaeal viruses have been isolated from thermal
terrestrial sites, revealing an incredibly large viral diversity (1—
3). Mexico contains active volcanoes and geothermal areas ex-
tending along the Trans-Mexican Volcanic Belt (TMVB) (4).
However, the thermophilic viral diversity present within the
TMVB hot springs remains unexplored. Here, we present the con-
sensus genome sequence of a novel rudivirus recovered by itera-
tive de novo read mapping and assembly from the metagenome of
a hot spring located along the northern edge of the TMVB.
Aqueous sediment samples were collected from an acidic hot
spring (pH 3.6 and 65°C) located at Los Azufres, Mexico, in March
2009. The DNA was purified using the UltraClean microbial DNA
and UltraClean Mega soil DNA kits (MoBio Laboratories, Inc.,
Carlsbad and Solana Beach, CA). The metagenomic DNA was
sequenced with an Illumina GAIIx platform producing 36-bp
paired-end reads with 300-bp inserts representing 216 Mbp. The
reads were assembled de novo using Velvet 1.2.07 (5). The contigs
with overrepresented coverage were verified by BLASTX searches
to be of viral origins. The reads were mapped to the viral contigs
using Maq 0.7.1 (6), and the mapping reads were reassembled to
eliminate gaps. The coding sequences were predicted using Gen-
eMark.hmm 2.0 (7) and were manually verified using Artemis (8).
The sequence coverage of the 27,431-bp double-stranded DNA
genome was 240-fold. The presence of an inverted terminal repeat
(1,240 bp), characteristic of the linear rudiviral genomic termini,
indicated that the genome was complete or almost complete. The
G+C content of 46.6% was higher than the 25 to 39% content of
the four rudiviral genomes characterized previously (9-11). The
host is likely to be a member of the order Sulfolobales, the se-
quences of which dominated the metagenome. Moreover, the
G+C content of Sulfolobales Mexican rudivirus 1 (SMR1) was
similar to those of the Metallosphaera genomes (~45%). Thirty-
seven open reading frames (ORFs) were identified, 19 of which
have putative homologs in the other characterized rudiviruses;
this strongly supports SMR1 being a member of the Rudiviridae
family. Common annotated gene products include the major coat
protein, three minor structural proteins, two glycosyl transferases,
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a clustered regularly interspaced short palindromic repeats
(CRISPR)-associated Cas4-like protein, a putative replication
protein, a Holliday junction helicase, a Holliday junction re-
solvase, an S-adenosylmethionine-dependent methyltransferase,
and a putative transcriptional regulator. The seven other shared
rudiviral proteins were not assigned functions.

Three additional ORFs show sequence similarities to archaeal
OREFs, including one carrying a zinc finger SWIM domain and a
predicted CopG domain. Four other ORFs contain domains re-
lated to the thioredoxin-like superfamily and the GTP-binding
proteins, as well as a ribbon-helix-helix protein and a nop25
domain-containing protein. Eight additional ORFs showed no
significant matches. Interestingly, three ORFs were related to viral
ORFs of the Lipothrixviridae family. Of the 6,000,792 environ-
mental reads, 183,365 (3.05%) mapped to the consensus viral ge-
nome and 115 candidate single nucleotide polymorphisms (SNPs)
were detected by Maq.

In conclusion, despite the large geographical distance from the
locations of other sequenced rudiviruses, SMR1 retained a core set
of conserved rudiviral genes that were inferred to be important for
the viral life cycle.

Nucleotide sequence accession number. The genome se-
quence was deposited in GenBank under the accession no.
JX944686.
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orfl hypothetical protein orf19 putative Holliday junction resolvase

orf2 putative SvtR-like protein orf20 rudiviral structural protein

orf3 hypothetical protein orf21 conserved rudiviral protein

orf4 hypothetical protein orf22 conserved rudiviral protein

orf5 putative regulatory protein orf23 hypothetical protein

orf6 putative replication protein orf24 hypothetical protein

orf7 conserved rudiviral protein orf25 rudiviral coat protein

orf8 putative Holliday junction helicase orf26 hypothetical protein

orf9 CRISPR-associated Cas4-like protein orf27 putative glycosyl transferase

orf10 putative glycosyl transferase orf28 conserved rudiviral protein

orfl1 conserved rudiviral protein orf29 putative SAM-dependent methyltransferase

orfl2 conserved rudiviral protein orf30 hypothetical protein

orf13 hypothetical protein orf31 hypothetical protein

orf14 hypothetical protein orf32 hypothetical protein

orf15 hypothetical protein orf33 hypothetical protein

orf16 rudiviral structural protein orf34 putative regulatory protein

orfl7 rudiviral structural protein orf35 hypothetical protein

orf18 hypothetical protein orf36 hypothetical protein

orf37 hypothetical protein

Figura 6. Representacion grafica del genoma del arqueovirus SMR1 (Sulfolobales Mexican
rudivirus 1). Los ORFs en magenta estdn conservados en genomas de rudivirus y sus funciones
predichas se muestran en las descripciones en negritas. Los ORFs en azul no tienen homoélogos
en otros genomas de rudivirus. El genoma de SMR1 es lineal y en cada extremo presenta
secuencias repetidas terminales invertidas, ITRs (Inverted Terminal Repeats). Las lineas en negro
indican polimorfismos de un solo nucledtido, SNPs (Single Nucleotide Polymorphisms)
localizados en regiones codificantes. Las lineas en rojo indican SNPs localizados en regiones no

codificantes. Las lineas verdes indican la presencia de indeles.
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Por ultimo, el metagenoma de la solfatara acida contenia secuencias de un segundo
arqueovirus perteneciente a la familia Fuselloviridae. El ensamblaje del metagenoma permitio
recuperar el genoma de ADN circular de un nuevo fusellovirus que se nombré6 como SMFI
(Sulfolobales Mexican fusellovirus 1). El fusellovirus SMF1 es el mas abundante en el

metagenoma de la solfatara ya que su genoma se logr6 obtener con una cobertura de 1,257X.

El genoma de SMF1 presenta un alto sesgo en sus cadenas codificantes ya que de los 24
genes predichos solo uno se encuentra codificado en una de las cadenas. Esto no se habia
observado en otros genomas de fusellovirus. Ademas 22 de los 24 genes predichos se encuentran

organizados dentro de operones.

El genoma SMF1 codifica para el menor nimero de genes conservados entre genomas de
fusellovirus y exhibe el contenido de G+C mas alto (45.43%). El contenido de G+C del
arqueovirus SMF1 se relaciona con el de la arquea Sulfolobales AZ1 (47%), quien es su
hospedero probable. En la Figura 7 se presenta una representacion grafica del genoma de SMF1.

Las caracteristicas del genoma y su potencial génico se describen en detalle en el articulo.
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embers of the Fuselloviridae family from the crenarchaeal

order Sulfolobales have been characterized, and they are
abundant in extreme geothermal environments (1, 2). They carry
circular double-stranded DNA (dsDNA) genomes and exhibit
spindle-shaped morphologies. Here, we report the consensus ge-
nome sequence of a novel fusellovirus recovered from aqueous
sediments from Los Azufres, Mexico.

Samples were collected from a hot spring with a pH of 3.6 and
a temperature of 65°C. DNA was purified using the UltraClean
microbial and the UltraClean Mega soil DNA kits (MoBio Labo-
ratories, Inc., Carlsbad, CA). Sequencing was performed on an
Ilumina GAIIx platform, producing 36-bp paired-end reads with
300-bp inserts representing 216 Mb. Reads were assembled using
Velvet 1.2.07 (3). A set of contigs were predicted by BLASTX
searches to be of fuselloviral origin. Gaps were closed itera-
tively by mapping and reassembling reads to these contigs us-
ing Maq 0.7.1 (4) and Velvet. Open reading frames (ORFs)
were predicted using GeneMark.hmm?2.0 (5) and were manu-
ally verified using Artemis (6).

The average sequence coverage of the 14,847-bp circular
dsDNA genome was 1,257-fold. We detected 57 candidate single
nucleotide polymorphisms by Maq. The G+C content was
45.43%, higher than the 37.5 to 39.7% content of other fuselloviral
genomes (1, 2, 7-9).

The genome has a strong coding-strand bias, not previously
seen for fuselloviruses, with only the ubiquitous fuselloviral
integrase encoded on one strand. The gene organization is also
exceptional for fuselloviruses, with a high incidence of genes
arranged in operons, which are also likely to encode cofunc-
tional proteins.

Twenty-four genes were predicted, 22 of which are arranged in
five operons. Fourteen genes have putative fuselloviral homologs,
consistent with SMF1 being a member of the Fuselloviridae family.
Most gene products show 30 to 70% amino acid sequence sim-
ilarity to the best fuselloviral matches. Previous studies identi-
fied thirteen genes conserved in all fusellovirus genomes (2),
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and nine of these were localized in a “core” genomic region of
SMF1. The core genes encode a DnaA-like protein, the inte-
grase, one VPI1-like structural protein, a putative helix-turn-
helix (HTH) transcriptional regulator, and five proteins with
unknown functions.

Five additional putative gene products shared with other fu-
selloviruses include a second VP1-like protein, a VP2-like struc-
tural protein, a putative end-filament protein, a regulatory pro-
tein, and a hypothetical protein. Three further nonconserved ORF
products showed sequence similarities to putative regulatory pro-
teins.

The host of SMF1 is likely to be a member of the order Sulfolo-
bales. Fuselloviruses can replicate in both Sulfolobus and Acidianus
species of the order Sulfolobales (2), and they are predicted to have
an extended host range that may include as-yet-uncultured spe-
cies (10).

In conclusion, the SMF1 genome was recovered from a site
widely separated geographically from the locations of other se-
quenced fuselloviruses. The SMF1 genome shows exceptional
properties, including a coding-strand bias and a high incidence of
genes organized in operon structures, but nevertheless, it retains a
large set of conserved fusellovirus genes, which lends further sup-
port to the exchange of genetic material over intercontinental dis-
tances (2, 10).

Nucleotide sequence accession number. The genome sequence
was deposited in GenBank under the accession no. KC618393.
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Figura 7. Representacion grafica del genoma del arqueovirus SMF1 (Sulfolobales Mexican
fusellovirus 1). Los ORFs en colores distintos corresponden a diferentes operones. Los ORFs
conservados en genomas de fusellovirus se indican con asteriscos. Los ORFs en negritas
corresponden a los genes core. Las funciones predichas de los ORFs se indican en las
descripciones. Las lineas en negro indican SNPs localizados en regiones codificantes. Las lineas

rojas indican SNPs localizados en regiones no codificantes.
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Diversidad genomica de un metagenoma adicional de la solfatara dcida

Como se describio anteriormente, a partir del andlisis del primer metagenoma de la
solfatara acida se pudieron recuperar secuencias gendmicas de la arquea Sulfolobales AZ1
(ensamble Illumina) y de los arqueovirus SMR1 y SMF1. Sin embargo, las librerias de clonas de
genes ribosomales 16S rRNA lograron identificar la presencia adicional de arqueas del género

Thermoproteus de muestras de agua con sedimentos del fondo de la solfatara.

Se realiz6 la secuenciacion de un segundo metagenoma a partir de ADN purificado de
muestras colectadas durante el afio 2010 del fondo de la solfatara acida con la finalidad de
recuperar secuencias gendomicas de otras arqueas. El segundo metagenoma se secuencid en un
equipo 454 GS-FLX Titanium en el Laboratorio Nacional de Gendmica para la Biodiversidad
(LANGEBIO). El metagenoma esta conformado por 706,719 lecturas con una longitud promedio
de 425 bases y comprenden 292 megabases. El ensamble de secuencias se realizd usando
Newbler v.2.3 (454 Life Sciences) y la agrupacion de los contigs en categorias taxonOmicas
(binning) se realiz6 utilizando el programa MaxBin que considera la cobertura de lecturas, la
frecuencia de tetranucleodtidos y la presencia de genes marcadores (Wu et al., 2014). La afiliacion

taxondmica de los contigs fue verificada manualmente realizando busquedas de BLASTN.

Se logré obtener un genoma adicional de la arquea Sulfolobales AZ1 (ensamble 454) a
partir del ensamble del segundo metagenoma (Tabla 3). Un alineamiento global de Mauve
(Darling et al., 2010) muestra que los dos ensambles de la arquea Sulfolobales AZI1 estan
altamente conservados (Figura 8). Estos resultados proveen evidencia sobre la presencia estable a

través del tiempo de la arquea Sulfolobales AZ1 en la solfatara acida.
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Figura 8. Alineamiento global de los ensambles gendémicos de la arquea Sulfolobales AZ1

recuperados de los metagenomas de la solfatara acida de dos afios consecutivos.

El ensamble del segundo metagenoma ademas permitié recuperar los genomas parciales
de arqueas anaerdbicas del orden Thermoproteales que corresponden a Thermoproteus sp. AZ2 'y
Vulcanisaeta sp. AZ3 (Tabla 3). Las librerias de clonas habian permitido identificar la presencia
de Thermoproteus pero no se pudieron recuperar secuencias gendmicas del primer metagenoma
que se hizo de la superficie aerébica de la solfatara. La presencia de Vulcanisaeta no se habia
detectado ni en las librerias de clonas ni en el primer metagenoma. Estos resultados nos indican
que la solfatara acida presenta variacion en la diversidad de arqueas dependiendo del gradiente de
oxigeno. Basados en estas observaciones, la arquea Sulfolobales AZ1 corresponderia a un
organismo que es aerobico facultativo mientras que las arqueas Thermoproteus sp. AZ2 'y

Vulcanisaeta sp. AZ3 corresponderian a organismos anaerobicos.

Tabla 3. Caracteristicas de los genomas obtenidos del segundo metagenoma de la solfatara acida
y de genomas relacionados de cepas tipo.

Arquea secuenciada Numero de acceso  Numero de contigs Tamafio (pb) G+C
(gggjr’n‘fj‘i;”i‘u‘frﬁfﬁgus sulfurataquac’ AZL -\ <R 100000000 46 1,798.894 47
(gr‘:::ﬁﬁ”j S‘Zr)amenus sulfurataquac’ AZL 1 4,660000000 374 1,765,812 46.5
Thermoproteus tenax Kra 17 FN869859 1 1,841,542 55.1
Thermoproteus uzoniensis 768-20 CP002590 1 1,936,063 59.7
Thermoproteus sp. AZ2 JZWT00000000 207 1,691,324 58.0
Vulcanisaeta distributa 1C-017" CP002100 1 2,374,137 454
Vulcanisaeta souniana 1C-059" DRX015960 81 2,438,900 45.5
Vulcanisaeta moutnovskia 768-28 CP002529 1 2,298,983 424
Vulcanisaeta sp. AZ3 JZwWU00000000 478 1,446,340 424
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Secuencia genomica de Sulfolobus acidocaldarius SUSAZ

Sulfolobus acidocaldarius es una arquea termoacidofila que habita frecuentemente en
fuentes y sedimentos termales en todo el mundo. A la fecha, las comparaciones genémicas han
mostrado que los genomas de S. acidocaldarius estan altamente conservados a pesar de los
origenes geograficos distintos de las cepas actualmente secuenciadas (Mao y Grogan, 2012). Las
cepas secuenciadas corresponden a la cepa tipo 98-3 aislada del Parque Nacional de Yellowstone,
a la cepa Ron 12/I aislada de una area minera de Alemania y a la cepa N8 aislada de un campo
termal en la isla japonesa de Hokkaido. Las cepas en promedio solo exhiben cerca de 26
diferentes polimorfismos de una sola base (Mao y Grogan, 2012). La comunidad cientifica

trabaja principalmente con estas tres cepas de S. acidocaldarius.

Es necesario contar con mas genomas de cepas de S. acidocaldarius de distintas regiones
geograficas con la finalidad de revelar la diversidad gendémica de la especie. En este estudio,

analizamos la secuencia genémica de una cepa de S. acidocaldarius aislada de Los Azufres.

La cepa SUSAZ se aisloé de una muestra de sedimentos termales y 4cidos (pH 2.6 y 66.8
°C) que rodean a la solfatara acida de Los Azufres (Fig. 1A). Un gramo de muestra se afiadio a
50 ml de medio TYS suplementado con 0.2% de triptona, 0.1% de extracto de levadura y 0.2%
de sacarosa (Zillig et al., 1994). El medio de cultivo general se incub6 aerdbicamente por 5 dias a
67 °C. Después se establecieron dos litros del cultivo enriquecido en medio TYS a 67 °C.
Posteriormente, un mililitro del cultivo enriquecido se diluyé en 250 ml de medio TYS y se
incubo la mezcla por 3 dias adicionales. Para el aislamiento de colonias, la muestra diluida se
inoculd en medio sélido TYS y se incubd a 67 °C por una semana. Las colonias Unicas se
purificaron y se extrajo su ADN para verificar su afiliacion taxonomica amplificando y

secuenciado sus genes ribosomales 16S rRNA.
Todas las colonias purificadas correspondieron a la especie Sulfolobus acidocaldarius. No

fue posible recuperar colonias de la arquea Sulfolobales AZ1 ni de Thermoproteus ni

Vulcanisaeta que fueron identificadas en los metagenomas de la solfatara acida.
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La cepa SUSAZ se cultivé en medio liquido TYS para su almacenamiento y para generar
cultivos para extraer ADN gendmico para la secuenciacion de su genoma. EI ADN se purifico
utilizando el kit DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) y se secuencié en

Macrogen, Corea del Sur.

Las secuencias de los genes ribosomales 16S rRNA de cepas de S. acidocaldarius estan
altamente conservadas. Las cepas 98-3, Ron12/I y N8 comparten 100% de identidad de secuencia
en ese gen mientras que la cepa SUSAZ muestra 99% de identidad de secuencia con las otras tres
cepas. Un andlisis filogenético basado en el gen ribosomal 16S rRNA localiza a la cepa SUSAZ

como una rama externa al grupo que contiene a las cepas 98-3, Ron12/I y N8 (Figura 9).
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100 100 Metallosphaera yellowstonensis MK 1

100 Metallosphaera sedula DSM 5348 Sulfolobales
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"Sulfolobus tokodaii" 7 (Sulfurisphaera tokodaii 7)
100 100 Sulfolobus acidocaldarius SUSAZ
100 Sulfolobus acidocaldarius Ron12/1
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Figura 9. Reconstruccion filogenética de arqueas del orden Sulfolobales. El alineamiento de
secuencias contiene 1424 caracteres. El andlisis filogenético corresponde a un analisis de maxima
verosimilitud realizado en PhyML (Guindon et al., 2010) utilizando el modelo de sustitucion
GTR+I+G. La posicion de la cepa SUSAZ recuperada de Los Azufres se resalta en negritas. Los
valores de soporte de las ramas corresponden a 1000 réplicas de Bootstrap. La barra de escala

representa el nimero promedio de sustitucion de nucledtidos por sitio.

El genoma de la cepa SUSAZ se secuencid en la plataforma de Illumina MiSeq con una
cobertura de 1,568X. Las lecturas pareadas de MiSeq se generaron para sobrelaparse y generar
lectura mixtas mas largas. Las lecturas pareadas se unieron utilizando FLASH v. 1.2.11 (Magoc y

Salzberg, 2011) y después se ensamblaron utilizando Newbler v. 2.3 (454 Life Sciences).
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El genoma completo de la cepa SUSAZ es circular, presenta un contenido de G+C de
36.3%, consiste de 2,061,920 pares de bases y codifica para 2,146 genes predichos (Figura 10).
La anotacion del genoma se realizé en GenBank utilizando el sistema del NCBI Prokaryotic
Genome Annotation Pipeline. El genoma de la cepa SUSAZ ya se encuentra depositado en
GenBank con el nimero de acceso CP006977. La secuencia del genoma también se cargo y se
registro en el sistema IMG (Integrated Microbial Genomes) para obtener estadisticos sobre su

genoma y para asignar los genes predichos dentro de categorias funcionales (Tabla 4).

100001

Sulfolobus acidocaldarius ( | 500001
SUSAZ genome

2061920 bp, 36.3% G+C

1500001 |

1100001

Figura 10. Representacion grafica del genoma de S. acidocaldarius SUSAZ. Los anillos de afuera

hacia el centro muestran genes de la cadena sentido, genes de la cadena reversa, genes de ARN

(tARNSs en verde, rARNSs en rojo y otros ARNSs en negro), contenido de G+C y sesgo de G+C.
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Tabla 4. Genes asociados a categorias funcionales COGs (Clusters of Orthologous Groups).

Cdodigo Valor

% del total

Descripcion

J
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167

2

102

80

16

23

47

12

70

152

96

147

62

109

95

67

54

279

144

629

9.59

0.11

5.86

4.59

0.17

0.46

0.92

1.32

2.70

0.40

0.69

4.02

8.73

5.51

8.44

3.56

6.26

5.45

3.85

3.10

16.02

8.27

28.23

Translation, ribosomal structure and biogenesis

RNA processing and modification

Transcription

Replication, recombination and repair

Chromatin structure and dynamics

Cell cycle control, cell division, chromosome partitioning
Defense mechanisms

Signal transduction mechanisms

Cell wall/membrane/envelope biogenesis

Cell motility

Intracellular trafficking and secretion

Posttranslational modification, protein turnover, chaperones
Energy production and conversion

Carbohydrate transport and metabolism

Amino acid transport and metabolism

Nucleotide transport and metabolism

Coenzyme transport and metabolism

Lipid transport and metabolism

Inorganic ion transport and metabolism

Secondary metabolites biosynthesis, transport and catabolism
General function prediction only

Function unknown

Not in COGs
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Se encontré que el genoma de la cepa SUSAZ es de menor longitud en comparacion con
los otros genomas secuenciados de S. acidocaldarius. El genoma de la cepa 98-3 contiene
2,225,959 pares de bases, la cepa Ronl2/I contiene 2,223,983 pares de bases y la cepa N8
contiene 2,176,362 pares de bases. En cambio la cepa SUSAZ contiene 2,061,920 pares de bases.
El genoma de la cepa SUSAZ muestra regiones pequeias de ganancia de genes pero
principalmente ausencia de elementos integrados (Figura 11). Se encontrd que los elementos
integrados en los genomas de S. acidocaldarius no estan presentes en el genoma de la cepa
SUSAZ. Otra diferencia importante es que solo se encontraron dos arreglos de CRISPRs en el
genoma de la cepa SUSAZ en lugar de los cuatro comunes en otras cepas de S. acidocaldarius
(Figura 12). Ademas las secuencias espaciadoras de los CRISPRs son divergentes respecto a las
secuencias presentes en otros genomas de Sulfolobus. Esto indica que la cepa SUSAZ ha estado

expuesta a otros virus o plasmidos invasores en su ambiente natural en Los Azufres.
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Figura 11. Alineamiento de genomas globales de las cepas secuenciadas de S. acidocaldarius. El
alineamiento global se realizé en Mauve (Darling et al., 2010). El genoma de la cepa SUSAZ no
presenta los elementos integrados comunes de otros genomas de Sulfolobus. Las regiones
variables del genoma de la cepa SUSAZ se muestran con numeros. Las regiones 1 a 7
corresponden a elementos integrados comunes en los genomas de S. acidocaldarius que estan
ausentes en el genoma de la cepa SUSAZ. Las regiones 8 a 9 corresponden a las regiones donde

se encuentran localizados los arreglos de CRISPRs.
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Figura 12. Arreglos de CRISPRs y proteinas asociadas del genoma de S. acidocaldarius SUSAZ.

Actualmente se estan analizando los potenciales genéticos de las cepas de S.
acidocaldarius y sus genes ortélogos. Hemos encontrado que la cepa SUSAZ es la que presenta
el mayor numeros de genes Unicos (95 genes) y que aproximadamente 1,863 genes (86.81% de
los genes de la cepa SUSAZ) estan conservados en todas las cepas secuenciadas (Figura 13). El
genoma de la cepa SUSAZ es el primer genoma completamente secuenciado de una arquea
aislada del Eje Volcanico de México y ayudara en el entendimiento de las relaciones evolutivas y

de la dindmica genomica de la especie S. acidocaldarius.

DSM 639 8 . SUSAZ

95

Figura 13. Diagrama de Venn que muestra el nimero de genes ortdlogos que estan compartidos

entre las cepas secuenciadas de Sulfolobus acidocaldarius.
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Microscopia electronica de arqueas y arqueovirus de sedimentos termales

Se obtuvieron imagenes de microscopia electrénica con la finalidad de conocer la
morfologia de arqueas y arqueovirus identificados en los estudios metagenémicos y gendmicos
de la solfatara 4cida. La visualizacion de particulas virales fue importante ya que los ensambles
de los genomas de los arqueovirus SMR1 y SMF1 podrian solo estar integrados en los genomas
de arqueas. Se lograron identificar particulas virales con morfologias caracteristicas de
fusellovirus (Figura 14A-C, con forma de limén alargado) y de rudivirus (Figura 14D-F, con
forma de bastones largos). Ademads se observaron particulas virales desconocidas, lo que implica

la presencia de otros virus de los que no se han obtenido secuencias genomicas (Figura 14G-I).

A) B) )]

D) E) F)

Figura 14. Imagenes de microscopia electronica de particulas virales de muestras enriquecidas de

sedimentos termales de la solfatara acida de Los Azufres.
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La deteccion de particulas virales adicionales mediante técnicas de microscopia se debe
en parte al hecho de que se realizaron enriquecimientos mediante centrifugaciones multiples para
poder concentrar las muestras. Se utilizaron sedimentos termales de la solfatara ya que las
particulas virales son mas abundantes en sedimentos que en la columna de agua. En cambio, las
muestras que se utilizaron para secuenciacion masiva fueron tomadas de la columna de agua y no
fueron enriquecidas por lo que solo se pudieron obtener secuencias metagendmicas de los virus

mas abundantes.

No ha sido posible obtener imégenes de microscopia electronica de la arquea Sulfolobales
AZ1 ni de Thermoproteus ni Vulcanisaeta ya que las muestras de agua de la solfatara acida
contienen una gran cantidad de particulas de sedimentos que han impedido su visualizacion. Los
ensayos de enriquecimiento se han hecho de muestras de sedimento de las orillas de la solfatara
acida (Figura 15A). A la fecha solo se han obtenidos colonias de Sulfolobus acidocaldarius. Fue
posible obtener imagenes de microscopia electronica para la cepa S. acidocaldarius SUSAZ. La
cepa SUSAZ presenta la morfologia caracteristica de arqueas Sulfolobales con una forma lobular

irregular y con presencia de flagelos (Figura 15B-C).

Para obtener las imdgenes de microscopia se utilizaron muestras de cultivos enriquecidos
siguiendo los procedimientos descritos por Erdmann y Garrett, 2015. Las imdgenes fueron
obtenidas en el Centro Danés de Arqueas usando un microscopio electrénico de transmision

Tecnai G2 (FEI, Eindhoven, Holanda).

B) 0)

Figura 15. Imégenes de microscopia electronica de Sulfolobus acidocaldaricus SUSAZ. A) zona

de donde se obtuvieron las muestras de sedimentos termales de la solfatara acida.
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Diversidad de comunidades microbianas de sedimentos fotosintéticos de Los Azufres

Los estudios de diversidad microbiana de sedimentos termales de sitios volcanicos han
revelado una gran diversidad de microorganismos novedosos. Algunos de estos estudios se han
realizado a partir de comunidades microbianas de sedimentos expuestos a altas temperaturas
alrededor de fumarolas de los Parques Nacionales de Yellowstone y de Lassen, de depdsitos
volcanicos de Hawaii y de Nueva Zelanda e incluso de la Antartica (Norris et al. 2002; Stott et al.

2008; Soo et al. 2009; Benson et al. 2011).

A la fecha no se han realizado estudios de diversidad microbiana de sedimentos termales
del campo geotérmico de Los Azufres. En este estudio realizamos un primer censo de diversidad
microbiana mediante la creacion de una libreria de genes ribosomales 16S rRNA y de analisis
filogenéticos. Posteriormente, se purifico ADN ambiental para secuenciar y analizar un

metagenoma de sedimentos termales de Los Azufres.

Se colectaron sedimentos termales para purificar y secuenciar ADN ambiental en los afios
2009 y 2013 (Fig. 1C, Fig. 16). En ambos afios se muestrearon comunidades microbianas de
sedimentos de color verde oscuro depositadas sobre rocas en salidas de vapor de fumarolas
(Figura 16). Los sedimentos se colectaron frotando cajas Petri sobre las rocas para obtener la

mayor cantidad de material posible ya que los sedimentos son de menos un milimetro de grosor.

Se obtuvieron 60 secuencias de genes ribosomales 16S rRNA de bacterias de una libreria
de clonas generada a partir del ADN purificado de sedimentos colectados durante el afio 2009.
Las PCRs especificas para arqueas y eucariontes no amplificaron los correspondientes genes

ribosomales. El sedimento utilizado estaba expuesto a 65 °C y presentd un pH de 3.5.
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Figura 16. Comunidades microbianas depositados sobre sedimentos termales en fumarolas de Los
Azufres. A) Sedimentos colectados durante Julio de 2009 en el area de Maritaro. B) Sedimentos

colectados durante Abril de 2013 en un area rocosa de Los Azufres.

La curva de rarefaccion de las secuencias de genes ribosomales 16S rRNA de las bacterias
del sedimento termal no supera 10 OTUs y ha alcanzado la estabilidad (Figura 17). A partir de las
secuencias obtenidas de la libreria de clonas se identificaron a los fila bacterianos Proteobacteria,

Nitrospirae, Thermotogae, Firmicutes y Chloroflexi (Tabla 5).

=1
_| ® unique
® 97%

50

Numero de OTUs
20 40
L 1
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Numero de secuencias

Figura 17. Curva de rarefaccion de las secuencias de los genes ribosomales 16S rRNA del censo
de diversidad de los sedimentos termales de Los Azufres. La curva de rarefaccion incluye las 60
secuencias generadas (longitud= ~1500 nucleodtidos). Los datos se obtuvieron utilizando mothur
(Oakley et al., 2009) y la grafica se reconstruyd utilizando R. Se muestran las curvas

correspondientes a distintos puntos de corte de acuerdo a la identidad de secuencia.
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Las secuencias mas abundantes correspondieron a bacterias sin describir de la clase

Ktedonobacteria del filo Chloroflexi. Estas secuencias representan el 58% (35 secuencias) de las

obtenidas de la libreria de clonas. Las secuencias presentan una identidad de entre 91 y 93% con

secuencias de bacterias ambientales (Tabla 5). La identidad de secuencia fue de entre 86 a 88%

con las cepas tipo de Thermosporothrix hazakensis SK20-1', Ktedonobacter racemifer DSM

44963", Thermogemmatispora onikobensis ONI-1" y Thermogemmatispora foliorum ONI-5.

FJ466079 Uncultured bacterium (Kilauea volcanic deposit)
AY425792 Uncultured bacterium (Hawaiian volcanic deposit)
0.97] 1.00 EU335423 Uncultured bacterium (soil)
GU205298 Uncultured bacterium (sediment from Roraima Sur Cave)
EU680443 Uncultured bacterium (soil)
DQ450722 Uncultured bacterium (alpine tundra soil)

AY425782 Uncultured bacterium (Hawaiian volcanic deposit)
e E1J88 1288 Uncultured bacterium (serious disturbance field soil)

1.0 AM749781 Bacterium T104 (steam-affected geothermal soil)
- AB547912 Thermogemmatispora onikobensis ONI-1
0.9 AM749770 Bacterium P359 (steam-affected geothermal soil)
1

00 AB547913 Thermogemmatispora foliorum ONI-5
1.00g= JX459041 Uncultured bacterium (Los Azufres geothermal field)
GU113055 Uncultured bacterium (underground coal mine fire soil)
DQ453119 Uncultured bacterium (acid mine drainage site)
AY425777 Uncultured bacterium (Hawaiian volcanic deposit)
FI592901 Uncultured bacterium (fumarole soil, Socompa Volcano, Andes)
FJ466013 Uncultured bacterium (Kilauea volcanic deposit)
DQ450719 Uncultured bacterium (alpine tundra soil)

1.00¢ AM 180157 Bacterium SOSP1-30 (soil)
l.OOl EABS 10917 Ktedonobacter racemifer DSM 44963

1.00p= AM 180163 Bacterium SOSP1-165 (soil)
AM180154 Bacterium SOSPI-1 (soil)
1.00p AY 425790 Uncultured bacterium (Hawaiian volcanic deposit)

Iz

AY425785 Uncultured bacterium (Hawaiian volcanic deposit)
AY425771 Uncultured bacterium (Hawaiian volcanic deposit)
AM 180160 Bacterium SOSP1-79 (soil)

AM180155 Bacterium SOSP1-9 (soil)

AM180162 Bacterium SOSP1-142 (soil)

EU881266 Uncultured bacterium (serious disturbance field soil)

LOOIGU237 174 Ktedonobacteria bacterium (soil from underground coal mine fire vent)

AB500145 Thermosporothrix hazakensis SK20-1

1.00 AB109437 Anaerolinea thermolimosa IMO-1

0.74 AB109438 Leptolinea tardivitalis YMTK-2
100 AB067647 Caldilinea aerophila DSM 14523

AF004928 Dehalococcoides ethenogenes 195

1.00p=M34116 Chloroflexus aurantiacus DSM 635
CP001337 Chloroflexus aggregans DSM 9485
AF093427 Oscillochloris trichoides DG6
CP0O00804 Roseiflexus castenholzii DSM 13941
M34117 Herpetosiphon aurantiacus ATCC 23779

1.00 AJ420142 Sphaerobacter thermophilus DSM 20745
;MPH 15 Thermomicrobium roseum DSM 5159

0.2 nucleotide

substitutions per

site

Figura 18. Analisis filogenético basado en genes ribosomales 16S rRNA de bacterias del filo

Chloroflexi. El alineamiento de secuencias contiene 1382 caracteres. La reconstruccion

filogenética bayesiana se realiz6 en MrBayes3 (Ronquist & Huelsenbeck, 2003) utilizando el

modelo de sustitucion GTR+I+G. Se muestran los numeros de acceso de GenBank de las

secuencias utilizadas. En negritas se muestra una secuencia representativa de la libreria de clonas

del sedimento termal de Los Azufres. Los valores de soporte de las ramas se muestran como

probabilidades posteriores bayesianas. La barra de escala representa el nimero promedio de

sustitucion de nucleétidos por sitio.
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Las reconstrucciones filogenéticas posicionan a las secuencias en un grupo filogenético
que incluye secuencias de bacterias de minas y de depositos volcanicos (Figura 18). En este caso,
no existe una relacion geografica clara entre las bacterias mas cercanas filogenéticamente. En

cambio se reconocen condiciones ambientales similares, en este caso termales y volcéanicas.

También se obtuvieron siete secuencias idénticas que tienen una identidad de entre 96 y
98% con genes ribosomales 16S rRNA de bacterias del filo Termotogae. La identidad de
secuencia es de 82% con la cepa tipo mas cercana que corresponde a Kosmotoga olearia TBF
19.5.1". Las reconstrucciones filogenéticas agrupan la secuencia de ésta bacteria en un grupo
filogenético que incluye secuencias de bacterias ambientales recuperadas de diferentes sitios
geotérmicos a nivel mundial. El grupo filogenético que incluye la secuencia de Los Azufres esta
compuesto unicamente por secuencias de bacterias obtenidas de sitios térmicos continentales
tales como Vulcano en Italia, del Parque Nacional de Yellowstone, y de la isla volcanica de
Montserrat en el Caribe (Figura 19). A la fecha, solo se encuentran disponibles secuencias de

genes ribosomales 16S rRNA para las bacterias de este grupo filogenético.

Otras secuencias presentan 99% de identidad con genes ribosomales 16S rRNA de
bacterias relacionadas a Leptospirillum ferrodiazotrophum (7 secuencias) y Acidithiobacillus
caldus (4 secuencias). Los géneros Leptospirillum y Acidithiobacillus son comunes en las areas
termales y en los drenajes acidos de minas. También se identificaron secuencias que muestran
entre 96 y 97% de identidad con genes ribosomales 16S rRNA de bacterias del filo Firmicutes
relacionadas con cepas de la especie Sulfobacillus acidophilus (3 secuencias). Finalmente, se
identificaron secuencias correspondientes a una a-proteobacteria relacionada con bacterias no
descritas de ambientes extremos y pertenecientes a la familia Acetobacteriaceae (4 secuencias).
Las secuencias de la a-proteobacteria presentan 95% de identidad con los genes ribosomales de
las cepas tipo Rhodovastum atsumiense G2-11" 'y 94% con Acidisphaera rubrifaciens
JCM10600" v Rhodopila globiformis DSM 161". Las posiciones filogenéticas de todas estas
bacterias estan estrechamente relacionadas con bacterias de otros sitios termales (Figura 20). Las
secuencias de genes ribosomales 16S rRNA obtenidas de la libreria de clonas se encuentran

depositadas en GenBank con los nimeros de acceso JX459035 a JX459094.
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1.00[ CPO01839 Thermotoga naphthophila RKU-10
NC_009486 Thermotoga petrophila RKU-1
0.6 f NC_000853 Thermotoga maritima DSM 3109
L.OOENC_011978 Thermotoga neapolitana DSM 4359
NR_024751 Thermotoga thermarum DSM 5069
NR_029205 Thermotoga hypogea DSM 11164
NR_025969 Thermotoga subterranea DSM 9912
NC_009828 Thermotoga lettingae TMO
0571078 “6SLNR_026201 Thermotoga elfii DSM 9442
NR_025389 Thermosipho geolei DSM 13256
AJ577471 Thermosiphe atlanticus DSM 15807
AF491334 Thermosipho ferriphilus GB21
AB257289 Thermosipho globiformans DSM 19918
NR_024726 Thermosipho japonicus DSM 13481
NC_011653 Thermosipho africanus DSM 5309
NC_009616 Thermosipho melanesiensis DSM 12029
0.51 0.88~ EF565822 Fervidobacterium pennivorans DSM 9078
AF434670 Fervidobacterium islandicum DSM 5733
AY878719 Fervidobacterium changbaicum CBS-1
NC_009718 Fervidobacterium nodosum DSM 5306
0.7]0.83 ZA9117 Fervidobacterium gondwanense AB39
e U37021 Thermopallium natronophilum DSM 9460
1.00yCP001634 Kosmotoga olearia TBF 19.5.1

1.00 %ZFMM Kosmotoga shengliensis DSM 22460

AB530679 Kosmotoga arenicorallina DSM 22549
0.79] 1.004JQ347593 (hydrothermal vent, Eastern Lau Spreading Center)
0.9911 AM712344 (biofilm at hydrothermal vent, New Zealand)
AB252430 (marine sediments, hydrothermal field, Japan)
HQB845907 (soil, coconut husk retting zone, India)
AF339745 (thermal vents of Vulcano, Italy)
DQ834041 (Joseph's Coat 3 Hot Spring, Yellowstone, USA)
0.85 p AF232923 (geothermal springs from Montserrat, UK)
1.00% JX459041 Uncultured bacterium AZsed07 (Los Azufres)
Al786363 Marinitoga hydrogenitolerans AT1271
FM253687 Marinitoga litoralis DSM 21709
AB262395 Marinitoga okinawensis JCM 13303
0.991—~ NR_028907 Marinitoga camini DSM 13578
1.00 0.99 NR_027541 Marinitoga piezophila DSM 14283
AF509468 Geotoga aestuarianus T3B
NR_029145 Geotoga subterranea ATCC 51225
HMO037999 Geotoga petraca ATCC 51226
NR_028947 Petrotoga olearia DSM 13574
NR_025466 Petrotoga sibirica DSM 13575
FR733705 Petrotoga miotherma DSM 10691
AYB00102 Petrotoga halophila DSM 16923
0.8 FAY 125964 Perrotoga mexicana DSM 14811
NR_027612 Petrotoga mobilis DSM 10674
1.00 rNR_029172 Aquifex pyrophilus DSM 6858
L NC_000918 Aquifex aeolicus VF5

0.99

0.62

0.2 nucleotide
substitutions per site

Figura 19. Analisis filogenético basado en genes ribosomales 16S rRNA de bacterias del filo
Thermotogae. El alineamiento de secuencias contiene 1210 caracteres. La reconstruccion
filogenética bayesiana se realizd en MrBayes3 (Ronquist & Huelsenbeck, 2003) utilizando el
modelo de sustitucion GTR+I+G. Se muestran los nimeros de acceso de GenBank de las
secuencias utilizadas. En negritas se muestra una secuencia representativa de la libreria de clonas
del sedimento termal de Los Azufres. Los valores de soporte de las ramas se muestran como
probabilidades posteriores bayesianas. La barra de escala representa el numero promedio de

sustitucion de nucleotidos por sitio.
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Tabla 5. Filotipos identificados en los sedimentos termales de Los Azufres colectados en 2009.

Orden Familia Género % de identidad | numero de acceso GenBank
Ktedonobacterales | / / 93% GU113055
Thermotogales Thermotogaceae / 99% EU541481
Nitrospirales Nitrospiraceae Leptospirillum 99% EF065178
Acidithiobacillales | Acidithiobacillaceae | Acidithiobacillus 99% EU499920
Clostridiales Clostridiales Sulfobacillus 97% GU168017
Rhodospirillales Acetobacteraceae / 99% DQ464129

Metagenoma de un sedimento termal de Los Azufres

Los sedimentos termales de Los Azufres se eligieron para purificar ADN metagendmico y
hacer su secuenciacion debido a que sus comunidades microbianas presentan diversidad limitada
y contienen microorganismos filogenéticamente novedosos. Los sedimentos termales estin
expuestos a condiciones extremas de pH y de temperatura debido a su cercania a fumarolas y

ademas no existen genomas para algunos de los grupos filogenéticos predominantes.

La muestra de ADN secuenciada se purificd a partir de sedimentos colectados en 2013 y
que estaban expuestos a 67 °C y pH 3 (Figura 16). La muestra de ADN de los sedimentos
colectados en el ano 2009 se utilizd para secuenciacion. Sin embargo, la secuenciacion no se
realizd debido a problemas técnicos de los equipos de secuenciacion del LANGEBIO. No se

encontraron sedimentos termales parecidos en afios subsecuentes hasta el ano 2013.

El metagenoma se secuenci6 en 2014 en la plataforma de Illumina MiSeq en Macrogen,
Corea del Sur. Las lecturas pareadas de MiSeq se generaron para sobrelaparse y generar lectura
mas largas. Las lecturas pareadas se unieron utilizando FLASH v. 1.2.11 (Magoc y Salzberg,

2011) y después se ensamblaron utilizando Newbler v. 2.3 (454 Life Science).
El metagenoma del sedimento termal primeramente se analizo para explorar su diversidad

microbiana mediante la identificacion de secuencias de genes ribosomales y sus correspondientes

analisis filogenéticos.
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La identificacion de genes ribosomales en el ensamble metagendémico se realizé usando
los servidores RNAmmer y WebMGA (Wu et al., 2011; Lagesen et al., 2007). La identidad de las
secuencias ribosomales obtenidas se verifico mediante busquedas de BLASTN en GenBank. No
se detectaron secuencias quiméricas usando Bellerophon (Huber et al., 2004) en la base de datos
GreenGenes (DeSantis et al., 2006). Las secuencias de genes ribosomales se depositaron en
GenBank con los numeros de acceso KJ907763 a KJ907775 (bacterias), KJ907754 a KJ907762
(arqueas), KJ907776 a KJ907782 (microalgas) y KJ907783 a KJ907785 (otros eucariotas).

En las siguientes tablas y andlisis filogenéticos se presentan resultados obtenidos sobre la
diversidad de bacterias, arqueas y eucariotas identificados en el metagenoma de los sedimentos.
Las secuencias metagenodmicas revelaron la composicion filogenética de la comunidad de los
sedimentos termales y permitieron identificar a los microorganismos fotosintéticos. Ademas se
logré la reconstruccion de los genomas completos de los organelos de una microalga no descrita

y la obtencion casi completa del primer genoma de una arquea del filo Parvarchaeota.

Tabla 6. Secuencias de genes ribosomales 16S rRNA de bacterias identificadas en el metagenoma

de sedimentos termales de Los Azufres colectados en 2013.

Bacteria Lo(r;gt:;ud Niler(l;ﬂ;rr (;Se Filo Clase GenBank hit Nl:::;;)ode Identidad
Uncultured bacterium | 1424 ) Proteobacteria | a-protebacteria ggg‘;lts‘l;(eld lb(;’;te““m DQ469200 | 99%
Uncultured 3 . . Acidithiobacillus N
Acidithiobacillus sp. 1526 607 Proteobacteria y-proteobacteria caldus ATCC 51756 CP005986 100%
Uncultured gamma . . Uncultured bacterium o
proteobacterium 1530 384 Proteobacteria y-proteobacteria clone YTW-24-06 EF409834 97%
Uncultured Uncultured bacterium
Sinobacteraceae 1386 42 Proteobacteria y-proteobacteria ¢ cterm EU370295 99%
bacterium clone CEM_Cya_dl
Uncultured Uncultured bacterium
Acidimicrobiaceae 1514 1643 Actinobacteria Actinobacteria EU419189 99%
bacterium clone W2bXIIb78
Uncultured . . . . Aciditerrimonas NR_11297 o
Aciditerrimonas sp. 1514 415 Actinobacteria Actinobacteria ferrireducens 1C-180 2 99%
Uncultured . . . . Ferrimicrobium sp. o
Ferrimicrobium sp. 1512 306 Actinobacteria Actinobacteria McOKI-1-4 HM769774 | 99%
Uncultured . . . . Mpycobacterium NR_02894 N
Mycobacterium sp. 1510 289 Actinobacteria Actinobacteria holsaticum 1406 5 98%
Uncultured 1493 263 Actinobacteria | Actinobacteria | Oncultured bacterium |y 33001 gs0,
actinobacterium clone WB27
Uncultured Uncultured bacterium
Conexibacteraceae 1537 107 Actinobacteria Actinobacteria X v EU861962 98%
bacterium clone bac2nit73
Uncultured . . . . Leptospirillum o
Leptospirillum sp. 1518 29 Nitrospirae Nitrospira ferriphilum BN JQ820324 99%
Uncultured L - A.disulfidooxidans NR 04094 o
Alicyclobacillus sp. 1517 [ Firmicutes Bacill DSM 12064 4 9%
Uncultured A . Uncultured bacterium o
Sulfobacillus sp. 1312 24 Firmicutes Clostridia clone K17bMul7 EU419137 97%
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Tabla 7. Secuencias de genes ribosomales 16S rRNA de arqueas identificadas en el metagenoma

de sedimentos termales de Los Azufres colectados en 2013.

Arquea Longitud Numero de Filo Clase GenBank hit Numero de Identidad
(pb) lecturas acceso

Uncultured Uncultured

Thermoplasmatales 1468 2100 Euryarchaeota Thermoplasmata Thermoplasmatales JX997948 100%

archaeon (G-plasma) archaeon G-plasma

Uncultured Uncultured

Thermoplasmatales 1470 1764 Euryarchaeota Thermoplasmata Thermoplasmatales J1X997949 99%

archaeon (C-plasma) archaeon C-plasma

Uncultured Uncultured

Thermoplasmatales 1469 1419 Euryarchaeota Thermoplasmata Thermoplasmatales JX997946 100%

archaeon (A-plasma) archaeon A-plasma

Uncultured Uncultured archaeon

Thermoplasmatales 1470 1213 Euryarchaeota Thermoplasmata HM745447 | 99%
clone 1000m_arch_e9

archaeon (D-plasma) - -

Uncultured Uncultured

Thermoplasmatales 1468 447 Euryarchaeota Thermoplasmata Thermoplasmatales J1X997947 100%

archaeon (E-plasma) archaeon E-plasma

Uncultured Uncultured archacon

Thermoplasmatales 1470 154 Euryarchaeota Thermoplasmata DQ303253 | 99%
clone ant g10

archaeon (B-plasma)

Uncultured Uncultured

Thermoplasmatales 1474 108 Euryarchaeota Thermoplasmata Thermoplasmatales JX997945 100%

archaeon (I-plasma) archaeon I-plasma

Uncultured 1470 807 Euryarchaeota Thermoplasmata Fe.’"’p lasma NR_10394 99%

Ferroplasma sp. acidarmanus ferl 1

Uncultured 2003 1151 Parvarchaeota / ARMAN-1 AY652726 | 99%

Micrarchaeum sp.

Tabla 8. Secuencias de genes ribosomales de eucariotas identificados en el metagenoma de

sedimentos termales de Los Azufres colectados en 2013.

Eucariota Longitud Numero de Filo Clase GenBank hit Numero de Identidad
(pb) lecturas acceso

Uncultured Uncultured

Cyanidiaceae sp. 1423 4381 Rhodophyta Bangiophyceae Cyanidiales clone KJ569775 100%

(plastid) R0435B54

Uncultured Galdieria sulphuraria

Cyanidiaceae sp. 1480 493 Rhodophyta Bangiophyceae 14-1-1 P X52985 99%

(plastid)

Uncultured Galdieria sulphuraria

Cyanidiaceae sp. 1480 473 Rhodophyta Bangiophyceae 14-1-1 P X52985 99%

(plastid)

Uncultured Uncultured

Cyanidiaceae sp. 1567 3102 Rhodophyta Bangiophyceae Cyanidiales clone GQ141766 99%

(mitochondrion) R0435B41

Uncultured Cyanidium caldarium

Cyanidiaceae sp. 1794 898 Rhodophyta Bangiophyceae 5 g’ B AB091232 99%

(nuclear)

Uncultured Galdieria sulphuraria

Cyanidiaceae sp. 1836 107 Rhodophyta Bangiophyceae Swip AB091229 98%
SAG107.79

(nuclear)

Uncultured Galdieria sulphuraria

Cyanidiaceae sp. 1842 144 Rhodophyta Bangiophyceae Sup AB091230 89%
SAG21.92

(nuclear)

Uncultured Kinetoplastida Uncultured eukaryote

Bodonidae sp. 2137 58 Euglenozoa plas yo AY753963 93%

order clone L13.10

(nuclear)

Uncultured 1

Acidomyces sp. 1799 365 Ascomycota Dothideomycetes f(.)zgz)zg’gthermus NBRC AB537895 100%

(nuclear)
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HM769774 Ferrimicrobium sp. Mc9KI-1-4 < g .

3U168014 Ferrimicrobium sp. BGR 116 Ferrimicrobium

KJ907767 Untnllured Ferrimicrobium sp. METASED14

NR_(M1798 Ferrimicrobium acidiphilum T23

3Q225721 Acidithiomicrobium sp. P2

NR_074390 Acidimicrobium ferrooxidans DSM 10331

EU419141 Uncultured bacterium K17bMu91

HM057165 Uncultured actinobacterium CD34

KJ907763 Uncultured Acidimicrobiaceae bacterium METASED10 - 5

1OREU419189 Uncultured bacterium W2bXIIb78 Actinobacteria

DQ661631 Uncultured bacterium BS-B54

HMO057166 Uncultured actinobacterium CD42 o .

002 KJ907773 Uncultured Aciditerrimonas sp. METASED20 | Aciditerrimonas

JF510471 Actinobacterium TC4

1 o0f O-98INR_112972 Aciditerrimonas mnn ducens 1C-180
NR

100

l\.l'llml Unculhlr!d Mycobacterium sp. METASEDIS Mpycobacterium
FJ625357 Uncultured bacterium HF_NC_18

AJS536100 Mycobacterium ('J'«'plnum\ Fl-13
NR_028945 Mycobacterium holsaticum 1406

LD ND
GQ264404 Uncultured bacterium WW3_02
AY234546 Actinobacteridae bacterium Ellin5129
NR_116325 Sinosporangium album 6014
0.68 KJ425409 Actinoallomurus sp. NEAU-TX1-15
L0 ABB59253 Actinomadura sp. YIM 77502
JX505168 Uncultured Conexibacteraceae bacterium D.an-101
0.77pKJ907768 U ed C METASED1S
AF391984 Uncultured thermal soil bacterium YNPFFP1 "
1.00PAY960767 Rubrobacteridae bacterium Ellin504 Conexibacter

AY234442 Rubrobacteridae bacterium Ellin5025
0.04Lg=NR_074830 Conexibacter woesei DSM 14684
1.00 ®ABS597951 Conexibacter arvalis KV-963
1.00gEU370295 Uncultured bacterium CEM_Cya_d1
0.978HQ730615 Uncultured Sinobacteraceae bacterium SN108_S
“4LK1907770 Uncultured Sinobacteraceae bacterium METASED17
acterium ASS_B1
JF737880 Uncultured bacterium RT 10-ant06-b03-S
KF595153 Steroidobacter sp. JC2953
NR_044309 Steroidobacter denitrificans FS
HG970164 Ectothiorhodospira mobilis DSM 237
NR_074692 Thioalkalivibrio sulfidophilus HL iR7 .
NR_074775 Alkalilimnicola ehriichii MLHE-1 Gammaproteobacteria
DQ458003 Uncultured bacterium DX8
GQ141761 Uncultured bacterium RO435B25
KJ907765 Uncultured gamma proteobacterium METASEDI12
DQ458038 Uncultured bacterium DX41
1.00pAF465604 Acidithiobacillus ferrooxidans ATCC 23270
AJ459804 Acidithiobacillus albertensis DSM 14366 W
PO05986 Acidithiobacillus caldus ATCC 51756 Acidithiobacillus
K.J907764 Uncultured Acidithiobacillus sp. METASED11
1,008 JX 459035 Uncultured Acidithiobacillus sp. AZsed01
iU120601 Uncultured bacterium PL-C1_13_1_B10
HM745424 Unculred bacterium 20m_g|
DQ464129 Uncultured bacterium D3-77 ND =
O7LEU370311 Uncultured bacterium AG_Eug_¢9 Alphaproteobacteria
KJ907775 Uncultured bacterium METASED22
1.00 NR_037119 Acidisphaera rubrifaciens HS-AP3
NR_037120 Rhodopila globiformis 7950
_074594 Leprospirillum ferriphilum ML-04
AF356829 Leptospirillum ferriphilum ATCC 49881
KJ9207772 Uncultured Leptospiriltum sp. METASED19 i a -
X86776 Leptospirillum ferrooxidans DSM 2705 Leptospirillum | Nitrospirae
1. 0ogdX459049 Uncultured Leptospirillum sp. AZsed15
INO07036 Leptospirillum ferrodiazotrophum SC
088 REF065178 Leprospirillum ferrodiazotrophum UBA1
1. 00gKJ907769 Uncultured Alicyclobacillus sp. METASED16
X AB233323 Alicyclobacillus disulfidooxidans HIB4 . .
NR_112550 Alicyclobacillus tolerans DSM 16297 Alicyclobacillus
NR_044413 Alicyclobacillus ferrooxydans TC-34
EU 137837 Alicyclobacillus ferripilum TC-T1
ABOS968 1 Alicyclobacillus cycloheptanicus DSM 4007 = .
0.89pEU419137 Uncultured bacterium K17bMul7 Firmicultes
JQB 15841 Uncultured bacterium UMA_d12
KJ907774 Uncultured Sulfobacillus sp. METASED21
JF766485 Uncultured bacterium Y1
10 | IX459059 Uncultured Sulfobacill
ABOB9842 Sulfobacillus acidophilus DS
IX966410 Sulfobacillus thermotolerans K h
1.00gue Q453119 Uncultured bacterium $23
AY425777 Uncultured bacterium 1921-1 -
JX459084 Uncultured Kiedonobacieria AZsed50 I np | Chloroflexi
100} 1.0 iU113055 Uncultured bacterium Hswhb-62
AB500145 The f hrix hazakensis SK20-1
ABS510917 Kred: bacter racemifer DSM 44963
AF232923 Uncultured bacterium MS9
JX459041 Uncultured bacterium AZsed07 | ND
DQ834049 Uncultured bacterium SK689 Thermotogae
AF339745 Uncultured proteobacterium V5
NR_074712 K olearia TBF 19.5.1
00 NR_102775 Thermotoga maritima MSBS
—_—
0.2 nucleotide
substitutions per site

0.97]
—

I

]

Sulfobacillus

Figura 20. Analisis filogenético basado en secuencias de genes ribosomales 16S rRNA de bacterias. Las secuencias
obtenidas de muestras de sedimentos de Los Azufres se muestran en negritas. Los identificadores METASED y
AZsed indican a las secuencias metagenomicas y a las obtenidas de la libreria de clonas, respectivamente. Los
grupos sin géneros descritos se identifican con ND (no determinados). El alineamiento de secuencias contiene 1194
caracteres. La reconstruccion filogenética se realizdo en MrBayes3 (Ronquist & Huelsenbeck, 2003) utilizando el
modelo de sustitucion GTR+I+G. Los valores de soporte de las ramas se muestran como probabilidades posteriores

bayesianas. La barra de escala representa el nlimero promedio de sustitucion de nucleétidos por sitio.
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1.00

GG730049 Candidatus Parvarchaeum acidiphilum ARMAN-4

ll.9iHKJ907762 Uncultured Micrarchaeum sp. METASED09 ARMAN-1 Parvarchaeota

ACXJ01009734 Mine drainage metagenome contigl 1161 (ARMAN-1)

1.00

J_()(;L‘—_GG697240 Candidatus Micrarchaeum acidiphilum ARMAN-2
96 AUZZ01000673 Mine drainage metagenome contigl 1365
Y00275 Archaeoglobus fulgidus VC-16
I‘OO[AY25 1064 Uncultured archaecon FT17A03
DQ451875 Aciduliprofundum boonei T469
AB600331 Uncultured archaeon HO28S9A13
JX989254 Uncultured Thermoplasmatales archaeon arch f6
AB600339 Uncultured archacon HO28S9A35
AB600336 Uncultured archaecon HO28S9A23

1.00

1,008 KJ907760 Uncultured Thermoplasmatales archaeon METASEDO7
0.6187X997945 Uncultured Thermoplasmatales archaeon I-plasma

== AB269873 Thermogymnomonas acidicola JCM 13583

1.00 pM 38637 Thermoplasma acidophilum 122-1B2

I-plasma

NR_074223 Thermoplasma volcaniwm GSS|1

| 0_|NR7026246 Picrophilus oshimae KAW?2/2
NR_074187 Picrophilus torridus DSM 9790

AY907888 Ferroplasma cupricumulans BH2
ool 10U AM943980 Acidiplasma aeolicum DSM 18409
FJ154518 Ferroplasma thermophilum L1
0gAJ224936 Ferroplasma acidiphilum DSM 12658
NR_103941 Ferroplasma acidarmanus ferl
1.00 1.00 e DQ303255 Uncultured archaeon ant h10
926K J907761 Uncultured Ferroplasma sp. METASEDO08
JX997946 Uncultured Thermoplasmatales archacon A-plasma
KJ907754 Uncultured Thermoplasmatales archaeon METASED01
DQ303254 Uncultured archaeon ant g4 2
100 AF544224 Uncultured archaeon ASLI1 A plasma
" HQ730610 Uncultured Thermoplasmatales archaeon JL65
1.0l AF523940 Uncultured archaeon ARCP1-28
AB600341 Uncultured archacon HO2859A41
ACXJ01010134 Mine drainage metagenome contigl1593
AF523936 Uncultured archacon ARCP1-21
KJ907757 Uncultured Thermoplasmatales archaecon METASED04
JX997949 Uncultured Thermoplasmatales archacon C-plasma
1.OOLEF446195 Uncultured archacon antarqa7
DQ303249 Uncultured archaeon ant b7
DQ303253 Uncultured archaeon ant g10
[EF441883 Uncultured euryarchaeote RT10_3A_12 B-plasma
0.58 KJ907756 Uncultured Thermoplasmatales archacon METASEDO03
LOL AF544219 Uncultured archacon AS|1
1.0g AB600330 Uncultured archaecon HO28S9A06
EU370308 Uncultured archaecon CEM_Pin_e2
KJ907755 Uncultured Thermoplasmatales archaeon METASED02
1.0@ AF523937 Uncultured archacon ARCP1-27
0.81 I”f() EF446197 Uncultured archaeon antb5
"B AF544223 Uncultured archaeon AS4
AF523941 Uncultured archaeon ARCP1-60
EF446196 Uncultured archaeon antb10 E-pl
KJ907758 Uncultured Thermopl les archacon METASEDO5 -plasma
JX997947 Uncultured Thermoplasmatales archacon E-plasma
AB600346 Uncultured archacon HO2859A63

ACXJ01011147 Mine drainage metagenome contigl2785
100 AB600334 Uncultured archacon HO2859A20

0.98

Ferroplasma

1.00| C-plasma

1.00
0.76

D-plasma

0.3 nucleotide ]j(_)(():, KJ907759 Uncultured Thermoplasmatales archaeon METASEDO6 | G-plasma
substitutions per site 0.768MX997948 Uncultured Thermoplasmatales archaeon G-plasma

Euryarchaeota

Thermoplasmatales

Figura 21. Andlisis filogenético basado en secuencias de genes ribosomales 16S rRNA de

arqueas. Las secuencias recuperadas del metagenoma del sedimento fotosintético de Los Azufres

se muestran en negritas. El alineamiento de secuencias contiene 1385 caracteres. La

reconstruccion filogenética se realizdé en MrBayes3 (Ronquist & Huelsenbeck, 2003) utilizando

el modelo de sustitucion GTR+I+G. Se muestran los identificadores de GenBank de las

secuencias utilizadas. Los valores de soporte de las ramas se muestran como probabilidades

posteriores bayesianas. La barra de escala representa el numero promedio de sustitucion de

nucleoétidos por sitio.
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A)
AB158485 Cyanidioschyzon merolae 10D
— KJ907780 Uncultured Cyanidiaceae sp. METASED27
0.0slAB091232 Cyanidium caldarium 55B
1.008BAB090833 Cyanidium caldarium 61D
0.94pKJ907781 Uncultured Cyanidiaceae sp. METASED28
AB091229 Galdieria sulphuraria SAG 107.79

LUU‘-EKJ 907782 Uncultured Cyanidiaceae sp. METASED29
1.0

1.00

] ADNMO2 Galdieria sulphuraria 074W
0.99 AB091230 Galdieria sulphuraria SAG 21.92
AF342749 Flintiella sanguinaria SAG B 40.94

1.00 ABO045584 Porphyridium purpureum TAM R-1

0.2 nucleotide
substitutions per site

B) GQI141765 Uncultured Cyanidiales clone R0435B54
0.920K J907776 Uncultured Cyanidiaceae sp. METASED23
GQ141764 Uncultured Cyanidiales R0O435B35

.00 AY391361 Galdieria maxima IPPAS P507
0.87 AF545617 Cyanidioschyzon merolae DBV 201 JAVA
0.99 NC_004799 Cyanidioschyzon merolae 10D
0.95 1.0O0RAY 882672 Uncultured Cyanidioschyzon sp. SK114
e AF022186 Cyanidium caldarium RK1

AF545618 Galdieria sulphuraria DBV 009 VTNE
AF356019 rhodophyte NZ4
/ KJ907778 Uncultured Cyanidiaceae sp. METASED25
0o} 1.00@K J907777 Uncultured Cyanidiaceae sp. METASED24
0.919X52985 Galdieria sulphuraria 14-1-1
EU586032 rhodophyte YSKI1
0.84L AF170718 Galdieria sulphuraria SAG 107.79
AY391360 Cyanidium sp. Sybil
WEFJ 390400 Cyanidium sp. Atacama
1.00 AY391359 Cyanidium sp. Monte Rotaro

_:AF170715 Flintiella sanguinaria SAG B 40.94
1.00 AP012987 Porphyridium purpureum CCMP1328

R
0.09 nucleotide
substitutions per site

Figura 22. Analisis filogenéticos basados en secuencias de genes ribosomales de microalgas
perteneciente a la familia Cyanidiaceae. A) Analisis filogenético basado en genes ribosomales
16S rRNA de cloroplastos. El alineamiento de secuencias contiene 1250 caracteres. B) Analisis
filogenético basado en genes ribosomales 18S rRNA de microalgas. El alineamiento de
secuencias contiene 1362 caracteres. Las secuencias recuperadas del metagenoma del sedimento
fotosintético de Los Azufres se muestran en negritas. Las reconstrucciones filogenéticas se
realizaron en MrBayes3 (Ronquist & Huelsenbeck, 2003) utilizando el modelo de sustitucion
GTR+I+G. Se muestran los identificadores de GenBank de las secuencias utilizadas. Los valores
de soporte de las ramas se muestran como probabilidades posteriores bayesianas. Las barras de

escala representa el nimero promedio de sustitucién de nucleétidos por sitio.
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A) AY374298 Acidomyces richmondensis B1
JQ172744 Acidomyces acidothermus MH1104
IQ172746 Acidomyces acidothermus MH892
A KJ907784 Uncultured Acidomyces sp. METASED31
: ABS537897 Acidomyces acidothermus NBRC 106059
AY374300 Acidomyces richmondensis C2
£00 =EU090191 Acidomyces richmondensis F 3
=—1=FJ430711 Acidomyces sp. AK72/03
1.00 = EU090192 Acidomyces richmondensis F 1
1.00 1.00p=——=GU214611 Teratosphaeria pseudosuberosa CPC 12085
: b GU2 14604 Teratosphaeria mexicana CBS 110502
0.75 GU214702 Teratosphaeria destructans CPC 1368
_LGUZMSM Teratosphaeria alcornii CPC 3632
0.65 GU214656 Cercospora zebrina CBS 118789
1.0of { GU214538 Mycosphaerella endophytica CPC 1193
L EF134949 Schizothyrium pomi CBS 406.61

0.2 nucleotide |
substitutions per site

B) FN865886 Uncultured eukaryote O138106D07
FN865811 Uncultured eukaryote O138006E08
LOOL FN865918 Uncultured eukaryote O138106G09
KJ907783 Uncultured Bodonidae sp. METASED30
AY753965 Uncultured eukaryote L13.1

AB749101 Uncultured Bodonidae Cn-St.1-52

1.0oLrAY 753604 Neobodo designis AB

1.000DQ207585 Neobodo designis HFCC308

AF464896 Neobodo designis DH

1.00 AY490235 Neobodo designis K

0.98, 1.00, AF174379 Neobodo saliens ATCC 50358

AY425017 Bodo rostratus

_EDQZWSSS Neobodo designis HFCC306

077 AY490221 Bodo celer
0.76 AY753611 Neobodo designis Dev2
AF208878 Cruzella marina ATCC 50326
0.98 U67183 Rhynchobodo sp. ATCC 50359

0.1 nucleotide
substitutions per site

Figura 23. Analisis filogenéticos basados en secuencias de genes ribosomales de microeucariotas.
A) Analisis filogenético basado en genes ribosomales 18S rRNA de hongos del género
Acidomyces. El alineamiento de secuencias contiene 1592 caracteres. B) Andlisis filogenético
basado en genes ribosomales 18S rRNA relacionados al género Neobodo. El alineamiento de
secuencias contiene 1408 caracteres. Las secuencias identificadas en el metagenoma del
sedimento fotosintético de Los Azufres se muestran en negritas. Las reconstrucciones
filogenéticas se realizaron en MrBayes3 (Ronquist & Huelsenbeck, 2003) utilizando el modelo de
sustitucion GTR+I+G. Se muestran los identificadores de GenBank de las secuencias utilizadas.
Los valores de soporte de las ramas se muestran como probabilidades posteriores bayesianas. Las

barras de escala representa el nimero promedio de sustitucion de nucleodtidos por sitio.
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Genomas completos de los organelos de una nueva microalga

Las secuencias metagendmicas lograron revelar a los microorganismos fotosintéticos de
los sedimentos termales de Los Azufres. Se encontraron secuencias de microalgas de la familia
Cyanidiaceae que corresponden a genes ribosomales 18S rRNA y también 16S rRNA de los
genomas de sus cloroplastos. Las secuencias obtenidas a partir de la libreria de clonas no
lograron identificar a las microalgas probablemente debido al sesgos inherentes a las técnicas

basadas en reacciones de PCR.

Una de las microalgas es preponderante en la comunidad y es probable que su genoma se
encuentre casi completamente representado en el metagenoma, se ha nombrado temporalmente a
esta microalga como Cyanidiaceae sp. MX-AZ01. La microalga Cyanidiaceae sp. MX-AZO01 es
cercana filogenéticamente a cepas de las especies descritas Cyanidium caldarium y
Cyanidioschyzon merolae mientras que las poblaciones minoritarias de microalgas estan

relacionadas con la especie Galdieria sulphuraria (Figura 22).

Las microalgas de la familia Cyanidiaceae son capaces de habitar en ambientes termales
extremos y los genomas de algunas cepas han sido secuenciados y publicados en revistas
prestigiosas. Se ha encontrado que sus genomas contienen genes de bacterias y arqueas que se
han incorporado al genoma nuclear mediante eventos de transferencia horizontal (Matsuzaki et

al., 2004; Schonknecht et al., 2013; Schonknecht et al., 2014).

Las secuencias metagenomicas permitieron reconstruir los genomas completos de los
genomas del cloroplasto y la mitocondria de la microalga Cyanidiaceae sp. MX-AZO01. Se
encontrd que el genoma de la mitocondria se encontraba completo en un unico contig y solo se
requiri6 eliminar la redundancia de secuencias en los extremos del contig para hacer su
circularizaciéon. También se identificaron cinco contigs que correspondian al genoma del

cloroplasto y fue necesario ensamblar sus extremos sobrelapantes para hacer su circularizacion.
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Actualmente se estan analizando las caracteristicas de los genomas de los organelos. La
anotacion se realizo utilizando GeneMark.hmm 2.0 (Besemer y Borodovsky, 2005). Los genes
rRNA y tRNA se predijeron usando RNAmmer 1.2 (Lagesen et al., 2007) y tRNAscan-SE 1.21
(Lowe et al., 1997). Las predicciones génicas se anotaron y se revisaron manualmente usando
Artemis (Rutherford et al., 2000). Se utiliz6 el sistema de OrganellarGenomeDRAW (Lohse et
al., 2013) para generar las representaciones de los genomas (Figura 24). Los genomas de los

organelos han sido depositados en GenBank con los nimeros de acceso KJ569775 y KJ569774.

Cyanidiaceae sp MX-AZ01
chioroplast genome
145,533 bp

Cyanidiaceae sp MX-AZ01
mitochondrial genome
32,620 bp

Figura 24. Representaciéon de los genomas completos de los organelos de la microalga
Cyanidiaceae sp. MX-AZ01 recuperados del metagenoma del sedimento fotosintético de Los

Azufres. Los colores de los genes predichos corresponden a distintas categorias funcionales.
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Genoma parcial de una nueva arquea del filo Parvarchaeota

Las arqueas de los linajes ARMAN (Archaeal Richmond Mine Acidophilic
Nanoorganisms) fueron identificadas por primera vez en los biofilmes que flotan en arroyos de
una mina de California conocida como /ron Mountain y reportadas en la revista Science (Baker et
al., 2006). Las arqueas ARMAN se detectaron al analizar secuencias de genes ribosomales
contenidas en los metagenomas de biofilmes. Estudios de diversidad previos no habian podido
amplificar sus genes ribosomales 16S rRNA mediante reacciones de PCR debido a que sus
secuencias son muy divergentes. Se ha encontrado que las arqueas ARMAN en conjunto
representan poblaciones minoritarias dentro de las comunidades de los biofilmes (5-25%). Las
arqueas ARMAN no se han podido cultivar. Mediante imagenes de microscopia electronica se ha
encontrado que sus células son las mas pequefias conocidas para formas de vida libre ya que solo
miden cerca de ~300 nm de diametro y ademds se ha visto que establecen interacciones
desconocidas con arqueas del orden Thermoplasmatales y con virus que también son enigmaticos

(Baker et al, 2006; Baker et al., 2010; Comolli y Banfield, 2014).

Se han podido reconstruir genomas parciales para los linajes ARMAN-2 (Candidatus
Micrarchaeum acidiphilum), ARMAN-4 (Candidatus Parvarchaeum acidiphilum) y ARMAN-5
(Candidatus Parvarchaeum acidophilus) a partir de los metagenomas de los biofilmes de la mina
de California (Baker et al., 2010) y se ha propuesto que corresponden a un filo nuevo nombrado
Parvarchaeota (Rinke et al., 2013). Recientemente se obtuvieron genomas parciales adicionales
para los linajes ARMAN-2, ARMAN-4 y ARMAN-5 a partir del metagenoma del drenaje acido
de una mina del sur de China (Hua et al., 2015). A la fecha no se han podido obtener genomas del

linaje ARMAN-1 debido a que son miembros aiin menos abundantes en las comunidades.

En el metagenoma del sedimento termal de Los Azufres identificamos una secuencia de
un gen ribosomal 16S rRNA de una arquea correspondiente al linaje ARMAN-1. No se pudieron
encontrar secuencias de genes ribosomales de otros linajes de arqueas ARMAN. Mediante
busquedas de BLASTP encontramos contigs que corresponderian a la arquea del linaje ARMAN-
1 usando las secuencias de proteinas conocidas del genoma del linaje ARMAN-2 (el linaje

filogenéticamente mas cercano al linaje ARMAN-1).
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Posteriormente hicimos un andlisis de agrupacion de los contigs en categorias
taxonomicas (binning) usando el programa MaxBin que considera la cobertura de lecturas, la
frecuencia de tetranucleotidos y la presencia de genes marcadores (Wu et al., 2014). Del anélisis
de agrupamiento, encontramos un unico bin que contenia los mismos contigs que el analisis de
busquedas por BLAST ademdas de contigs adicionales que no habian podido ser detectados

mediante identidad de secuencia.

El ensamble actual del genoma representativo del linaje ARMAN-1 de Los Azufres
presenta una longitud de 980,507 pares de bases, una alta cobertura de secuencia de 146X y esta
contenido en cinco contigs. El genoma estd depositado en GenBank pero no se ha hecho publico.
Actualmente se esta analizando el potencial genético de nuestro ensamble del linaje ARMAN-1 y
las diferencias existentes con los genomas de las arqueas ARMAN. Un alineamiento global de
los genomas de los linajes ARMAN-2 y ARMAN-1 muestra que los genomas presentan una gran
cantidad de rearreglos gendmicos pero tienen pequeios bloques conservados (Figura 25). Los
genomas podrian presentar tantos rearreglos debido a la actividad de transposasas. En base a la
anotacion actual, solo se han identificado dos transposasas de la familia IS605 OrfB que se han
identificado también en el linaje ARMAN-4 y en arqueas de los 6érdenes Methanosarcinales y
Thermoplasmatales. Las secuencias de arqueas ARMAN solo se han podido identificar en
drenajes acidos de minas. Nuestro estudio las ha podido identificar en sedimentos fotosintéticos
en sitios termales. Al realizar andlisis filogenéticos nos hemos percatado que existen secuencias

obtenidas de otros sitios termales que corresponden al linaje ARMAN-1 (Figura 26).

50000 100000 150000 200000 250000 300000 350000 400000 450000 500000 550000 600000 650000 700000 750000 800000 850000 300000 950000 100ba0

| Sl G

L |

ARMAN1 fasta

Figura 25. Alineamiento global de genomas de arqueas del filo Parvarchaeota de los linajes
ARMAN-1 y ARMAN-2. A) genoma de ARMAN-2 recuperado de metagenomas de biofilmes de
la Mina de California. B) genoma recuperado del metagenoma del sedimento fotosintético de Los

Azufres y representante del linaje ARMAN-1.
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JQ217792 clone ZH16b34 (copper mine Zlaté Hory, Czech Republic)
KF225651 clone LR_ANC_168 (Acid Mine Los Rueldos, Spain)
KF225666 clone LR_BNC_90 (Acid Mine Los Rueldos, Spain)
FJ379961 clone spl4-9a (hot springs of St. Lucia, Lesser Antilles)
1003 IN662470 ARMAN-HM_29 (Harz-Mountains acidic biofilm, Germany)
KF225649 clone LR_ANC_79 (Acid Mine Los Rueldos, Spain)
FNB67596 clone 0320106D03 (river water, Rio Tinto, Spain)
FN860683 clone A130306B05 (river water, Rio Tinto, Spain)
KF225677 clone LR_2NM_75 (Acid Mine Los Rueldos, Spain)
AY652726 Uncultured euryarchacote ARMAN-1 (Richmond Mine, California)
91 ACXJ01009734 Contig11161 (Richmond Mine, California)
721KJ907762 Candidatus Micrarchaeum thermoacidiphilum AZ1 (Los Azufres, Mexico)
100y ACVI01000007 ARM2contig_15003 (Richmond Mine, California)
DQ848677 Candidatus Micrarchaeum acidiphilum ARMAN-2 (Richmond Mine, California)
KF225647 clone LR_ANC_67 (Acid Mine Los Rueldos, Spain)
100 IN662467 clone ARMAN-HM_2 (Harz-Mountains acidic biofilm, Germany)
99 LAUZZ01000673 contigl 1365 (Acid Mine Los Rueldos, Spain)
FN866856 clone 0239206F03 (river water, Rio Tinto, Spain)
FI379963 clone sp14-12a (hot springs of St. Lucia, Lesser Antilles)
9xEE

A)

100

54

U368967 clone spx-D6 (hot springs of St. Lucia, Lesser Antilles)
60— AF402987 clone archaeap11 (Kuirau Park, New Zealand)
100 FN861627 clone A231106A07 (river water, Rio Tinto, Spain)
|_|GG730049 Candidatus Parvarchacum acidiphilum ARMAN-4 (Richmond Mine, California)
861 ADCE01000012 ARM4contig_1689 (Richmond Mine, California)

0.3 nucleotide
substitutions per site

B) KJ907762 Candidatus Micrarch thermoacidiphilum AZ1 (Los Azufres, Mexico)
981 ACXJ01009734 Contig11161 (Richmond Mine, California)

790 GQ141750 clone R0425A39 (Rincon de la Vieja Volcano National Park, Costa Rica)
ACVJ01000007 ARM2contig_15003 (Richmond Mine, California)

1001DQ848677 Candidatus Micrarchacum acidiphilum ARMAN-2 (Richmond Mine, California)

AUZZ01000673 contigl 1365 (Los Rueldos, Spain)

GQ141773 clone R0423A218 (Rincon de la Vieja Volcano National Park, Costa Rica)

1(}0“:280275 clone GBX-A-COQ1-244 (El Coquito, high mountain hot spring, Colombia)

AM905392 clone SnDF3 (peat from boreal fen, Finland)

78 KJ632711 clone CS15-21 (Cooloola forest soil, Australia)

EIF280229 clone GBX-A-COQI-53 (El Coquito, high mountain hot spring, Colombia)
JF280239 clone GBX-A-COQ1-219 (El Coquito, high mountain hot spring, Colombia)

E&M‘)OMZO clone SnDOS5 (peat from boreal fen, Finland)

96

54
55

81

ABS570042 clone SaR4 (Hokkaido Bibai wetland soil, Japan)
KJ632760 clone CS33-48 (Cooloola forest soil, Australia)
ABS570025 clone SpR8 (Hokkaido Bibai wetland soil, Japan)
AF402987 clone archaeapl 1 (Kuirau Park, New Zealand)
59 _100—AJ606277 clone SPS31 (acidic West-Siberian peat bog, Russia)
b AJ606291 clone SPS45 (acidic West-Siberian peat bog, Russia)
100y ADCE01000012 ARM4contig_1689 (Richmond Mine, California)
1GG730049 Candidatus Parvarchaeum acidiphilum ARMAN-4 (Richmond Mine, California)

100

0.2 nucleotide
substitutions per site

Figura 26. Anélisis filogenéticos basados en secuencias de genes ribosomales de arqueas del filo
Parvarchaeota relacionadas con el linaje ARMAN-1. Las figuras A) y B) muestran analisis
filogenéticos basados en distintos fragmentos de la secuencia del gen ribosomal 16S rRNA. Los
alineamientos de secuencias contienen 449 y 403 caracteres respectivamente para las figuras 26A
y 26B. Las secuencias recuperadas del metagenoma del sedimento de Los Azufres se muestran en
negritas. Las reconstrucciones filogenéticas se realizaron en MrBayes3 (Ronquist &
Huelsenbeck, 2003) utilizando el modelo de sustitucion GTR+I+G. Los valores de soporte de las
ramas se muestran como probabilidades posteriores bayesianas. Las barras de escala representan

el nimero promedio de sustitucion de nucledtidos por sitio.
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Cultivo de microorganismos de sedimentos fotosintéticos de Los Azufres

Se lograron cultivar algunos microorganismos de la misma muestra de sedimentos
termales que se utilizo para la purificacion de ADN ambiental (Figura 27). Se pudieron obtener
colonias de microalgas y hongos a temperaturas no extremas (25 °C) por lo que estos
microorganismos pueden ser cultivados en rangos grandes de temperaturas. También crecieron
colonias que presentan halos donde no crecen las microalgas ni los hongos, lo que provee
evidencia de que existen interacciones microbianas antagonistas dentro de la comunidad. El

aislamiento y caracterizacion molecular quedan pendientes de realizarse.

Figura 27. Caja de cultivo de microorganismos de sedimentos termales de Los Azufres. En verde
se pueden apreciar colonias de microalgas. Las colonias en color café oscuro corresponden a un
hongo que probablemente corresponde al género Acidomyces. Las flechas indican colonias que
forman halos pequefios en donde no crecen microalgas. El medio de cultivo utilizado fue el DSM

35a (http://www.dsmz.de/microorganisms/medium/pdf/DSMZ_Medium35a.pdf).

En conjunto, estos resultados nos indican que las comunidades microbianas de los
sedimentos termales analizados de Los Azufres presentan diversidad limitada y contienen
comunidades integradas por microalgas de la familia Cyanidiaceae y por algunas poblaciones de

bacterias y arqueas de grupos filogenéticos novedosos.
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Diversidad de comunidades microbianas de una laguna acida de Los Azufres

Los lagos acidos ocurren naturalmente en sitios volcanicos y en sitios con alta
concentracion de hierro y compuestos azufrados. Los lagos acidos también pueden crearse como
resultado de la explotacion minera. Los pH 4cidos caracteristicos de este tipo de lagos se deben a

la disolucion y oxidacion de minerales ricos en azufre y hierro en columnas de agua.

Las comunidades microbianas de los lagos acidos estdn compuestas principalmente por
microorganismos autdtrofos tales como microalgas y por bacterias relacionadas con a-
protebacterias, B-proteobacterias y y-proteobacterias asi como acidobacterias y actinobacterias.
Las arqueas son en general poco abundantes en estas comunidades (Gonzalez-Toril et al., 2003;
Falagan et al., 2014; Stankovic et al., 2014). Actualmente no se han reportado estudios
metagendmicos de este tipo de lagos acidos que permitan evaluar la diversidad de sus

comunidades con mayor resolucion.

El campo geotérmico de Los Azufres contiene una laguna de origen natural (Figura 28)
que presenta un pH estable de 2.3 y temperaturas de entre 12 y 18 °C. Se colectaron muestras de
agua de la superficie para purificar ADN ambiental en los afios 2008, 2009 y 2010 con el fin de
realizar censos de diversidad en base a andlisis de genes ribosomales 16S rRNA. El ADN

purificado durante de 2010 también se utiliz6 para la secuenciacion de un metagenoma.

(L . s

Figura 28. Laguna 4acida de Los Azufres de donde se colectaron muestras de agua para realizar

analisis de diversidad microbiana.
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Se obtuvieron 63 secuencias de genes ribosomales 16S rRNA de bacterias de las librerias
de clonas generadas a partir del ADN purificado de la laguna acida. Las comunidades bacterianas
de laguna 4cida son de complejidad limitada. La curva de rarefaccion de las secuencias de genes
ribosomales 16S rRNA de las bacterias de la laguna acida no supera los 20 OTUs cuando ha
alcanzado la estabilidad (Figura 29). Dadas las dimensiones de la laguna (largo=500 metros,

ancho=200 metros) es notable identificar tan pocos ribotipos distintos.
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Figura 29. Curva de rarefaccion de las secuencias de los genes ribosomales 16S rRNA del censo
de bacterias de la laguna acida de Los Azufres. La curva de rarefaccion incluye 63 secuencias
redundantes (longitud= ~1500 nucle6tidos) de 500 clonas analizadas mediante patrones de
restriccion en cinco muestreos. Los datos se obtuvieron utilizando mothur (Oakley et al., 2009) y
la grafica se reconstruy6 utilizando R. Se muestran las curvas correspondientes a distintos puntos

de corte de acuerdo a la identidad de secuencia.

Las bacterias mas abundantes de la laguna 4cida pertenecen a los géneros Acidiphilium
(a-protebacteria), Acidithiobacillus  (y-proteobacteria), Acidobacterium (Acidobacteria),
Thiomonas (B-proteobacteria) y también se identificaron bacterias del orden Xanthomonadales
(y-proteobacterias) y del filo Thermotogae (Tabla 9). Todas las bacterias identificadas estan
relacionadas filogenéticamente con grupos bacterianos que son comunes en sitios termales y

acidos alrededor del mundo (Figura 30).
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Tabla 9. Filotipos identificados en muestras de agua de la laguna acida de Los Azufres.

Orden Familia Género % de identidad | nimero de acceso GenBank
Rhodospirillales Acetobacteraceae Acidiphilium 99% FI915145
Burkholderiales / Thiomonas 99% CP002021
Acidithiobacillales | Acidithiobacillaceae | Acidithiobacillus 99% NR 028982
Acidithiobacillales | Acidithiobacillaceae | Acidithiobacillus 96% AF362022
Xanthomonadales | Xanthomonadaceae |/ 93% AY987369
Nitrospirales Nitrospiraceae Leptospirillum 99% AF356839
Acidobacteriales Acidobacteriaceae Acidobacterium 97% CP001472
Acidobacteriales Acidobacteriaceae | Acidobacterium 95% CP001472
Thermotogales Thermotogaceae / 81% CP001634
Trebouxiophyceae | Coccomyxaceae / a 689 (r);fN A) AM292034
0
(183 Z}f’N N FJ946891

Las comunidades de eucariotas de la laguna acida estdn dominadas por un grupo
filogenético novedoso. Todas las secuencias de las librerias de clonas de genes ribosomales 18S
rRNA son idénticas. La secuencia del gen ribosomal 18S rRNA presenta una identidad del 97%
en 1,706 nucledtidos con genes de algas de la clase Trebouxiophyceae (reino Viridiplantae, filo
Chlorophyta). Las librerias de clonas de la laguna acida también contienen una secuencia que
presentd una identidad del 90% en 1445 nucledtidos con genes ribosomales 16S rRNA de

cloroplastos de algas trebouxiofitas (Tabla 9).

Un andlisis filogenético indica que la secuencia del gen ribosomal 16S rRNA del
cloroplasto forma un grupo independiente (Figura 31). La presencia de un unico eucariota
dominante es intrigante ya que los analisis de otras comunidades de ambientes 4cidos revelaron

una diversidad muy amplia de eucariotas (Amaral et al., 2002; Aguilera et al.,2006).
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Leptospirillum ferrodiazotroph UBAT1 (EF065178) {USA, California, Iron Mountain, acidophilic pink biofilm}

1.00f Leptospirillum ferriphilum DSM 14647 T (AF356829) {Peru, enrichment culture }

Leptospirillum rubarum Leptoll (DS180875) {USA, California, Iron Mountain, acidophilic pink biofilm}

Leptospirillum ferrooxidans DSM 2705 T (X86776) { Armenia, copper deposits ) Leptospirillum

Uncultured bacterium DBSclone-4 (F1976453) {China, Dabaoshan Mine, acid mine drainage }

1.00 .98} Unculured bacterium placal_b12 (EF446252) {Spain, Rio Tinto, floating macroscopic filaments)

0.92! Leptospirillum sp. {Mexico, acidic lake at Los Azufres geothermal field}

Uncultured bacterium SK681 (DQ834041) [USA, Yellowstone, Joseph's Coat 3 Hot Spring |

0.93} Uncultured bacterium MS9 (AF232923) [ United Kingdom, Montserrat, geothermal springs

Uncultured proteobacterium V3 (AF339745) {Italy, Vulcano, saline water at thermal vents} ND (Thermotogales order)

Uncultured bacterium AB_P5_F10 (GQ328398) [Russia, Uzon Caldera, Arkashin Shurf, thermal pool |

0.94— Uncultured prokaryote BSLc247 (EF682384) {USA, Lassen Volcanic Natl. Park, acidic hot spring }
Thermotogales bacterium {Mexico, acidic lake at Los Azufres geothermal field}

Candidatus Solibacter usitatus Ellin6076 (CP000473) { Australia, soil in ryegrass grass/clover pasture}

Candidarus Koribacter versatilis Ellin345 (CP000360) { Australia, soil in ryegrass grass/clover pasture }

Uncultured Acidobacteriaceae bacterium ORCL3.14 (EF042585) {Spain, acid mine drainage )

Acidobacterium sp. MPSACTX8 (NZ_ADVX01000009)

Acidobacterium sp. MPSACTX9 (NZ_ADVY01000015) . :
1004 . . 5 . . - " . Acidobacteria
Acidobacterium capsulatum ATCC 51196 T (CP001472) {Japan, Yanahara pyrite mine, acidic drainage sediments}
Acidobacteria sp. {Mexico, acidic lake at Los Azufres geothermal field}
1.00]r Uncultured bacterium DCN-I-17 (DQ660841) {China, acid mine drainage }

1.00} 1.00

0.5LAcidobacteria sp. {Mexico, acidic lake at Los Azufres geothermal field}
1.00 Alpha proteobacterium NZ6 (AY029220) {New Zealand: White Island, hydrothermal waters )
| 091 Acidiphilium multivorum DSM 11245 T (AB006712) {Japan, acid mine water}
0.98! Acidiphilium organovorum ATCC 43141 T (D30775) {USA, acid mine drainage}
‘P Acidiphilium sp. JX-XY (DQ674270) {China, acid mine drainage } Acidiphillium
Acidiphillium sp. {Mexico, acidic lake at Los Azufres geothermal field}
1.00yAcidiphilium angustum ATCC 35903 T (D30772) {USA, Pennsylvania, acidic waters from coal mines
Acidiphilium rubrum ATCC 35905 T (D30776) {USA. Pennsylvania, acidic waters from coal mines }

Thiomonas perometabolis ATCC 23370 T (AY455808) {soil }
Thiomonas intermedia ATCC 15466 T (AY455809) {mud}
1.00 g Thiomonas arsenivorans b6 (AY950676) | France, mining site }
0.54 Thiomonas cuprina DSM 5495 T (AB331954) { Germany, uranium mine } s
[ Thiomonas sp. CB2 (F1014922) {France, Carnoules mine, arsenic-rich acidic waters}
Thiomonas sp. {Mexico, acidic lake at Los Azufres geothermal field }
Thiomonas sp. {Mexico, acidic lake at Los Azufres geothermal field}
Thiomonas sp. [Mexico, acidic lake at Los Azufres geothermal field}
Uncultured bacterium SK680 (DQ834040) {USA, Yellowstone Natl. Park, Joseph's Coat 3 Hot Spring }
Xanthomonadales bacterium {Mexico, acidic lake at Los Azufres geothermal field}
Xanthomonadales bacterium {Mexico, acidic lake at Los Azufres geothermal field }
Xanthomonadales bacterium {Mexico, acidic lake at Los Azufres geothermal field}
Xanthomonadales bacterium [Mexico, acidic lake at Los Azufres geothermal field} ND (Xanthomonadales order)
I Uncultured bacterium MC1_16S_51 (EU662620) { Romania, Movile Cave, sulfidic water}
Uncultured bacterium fb10 (DQ303257) {Spain, Tinto River, acidic river}
Uncultured gamma proteobacterium S-K6-C04 (EF612433) [USA, Arizona, mine tailings}
1.00 Acid streamer bacterium PK51 (AY765997) {United Kingdom, Wales, acid mine drainage }
Uncultured bacterium DBS-Clone7 (DQ659182) [China, acid mine drainage ]
Acidithiobacillus sp. {Mexico, acidic lake at Los Azufres geothermal field}
0.6 0.57 Acidithiobacillus thiooxidans ATCC 19377 T (Y11596) {United Kingdom, Kimmeridge clay}
0.8 §Acidithiobacillus albertensis DSM 14366 T (AJ459804) {Canada, acidic soil at sulfur stockpile
0.6 PAcidithiobacillus sp. {Mexico, acidic lake at Los Azufres geothermal field}
Acidithiobacillus ferrooxidans ATCC 23270 T (AF465604) {acid coal mine effluent}
Uncultured bacterium K17bX1b99 (EU419128) { USA, Mount Hood, acidic volcanic soil }
Uncultured bacterium (DQ354750) {South Africa, Kalahari Shield, subsurface water)
Acidithiobacillus sp. {Mexico, acidic lake at Los Azufres geothermal field}
Acidithiobacillus caldus DSM 8584 T (229975) {United Kingdom, coal spoils)
Uncultured Acidithiobacillus sp. K6-C19 (EF612419) [USA, Arizona, mine tailings }
Acidithiobacillus sp. {Mexico, acidic lake at Los Azufres geothermal field}
ﬁcﬂwbm‘ler sulfurreducens PCA (AE017180)

Geobacter uraniireducens Rf4 (CPO00698)

0.54

0.6

Acidithiobacillus

02

Figura 30. Analisis filogenético basado en secuencias de genes ribosomales 16S rRNA de
bacterias. Las secuencias de las librerias de clonas de la laguna acida de Los Azufres se muestran
en negritas. Los grupos sin géneros descritos se identifican con ND (no determinados). El
alineamiento de secuencias contiene 1381 caracteres. La reconstruccion filogenética bayesiana se
realizd en MrBayes3 (Ronquist & Huelsenbeck, 2003) utilizando el modelo de sustitucion
GTR+I+G. Se muestran los nimeros de acceso de GenBank de las secuencias utilizadas. Los
valores de soporte de las ramas se muestran como probabilidades posteriores bayesianas. La barra

de escala representa el nimero promedio de sustitucion de nucledtidos por sitio.
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] Chlorella ellipsoidea
! gy Chlorella {mcchamph ila
! Koliella longiseta
—— Chlorella mirabilis
0.87 Parachlorella kessleri
Chlorella kessleri
Closteriopsis acicularis
Picochlorum ewkaryotum
069 Chlorella sp. NC644 *WGS*
Chlorella sorokiniana
Chlorella vulgaris C27 *WGS*
Chiorella sp. SUN-2

I — Auxenochlorella protothecoides

L—— Prototheca wickerhamii

4,!? Chlorophyte CMS93
Coccomyxa glaronensis

! ; rUncultured chlorophyte clone
_[I-_Cocmm yxa sp. C-169 *WGS*
0. 71 uncultured clone

Green alga isolate - Los Azufres - *WGS*
— Uncultured chiorophyte clone

—,'l:(:h lorella saccharophila
Heveochlorella hainangensis
| Physcomitrella patens

L— Marchantia polymorpha
Chara vulgaris

0.63]

.99

0.74)

0.1
Figura 31. Anadlisis filogenético basado en secuencias de genes ribosomales 16S rRNA de
cloroplastos de microalgas de la clase Trebouxiophyceae. Se muestra en negritas una secuencia
representativa de un cloroplasto de la microalga de la laguna acida de Los Azufres obtenida de la
libreria de clonas. Las microalgas con secuencias gendmicas disponibles se identifican con las
siglas WGS (Whole Genome Shotgun). El alineamiento de secuencias contiene 1614 caracteres.
La reconstruccion filogenética bayesiana se realizd en MrBayes3 (Ronquist & Huelsenbeck,
2003) utilizando el modelo de sustitucion GTR+I+G. Los valores de soporte de las ramas se
muestran como probabilidades posteriores bayesianas. La barra de escala representa el nimero

promedio de sustitucion de nucledtidos por sitio.
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Las comunidades microbianas de la laguna acida son estables a través del tiempo en base
a los censos de diversidad de secuencias obtenidas por librerias de clonas de genes ribosomales.
Los analisis de diversidad de cinco muestras de agua colectadas en fechas distintas indican que
las comunidades microbianas de la laguna acida modifican sus estructuras pero conservan los
mismos ribotipos (Figura 32). Sin embargo, queda pendiente realizar andlisis metagendmicos
mas finos en distintas épocas del aflo para corroborar la estabilidad de las comunidades
microbianas de la laguna acida de Los Azufres. Las secuencias metagenomicas adicionales

ayudarian a eliminar posibles sesgos en la amplificacion de genes ribosomales.

20

Marzo 2008 Marzo 2009 Marzo 2010

Acidiphilium
Thiomonas
Acidithiobacillus

Xanthomonadales

Acidobacteria

Alphaproteobacteria

Leptospirillum
Cloroplasto

Junio 2009 Noviembre 2009 u Thermotogales

Figura 32. Proporcion de ribotipos en los andlisis de diversidad de la laguna 4cida de Los

Azufres. Los analisis estan conformados en base a 100 clonas ambientales en cada mes.

Las diferencias en las estructuras de las comunidades quizas se deben a las variaciones
ambientales. Por ejemplo, la comunidad con mas ribotipos (noviembre 2009) corresponde al
muestreo posterior a la época de lluvias. Durante la época de lluvias seguramente ingresa una
mayor cantidad de nutrientes del suelo circundante a la laguna. La presencia extra de nutrientes o
un cambio en el pH del agua podrian favorecer la proliferacion de grupos filogenéticos
minoritarios. Tal vez, grupos que se encuentran presentes en los sedimentos prosperan
temporalmente antes de que las condiciones se estabilicen en la época posterior a las lluvias

cuando quiza ocurra una seleccion de microorganismos.
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Todas las muestras analizadas son de un solo sitio para reducir las variables. Sin embargo,
debido a que el sitio de muestro se encontraba seco durante la época de sequia el andlisis de
diversidad de julio de 2009 se realiz6 a 4 metros de una manifestacion termal que se encuentra en
lo que normalmente seria el fondo de la laguna 4cida. Solo en el analisis de diversidad de julio de
2009 es posible identificar microorganismos del filo Thermotoga (que solo incluye
microorganismos de manifestaciones hidrotermales). Durante la época de sequia el agua de la
laguna tiene una mayor interaccion con los fluidos y con los sedimentos que emanan de las

manifestaciones geotérmicas del fondo, que suponemos afectan la estructura de la comunidad.

Los anélisis de diversidad hechos a lo largo de tres afios corresponden a la estacion de
inicio de primavera (marzo) que es cuando las condiciones quimicas parecen mas estables (sin
influencia directa ni de las lluvias ni de la sequia). No se analizo la diversidad durante la época de
lluvias, tampoco se analizé la diversidad de los sedimentos y solo se cuenta con el andlisis
quimico de una muestra de agua. Andlisis futuros que consideren estas limitantes podrian

identificar mejor las variables que afectan la estructura de la comunidad.

En general los grupos filogenéticos son los mismos en todas las muestras a pesar de las
variaciones ambientales. Con el tiempo, la acidez constante del agua de la laguna 4cida parece ser

el factor principal que selecciona y mantiene a los microorganismos de la comunidad microbiana.

Analisis de secuencias metagenomicas de una laguna dcida

Los laguna acida se eligié para purificar ADN metagendmico y hacer su secuenciacion
debido a que presenta comunidades estables y de complejidad limitada. La laguna acida presenta
condiciones extremas de pH y metales pesados. Ademds las comunidades contienen grupos
bacterianos que no se habian identificado en el Eje Volcanico de México. Finalmente fue
importante realizar la secuenciacion de un metagenoma para confirmar la diversidad limitada de

eucariotas y confirmar si las microalgas son los microorganismos dominantes.

69



Se realizé la secuenciacion del metagenoma a partir de ADN purificado de muestras de
agua colectadas durante el afio 2010 de la superficie de la laguna é4cida. El metagenoma se
secuencid en un equipo 454 GS-FLX Titanium en el Laboratorio Nacional de Genomica para la
Biodiversidad (LANGEBIO). El metagenoma esta conformado por 278 megabases de secuencias.
El ensamble preliminar se realizd6 usando Newbler v.2.3 (454 Life Sciences) y generd 31,762
contigs que contienen 49 megabases. La agrupacion preliminar de los contigs en categorias

taxondmicas (binning) se realizé utilizando el servidor MG-RAST (Glass et al., 2010).

El metagenoma de la laguna acida primeramente se analizé para explorar su diversidad
microbiana usando las secuencias de genes ribosomales. La identificacion de genes ribosomales
se realizo usando el servidor WebMGA (Wu et al.,, 2011). La identidad de las secuencias

ribosomales obtenidas se verificod mediante busquedas de BLASTN en GenBank.

Se identificaron 71 lecturas de pirosecuenciacion que presentan identidad con genes
ribosomales 16S rRNA de bacterias (Figura 33). La mayoria de las lecturas corresponden a
Acidiphilium (16 lecturas), a Thiomonas (14 lecturas), a Acidithiobacillus (10 lecturas), a la
Gammaproteobacteria del orden Xanthomonadales (8 lecturas) y a Acidobacterium (7 lecturas).
Las restantes 16 lecturas corresponden a bacterias de los géneros Acidocella y Leptospirillum y a
bacterias de grupos filogenéticos identificados en el Rio Tinto de Espafia. Con respecto a
eucariotas, la mayoria de las lecturas corresponden a los genes ribosomales de la microalga de la

clase Trebouxiophyceae (Figura 31).
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B Acidiphilium

Thiomonas
® Acidithiobacillus
B Xhanthomonadacea
W Acidobacteria
¥ Legionella
Acidocella

® Alphaproteobacteria (subsurface/mines)

B Gammaproteobacteria (Rio Tinto)
m Unknown bacteria (Rio Tinto)
® Planktomycete-like
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® Euglenozoa (Kinetoplastid)
B Other eukaryota (Rio Tinto)

W Vorticella-like

Poterioochromonas

Figura 33. Numero de lecturas del metagenoma de la laguna acida que presentan identidad con
genes ribosomales. A) Lecturas que presentan identidad con genes ribosomales 16S rRNA de

bacterias. B) Lecturas que presentan identidad con genes ribosomales de eucariotas.

Se encontro6 que 39.59% de los contigs (12,576 contigs) corresponden a un grupo
filogenético conocido. 60.41% de los contigs (19,186 contigs) permanecen sin asignacion
filogenética (Figura 34). Los contigs clasificados tienen identidad con secuencias de bacterias

(8,961 contigs) y con secuencias de eucariotas (3,532 contigs).

Casi la totalidad de los contigs con identidad a secuencias de bacterias pertenecen a los
filos Acidobacteria (5.28%) y Proteobacteria (82.55%). Las secuencias metagendomicas mas
abundantes de bacterias corresponden a a-protebacterias, B-proteobacterias, y-proteobacterias y
acidobacterias. 72.45% de los contigs tienen identidad con secuencias de microalgas y 22% de
los contigs corresponden al grupo Fungi/Metazoa (Figura 34). Los grupos filogenéticos
identificados en el metagenoma son congruentes con los identificados en los andlisis de

diversidad basados en productos de PCR de los genes ribosomales.
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Domain Proteobactaria Acidobacteria Eukoryota

.I’Iasml:ls 0.01% (1 .unc\assmed Proteobactena 0.27% (20 B 2ddcbactena idlass) 68.29% (323) | e L 54% (19

B sukanvots 2£.06% [3532] M delta/epsilen subdivisions 4.18% (309) M Solibacteres 31.71% (150) B Euglenczoa 0.14% (35)

W 3actera 71.25% (8361 M 2iphapro ra 44.41% 5 [l vridiplantae 72.45% (255¢)
M viruses 0.25% (31) M Gammaprotecbacteria 20.05% (1383) B Crvptophyta 0.06% (2)

M acchaea 0.39% (49) Il Betaprotecbactena 31.09% (2300) [l khodophyta L.UEY% (3)

oroad host range plasmids 0.03% (3) %% (1)

i
M Fungi/Metazoa group 26.64% (941)
| Haterolobogaa 0.06% (2

Figura 34. Composicion filogenética del metagenoma de la laguna 4cida. El nimero de contigs
para cada grupo filogenético se muestra entre paréntesis. Los contigs estan clasificados
filogenéticamente en base a identidad de secuencia utilizando la base de datos SEED en el

servidor MG-RAST (Glass et al., 2010). El valor de expectativa es de 1e—10.

Se logro obtener la secuencia completa de un plasmido que contiene genes de resistencia a
metales pesados (Figura 35) y también se han identificaron genes relevantes en las secuencias
metagendémicas que participan en la conversion de compuestos de arsénico y en la fijacion de

nitrogeno (Figura 36).
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Figura 35. Secuencia completa de un plasmido obtenida del ensamble del metagenoma de la
laguna acida de Los Azufres. El plasmido contiene genes de replicacion y genes que participan en

la resistencia a metales pesados.
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A) aoxB (conversion bioldgica de arsenatos a arsenitos)

1.00 Thiomonas sp. NO115 (EU304261) {Norway, As-contaminated mining site}
Thiomonas sp. CB1 (EU339210) {France, Gard, Camoules, acid mine drainage}
0.97 1.00Y Thiomonas sp. 3As (AMS502288) {France, Gard, Carnoules, acid mine drainage}
—— Thiomonas arsenivorans DSM 16361 (EU304260) {France, As-contaminated soil from a disused gold mine}
0.87 1.00 Acidic green lake metagenomic aoxB sequence
L Acidic green lake PCR-amplified aoxB sequence
0.9 1.00  Uncultured bacterium CS-8S-4 (EU427706) {USA, Yellowstone Natl. Park, Calcite Springs}
_r— Uncultured bacterium CS-88-8 (EU427705) {USA, Yellowstone Natl. Park, Calcite Springs}
U":’? 0.95p Thiomonas sp. WI68 (EL{3392|3) {L'n.itcd K.ingdom, Cornwall, tin mine. drainag.e}. .
1.00 | FThr‘omouas sp. WJ68 (EU304262) {United Kingdom, Wales, As-contaminated mining site }
Uncultured bacterium T12ROAS (EU304321) {Belgium, As-contaminated soil}
0.97 Herminiimonas arsenicoxydans (NC_009138)
— Burkholderia multivorans ATCC 17616 T (NC_010804)

0.3

B) arsC (conversion biologica de arsenitos a arsenatos)

0.87 Azorhizobium caulinodans ORS 571 (AP009384)

. Methylobacterium radiotolerans JCM 2831 (CP001001)

Sphingomonas sp. KA1 (AB270530)

Gluconacetobacter diazotrophicus PAL 5 (CP001189)
Acetobacter pastewrianus IFO 3283-12 (APO11172)

0'24.-1 cidiphilium cryptum JE-5 (CPO00697)
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Figura 36. Analisis filogenéticos de genes identificados en secuencias metagenoémicas de la
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laguna acida participan en procesos de detoxificacion bioldgica de compuestos de arsénico y en

el proceso de fijacion de nitrégeno.
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Las secuencias metagendémicas revelaron la composicion filogenética limitada de la
comunidad de la laguna &cida y permitieron identificar a una microalga verde de la clase
Trebouxiophyceae que suponemos es el productor primario de la comunidad. Ademas, las
secuencias metagendmicas confirmaron que las microalgas son los microorganismos dominantes.
Finalmente el metagenoma contiene secuencias de bacterias cosmopolitas de ambientes acidos

pero no contiene secuencias de arqueas, apoyando asi a que las bacterias son mas abundantes.

Cultivo de microorganismos de la laguna acida de Los Azufres

Se lograron obtener colonias de microalgas y de bacterias de muestras de agua de la
laguna 4cida inoculadas en medio de cultivo DSMZ 35a a 25 °C. Algunas cajas de cultivo se
dejaron expuestas a luz solar indirecta para tratar de cultivar a las microalgas de la laguna acida
(Figura 37). En cambio, otras cajas de cultivo se dejaron en oscuridad para favorecer el
crecimiento de bacterias. La caracterizacion molecular en base a secuencias de genes ribosomales
indican que las colonias microalgas corresponden a la microalga de la clase Trebouxiophyceae
que se detectd en las librerias de clonas y en el metagenoma de la laguna &cida. Las colonias

bacterianas correspondieron a cepas de los géneros Acidocella y Thiomonas.

Figura 37. Microalgas cultivables de la clase Trebouxiophyceae de la laguna acida de Los
Azufres. Se muestra la primera caja de cultivo en donde se identificaron las colonias de
microalgas y de la cual se obtuvo subsecuentemente a la cepa de la microalga Trebouxiophyceae

sp. MX-AZ01. El medio de cultivo utilizado fue el DSM 35a.
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Genoma de una microalga nueva de la clase Trebouxiophyceae

Se obtuvo la secuencia del genoma de la cepa de la microalga Trebouxiophyceae sp. MX-
AZO01 que se logro cultivar y purificar en el laboratorio. Primero se realizd una ronda de
secuenciacion en la plataforma GAIIx de Illumina/Solexa. Se obtuvieron 79,838,082 lecturas
pareadas de 32 pares de bases y con tamafios de inserto de 300 pares de bases que corresponden a
2,554 megabases de secuencia. Las lecturas se ensamblaron de novo utilizando Velvet v.1.2.07
(Zerbino y Birney, 2008). La primera version del ensamble presenta una cobertura total de 64X y
recuperd 320 scaffolds que contienen 46.41 megabases. Los 4,615 contigs sin gaps contienen
45.32 megabases. El genoma de la microalga Trebouxiophyceae sp. MX-AZOl mide

aproximadamente entre 45 y 46 megabases en base al primer ensamble.

Posteriormente se realizd una segunda secuenciacion del genoma de la microalga
utilizando un cuarto de placa de la plataforma de 454 Titanium para obtener lecturas mas largas y
con mayor tamafio de inserto para mejorar el ensamble de Illumina. Se obtuvieron 324,530
lecturas pareadas con tamafos de inserto de tres kilobases que corresponden a 206.75 megabases.
Las secuencias se ensamblaron de novo utilizando Newbler (454 Life Sciences). El ensamble
obtenido presenta una cobertura total de 4X y recuperd 1,889 scaffolds que contienen 30.43
megabases. Los 24,771 contigs sin gaps contienen 28.93 megabases. Actualmente se esta
trabajando en mejorar los ensambles usando las lecturas de Illumina y de 454 Titanium. La
ultima version del ensamble del genoma de la microalga contiene 1,537 contigs mayores a cinco

kilobases, mide 43.2 megabases y presenta un contenido de G+C de 52.31%.

Los genomas parcialmente secuenciados de las microalgas filogenéticamente cercanas
Coccomyxa subellipsoidea C-169 (38.8 megabases) y Chlorella variabilis NC64A (46 Mb)
presentan tamafios de genomas parecidos. Nuestros ensambles proveen buenos estimados sobre el

tamafio del genoma de la microalga Trebouxiophyceae sp. MX-AZ01.
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Articulo:

Servin-Garciduefias LE, Martinez-Romero E. 2012. Complete mitochondrial and plastid genomes

of the green microalga Trebouxiophyceae sp. strain MX-AZ01 isolated from a highly acidic
geothermal lake. Eukaryotic Cell. 11: 1417-1418.

Las secuencias gendmicas del primer ensamble de lecturas de Illumina permitieron
reconstruir los genomas completos de los genomas del cloroplasto y la mitocondria de la cepa de

la microalga Trebouxiophyceae sp. MX-AZ01 (Figura 38).

En este articulo se reporta la secuenciacion, ensamble, caracteristicas y contenido
genético los genomas de los organelos de la microalga Trebouxiophyceae sp. MX-AZ01. Los

genomas de los organelos fueron los primeros obtenidos de microalgas trebouxiofitas acidéfilas.

Se encontr6 que el genoma de la mitocondria es el mas largo reportado para una
microalga trebouxiofita debido a que presenta varias secuencias de intrones y endonucleases,
presentes incluso en sus genes ribosomales. Ademas el genoma del cloroplasto presenta el

contenido de G+C mas alto descrito para microalgas trebouxiofitas.
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Complete Mitochondrial and Plastid Genomes of the Green Microalga
Trebouxiophyceae sp. Strain MX-AZ01 Isolated from a Highly Acidic

Geothermal Lake

Luis E. Servin-Garciduefias and Esperanza Martinez-Romero

Center for Genomic Sciences, UNAM, Cuernavaca, Morelos, Mexico

We report the complete organelle genome sequences of Trebouxiophyceae sp. strain MX-AZ01, an acidophilic green microalga
isolated from a geothermal field in Mexico. This eukaryote has the remarkable ability to thrive in a particular shallow lake with
emerging hot springs at the bottom, extremely low pH, and toxic heavy metal concentrations. Trebouxiophyceae sp. MX-AZ01
represents one of few described photosynthetic eukaryotes living in such a hostile environment. The organelle genomes of
Trebouxiophyceae sp. MX-AZ01 are remarkable. The plastid genome sequence currently presents the highest G+C content for a
trebouxiophyte. The mitochondrial genome sequence is the largest reported to date for the Trebouxiophyceae class of green al-
gae. The analysis of the genome sequences presented here provides insight into the evolution of organelle genomes of trebouxio-

phytes and green algae.

he Trebouxiophyceae are a class of phylum Chlorophyta, which

comprises algae from marine and fresh waters (5). Trebouxio-
phyceae sp. strain MX-AZ01 was recently identified and isolated
from a lake from the Los Azufres geothermal field in western Mex-
ico, where it seems to be endemic. This strain thrives in a lake with
pH 2.3 and may represent a novel species. Here we present the
complete and annotated organelle genomes of Trebouxiophyceae
sp. MX-AZ01. These sequences represent the first organelle ge-
nomes reported for an acidophilic trebouxiophyte.

Trebouxiophyceae sp. MX-AZ01 was maintained at the Cen-
ter for Genomic Sciences in the culture collection of the Eco-
logical Genomics Department of UNAM. DNA was sequenced
with the Illumina GAIIx platform. Reads were assembled de
novo using Velvet 1.2.07 (9). Some contigs with overrepre-
sented coverage corresponded to organelle sequences. Reads
were mapped to gap-surrounding sequences by using Maq
0.7.1 (6). Mapping reads and PCR amplifications were used
to eliminate gaps. Coding sequences were predicted using
GeneMark.hmm 2.0 (1). rRNA and tRNA were predicted using
RNAmmer 1.2 (4) and tRNAscan-SE 1.21 (7). Further, gene
predictions were manually verified. The organelle genomes
from Coccomyxa subellipsoidea C-169 (8) and Trebouxiophy-
ceae sp. MX-AZ01 were aligned using Mauve 2.3.1 (3).

The mitochondrial genome sequence (74.4 kb; 197-fold cover-
age) is the largest currently deposited in GenBank for the Treboux-
iophyceae and has a G+C content of 53.4%. The mitochondrial
genome comprises 42 putative coding genes, 24 tRNAs, and 3
rRNAs. Seven putative endonucleases were detected as part of
intronic regions, with six of them located in the large-subunit
rRNA gene and one present in the cytochrome c oxidase subunit 1.
Group II introns were detected among four tRNA-coding genes
(trnHg,g, trnS,e,, trnS,g,, and trnW,.,). The gene order between
Trebouxiophyceae sp. MX-AZ01 and C. subellipsoidea mitochon-
drial genome is conserved.

The plastid genome (149.7 kb; 312-fold coverage) has the high-
est G+ C content, 57.7%, exceeding the recently described 50.7%
G+C content of the C. subellipsoidea plastid (8). The Trebouxio-
phyceae sp. MX-AZ01 plastid genome comprises 81 putative cod-
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ing genes, 32 tRNAs, and 3 rRNAs. All three rRNA genes clustered
together, different from the ribosomal gene organization of the
plastid genome of C. subellipsoidea. Three putative endonucleases
were detected as part of intronic regions, with two of them located
in the large-subunit rRNA gene and another one found in psbA.
The group I intron found in psbB in the plastid genome of C.
subellipsoidea was absent (8). Comparisons of the plastid genomes
of C. subellipsoidea and Trebouxiophyceae sp. MX-AZ01 suggested
the occurrence of several genome rearrangements.

The organelle genomes were sequenced as part of a research
initiative aimed at describing the diversity of extremophiles from
the Los Azufres geothermal field. These are the first complete ge-
nome sequences obtained from a microorganism isolated from
Los Azufres. The nuclear genome from C. subellipsoidea has been
reported previously (2). Future comparative genomics between
nuclear genomes will allow better taxonomic classification of
Trebouxiophyceae sp. MX-AZ01.

Nucleotide sequence accession numbers. The genome se-
quences determined in this study have been deposited in DDBJ/
EMBL/GenBank under accession numbers JX315601 (mitochon-
drion) and JX402620 (plastid).
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Figura 38. Representacion de los genomas completos de los organelos de la microalga
Trebouxiophyceae sp. MX-AZ01 recuperados del metagenoma del sedimento fotosintético de

Los Azufres. Los colores de los genes predichos corresponden a distintas categorias funcionales.
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Microscopia electronica de microalgas de la laguna acida de Los Azufres

Se obtuvieron imagenes de microscopia electronica preliminares con la finalidad de
conocer la morfologia de las microalgas. A partir de muestras de agua de la laguna acida se
identificaron células con morfologias caracteristicas de microalgas verdes de la clase
Trebouxiophyceae. Las células vegetativas tienen forma globular o de cocos alargados y miden
entre 3 nm de largo por 2 nm de ancho. Las células vegetativas contienen un cloroplasto grande
que presenta varias membranas. También se observa la presencia de vesiculas que pudieran estar

almacenando almidén o acidos grasos (Figura 39).

A) B)

3nmx 2.25 nm 2.6 nmx 1.8 nm

Figura 39. Imégenes de microscopia electronica de transmision de células vegetativas de

microalgas de la laguna acida de Los Azufres.
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Servin-Garciduefias LE, Garrett RA, Amils R, Martinez-Romero E. 2013. Genome sequence of

the acidophilic bacterium Acidocella sp. strain MX-AZ02. Genome Announc. 1: e00041-12.

Una de las bacterias de la laguna acida que se logré cultivar en el laboratorio corresponde
al género Acidocella. Las bacterias del género Acidocella son a-protebacterias que habitan
comunmente en ambientes con concentraciones elevadas de metales pesados y en condiciones de
acidez extrema tales como las presentes en sitios termales y en de drenajes de minas acidas. Las
bacterias del género Acidocella son acidofilas, mesoéfilas y heterotrofas. En el metagenoma de la
Laguna Verde se identificaron pocas lecturas de Acidocella sin embargo se pudieron identificar
varias colonias usando medio de cultivo DSM 35a. E1 ADN de la cepa Acidocella sp. MX-AZ02
se purificd y se utilizd para obtener la secuencia de su genoma. El genoma de la cepa MX-AZ02
es el primero que se secuenci6 de una bacteria del género Acidocella. El genoma de la cepa MX-
AZ02 reveld secuencias gendmicas que permitiran conocer el potencial genético que posee para
residir en las condiciones extremas de la laguna &cida. En este articulo se reporta la

secuenciacion, ensamble y principales caracteristicas del genoma parcial de la cepa MX-AZ02.

El genoma de Acidocella sp. MX-AZ02 ha permitido identificar genes involucrados en el
metabolismo energético que son basales en la historia evolutiva de las a-protebacterias. En base a
analisis filogenéticos sugerimos que ocurrid una duplicacion génica ancestral de la citocromo bd
oxidasa. El evento de duplicacion génica probablemente ocurrid en los antecesores de las a-
proteobacterias actuales tales como las pertenecientes al orden Rhodospirillales, que incluyen a
Acidocella. Sugerimos que las oxidasas del tipo bd-I ancestrales pudieron haberse transferido a
otros linajes de proteobacterias. Encontramos también que las oxidasas del tipo CIO pudieron
haberse diferenciado en varios subtipos como resultado de duplicaciones génicas posteriores. Los
resultados completos de este analisis se presentan en el articulo: Degli Esposti M, Rosas-Pérez T,

Servin-Garciduefias LE, Bolafios LM, Rosenblueth M, Martinez-Romero E. 2015. Molecular

evolution of cytochrome bd oxidases across proteobacterial genomes. Genome Biol. Evol.

7:801-820, que no se incluye como parte de esta tesis.
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Genome Sequence of the Acidophilic Bacterium Acidocella sp. Strain

MX-AZ02

Luis E. Servin-Garciduefas,® Roger A. Garrett,? Ricardo Amils,c Esperanza Martinez-Romero?
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Here, we report the draft genome sequence of Acidocella sp. strain MX-AZ02, an acidophilic and heterotrophic alphaproteobac-

terium isolated from a geothermal lake in western Mexico.
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cidocella sp. strain MX-AZ02 was isolated from a naturally
acidic (pH 2.3) and heavy metal-containing shallow lake in
the Los Azufres National Park in western Mexico. The Acidocella
genus comprises aerobic, acidophilic, Gram-negative bacteria be-
longing to the class Alphaproteobacteria (1). Acidocella relatives
have been identified both in natural and acid mine drainage envi-
ronments exhibiting high heavy-metal levels (2—6). Acidocella has
also been detected among Sphagnum moss microbiota growing
under varying acidic conditions (7, 8). Currently, the genus con-
tains three reference strains isolated from acidic environments
(9-11).
DNA was isolated from Acidocella sp. MX-AZ02, which yields
smooth, round, and translucent colonies on DSMZ medium 35a.

the culture collection of the Ecological Genomics Department,
National University of Mexico (UNAM). The sequencing was per-
formed with the Roche 454 GS-FLX titanium technology generat-
ing 58.04 Mbp (~16-fold coverage) from a mate-paired library
with 3-kb inserts. The reads were assembled de novo using New-
bler assembler 2.3 (454 Life Sciences). The assembly produced 303
contigs of >500 bp each with an N, size of 22.12 kb. Nine scaf-
folds were generated containing 250 contigs. Genome annotation
was performed using the NCBI Prokaryotic Genomes Automatic
Annotation Pipeline (PGAAP) (http://www.ncbi.nlm.nih.gov
/genomes/static/Pipeline.html).

The genome of Acidocella sp. MX-AZ02 was estimated to be
3.6 Mbp with a G+C content of 64.1% and it carried 3,553 open
reading frames (ORFs). The 16S rRNA gene phylogeny indicated
that the strain is closely related to type strains Acidocella facilis
PW2, Acidocella aluminiidurans AL46, and Acidocella aminolytica
101, sharing 99.86%, 99.50%, and 97.93% sequence identities,
respectively, over 1,407 bp.

Metal resistance determinants have been identified for Acido-
cella strains (12, 13, 14). The Acidocella sp. MX-AZ02 genome
codes for arsenic, chromium, copper, and cobalt-zinc-cadmium
transporters, as well as heavy-metal sensor signal transduction

histidine kinases and chaperones. Carbonic anhydrases were also
€00041-12
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encoded, which may provide a means to cope with the low CO,
levels in acidic waters.

One Acidocella strain was shown to metabolize fructose from
medium containing cell-free algal exudates, but it was unable to
metabolize mannitol or glucose (15). Acidocella sp. MX-AZ02
may use glucose in the isolation medium as a carbon source. An
acidophilic and abundant unicellular green alga was recently char-
acterized from the same lake from which Acidocella sp. MX-AZ02
was isolated (16). Possibly, Acidocella sp. MX-AZ02 utilizes or-
ganic compounds from the alga, as was proposed previously for
acidophilic microalgae and acidophilic heterotrophic bacteria
(15).

The draft genome of Acidocella sp. MX-AZ02 will facilitate the
identification of metal resistance determinants and may help us
understand bacterial-algal interactions. This is the first isolated
bacterial genome for an Acidocella strain and is the first sequenced
bacterial genome from the Los Azufres National Park.

Nucleotide sequence accession number. The draft of the ge-
nome sequence is deposited at DDBJ/EMBL/GenBank under the
accession no. AMPS00000000.
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Diversidad de otras comunidades bacterianas de Los Azufres

Diversidad bacteriana de agua colectada de un pozo de enfriamiento

El pozo de enfriamiento contiene la comunidad microbiana mas diversa de todos los sitios
analizados (Fig. 1E). Las secuencias de genes 16S rRNA obtenidas de la muestra del pozo de
enfriamiento (55 secuencias) se agrupan filogenéticamente dentro de nueve géneros bacterianos
(Tabla 10, Figura 40). Probablemente, la presencia de un nimero mayor de géneros bacterianos
se debe al hecho de que las condiciones de la muestra del pozo de enfriamiento (pH=6.6,

T=18°C) no son tan extremas como en los otros sitios.

La curva de rarefaccion de las secuencias de genes 16S rRNA de las bacterias del agua del
pozo de enfriamiento no supera los 20 OTUs y ha alcanzado la estabilidad (Figura 41). La curva
de rarefaccion incluye a las 55 secuencias generadas (longitud= ~1500 nucleétidos). La
secuenciacion del metagenoma de la muestra de agua del pozo no se realizé dado que el numero
de filotipos es mayor que el resto de los sitios, que los filotipos identificados son ya conocidos y

también debido a que ya se cuenta con genomas completos para varios de los filotipos.

Tabla 10. Filotipos identificados en la muestra de agua de un pozo de enfriamiento de Los Azuftes.

Orden Familia Género % de identidad | nimero de acceso GenBank
Rhodobacterales Hyphomonadaceae | Hyphomonas 97% CP000158
Burkholderiales Burkholderiaceae Limnobacter 97% GQ284439
Oceanospirillales | Oceanospirillaceae | Marinomonas 98% EF382679
Rhizobiales Phyllobacteriaceae | Parvibaculum 97% CP000774
Sphingomonadales | Erythrobacteraceae | Porphyrobacter 97% AB016518
Xanthomonadales | Xanthomonadaceae | Rhodanobacter 97% FJ405366
Rhodobacterales Rhodobacteraceae | Rhodobacter 97% AM399030
Burkholderiales / Thiomonas 98% CP002021
Chromatiales Halothiobacillaceae | Thiovirga 81% CP001634
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Marinomonas primoryensis KMM 3633 T (AB074193) {Japan, Japan Sea, marine coastal sea-ice}
Marinomonas sp. M6-20A (AY730245) {USA, California, Mono Lake )
Marinomonas pontica 46-16 T (AY539835) [ Eastern Crimea, Baltic Sea, Karadag Natural Reserve, sea water |
Marinomonas sp. CK13 (AJ833000) {Antarctica, Kerguelen Island, sea water}
Marinomonas sp. MWYLI T (CP000749) {England, North Norfolk, root surface of Spartina anglica)
Marinomonas alkaliphila U1 T (AJ627909) { Argentina, Ushuaia, sub-Antarctica, coastal sea water
Marinomonas sp. BSi20328 (DQ492749) {Canada, Canada Basin, Arctic sea ice}

1.00Y“Marinomonas sp. {Mexico, Los Azufres geothermal field, cooling well}
0.87; Uncultured bacterium 7150D1B48 (EF562149) {USA, Colorado, Henderson Molybdenum Mine}
Uncultured bacterium kab133 (F1936850) {Russia, Kamchatka, Avachinsky, volcanic mud})
Uncultured bacterium E407 (FJ466329) [USA, Hawaii, Kilauea volcanic deposit}
Uncultured gamma-proteobacterium (AJ583181) {Russia, Siberia, ground water from a deep-well}
Rhodanobacter thivoxydans LCS2 T (AB286179) {South Korea, Daejeon, biofilm on sulphur particles} | Rhodanobacter
Uncultured bacterium SC-22 (AB255089) {Japan, corroded concrete sample |
Uncultured bacterium DCN-1-18 (DQ660842) [ China, DongChuan copper pyrites, acid mine drainage)
Rhodanobacter ginsengisoli GR17-7 T (EF166075) [ Korea, ginseng fields )
Rhodanobacter sp. {Mexico, Los Azufres geothermal field, cooling well}
Thiovirga sulfuroxydans SO07 T (AB118236) (Japan, Sapporo, municipal waste-water treatment plant }
Uncultured bacterium PC06110_B37 (EU101175) {Ialy, Frasassi sulfidic cave stream biofilm}
Uncultured Chromatiales bacterium (AB476674) {Switzerland, road tunnel, sulfur containing freshwater source }
Uncultured bacterium (DQO88740) {South Africa, gold mine, 0.7 to 1.4 kmbls fracture-derived groundwater}
Uncultured bacterium BCWCWP1 A48 (F1598386) {India. water sample )
Thievirga sulfuroxydans {Mexico, Los Azufres geothermal field, cooling well}
Thiomenas thermosulfata ATCC 51520 T (U27839) (Canada, sewage sludge samples enriched with sulfur}
Thiomonas sp. ML2-93 (DQ146144) {Taiwan, Milk Lake, sulfur spring }

1.00

0.981 Thiomonas sp. {Mexico, Los Azufres geothermal field, cooling well}
Limnobacter thiooxidans CS-K2 T (AI289885) [Germany, Lake Chiemsee, freshwater lake sediment )
1001 Limnobacier sp. KP1-19 (AB366174) {Japan, Miyake-Jima Island, young volcanic deposits }
1.00 Uncultured bacterium DR550SWSAEE35 (DQ354727) {South Africa, Kalahari Shield, subsurface water}
(.65L Limnobacter sp. {Mexico, Los Azufres geothermal field, cooling well}
Uncultured bacterium DTMB83 (EF205521) {Central Tibet, geothermal spring mat }
Hyphomonas hirschiana VP-5 T (AF082794) {Ecuador, mussel bed in Galapagos thermal vent}
Hyphomeonas rosenbergii VP-6 T (AF082795) [ Mexico, Guaymas Basin, seawater in thermal vent}
Hyphomonas neprunium ATCC 15444 T (CP000158) {Spain, Barcelona harbour, seawater) Hyphomonas
Unidentified bacterium K2-30-32 (AY344392) {USA, Hawaii, Lake Kauhako}
Hyphomonas oceanitis SCH-89 T (AF082797) { Baltic Sea}
Hyphomonas sp. {Mexico, Los Azufres geothermal field, cooling well}
Rhodobacter sphaeroides T (X53853) {isolated from deep lakes and stagnate waters}
Rhodobacter sp. Cr5-50 (GU441680) { Germany, glacier cryoconite}
Uncultured alpha proteobacterium (AB252935) {Japan, Ishikawa, Kaga, Lagoon Shibayama, iron-oxidation biofilm}
Uncultured bacterium AKIABI_11G (GQ396845) {USA, AK. forelands of the Mendenhall Glacier near Juneau)
Rhodobacier changlensis JA139 T (AM399030) {India, Ladakh, Changla pass, purple mat on ice)
1OOL Rirodobacter sp. [Mexico, Los Azufres geothermal field, cooling well }
Uncultured Parvibaculum sp. DMS17 (FJ536887) { Canada, Toronto, waste water treatment plant, waste-activated sludge }
Uncultured bacterium EVSIS8SWSAP35 (DQ337073) [South Africa, Kalahari Shield, subsurface water}
Uncultured bacterium SC-144 (AB255109) {Japan, corroded concrete sample )
00 parvibacilum lavamentivorans DS-1'T (AY387398) [activated sludge of industrial sewage plant}
Uncultured bacterium (GU453501) {USA, Fort Lupton, Colorado, contaminated aquifer sediment}
1.00L parvibaculum sp. {Mexico, Los Azufres geothermal field, cooling well}

Porphyrobacier tepidarius DSM 10594 T (AF465839) {Japan, Shidzuoka Prefecture, Usami, Ottotomura hot spring }

Paorphyrobacter tepidarius OKSAPO (AY048657) {New Zealand, Orakei Korako geothermal area, microbial mat at 40-45 °C)
1.00 Porphyrobacter donghaensis SW-132 T (AY559428) {Korea, East Sea, sea water} Porphyrobacter

0.8] Porphyrobacter neusionensis DSM 9434 T (AB033327) { Australia, University Lake, eutrophic freshwater pond |

Porphyrobacter tepidarius {Mexico, Los Azufres geothermal field, cooling well}
100 jAcidiphilium cryptum JF-5 (CPO0O069T)

Acidiphilivm nudtivorum AIU 301 (AB00GT11)

Rhodobacter

Parvibaculum

0.1

Marinomonas

Thiovirga

Thiomenas sp. CB2 (F1014922) {France, Carnoules mine tailings, arsenic-rich acidic waters } Thiomonas

Limnobacter

Gammaproteobacteria

Betaproteobacteria

Alphaproteobacteria

Figura 40. Posicion filogenética de las secuencias de genes ribosomales 16S rRNA obtenidas de

la muestra de ADN de agua del pozo de enfriamiento. El alineamiento de secuencias contiene

1376 caracteres. La reconstruccion filogenética bayesiana se realizd en MrBayes3 (Ronquist &

Huelsenbeck, 2003) utilizando el modelo de sustitucion GTR+I+G. Los numeros de acceso de

GenBank de las secuencias de referencia se indican en paréntesis. Las secuencias obtenidas en

este estudio se muestran en negritas. Los valores de soporte de las ramas se muestran como

probabilidades posteriores bayesianas. La barra de escala representa el numero promedio de

sustitucion de nucleétidos por sitio.
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Figura 41. Curva de rarefaccion de las secuencias de los genes ribosomales 16S rRNA de los
analisis de diversidad de la muestra de agua del pozo de enfriamiento. Los datos se obtuvieron
utilizando mothur (Oakley et al., 2009) y la grafica se reconstruy6 utilizando R. Se muestran las

curvas correspondientes a distintos puntos de corte de acuerdo a la identidad de secuencia.

Diversidad bacteriana de agua geotérmica colectada de tuberias profundas

El anélisis de diversidad de una muestra de agua geotérmica se realiz6 para determinar si
los microorganismos identificados en las manifestaciones geotérmicas superficiales podrian estar
presentes en el reservorio geotérmico profundo. Las secuencias de genes 16S rRNA de la muestra
de agua son cercanas filogenéticamente a secuencias de bacterias de la clase Betaproteobacteria
que han sido identificadas en manifestaciones geotérmicas y en muestras de agua de minas (Tabla

11, Figura 42).

El género Thiomonas se identifico tanto en la comunidad de la laguna acida como en la
comunidad del pozo de enfriamiento. En conjunto, estos resultados nos indican que la comunidad
bacteriana de una muestra de agua del reservorio geotérmico profundo presenta una complejidad

limitada y que la comunidad est4 conformada principalmente por Betaproteobacterias.

Tabla 11. Filotipos identificados en la muestra de agua geotérmica profunda de Los Azufres.

Orden Familia Género % de identidad | numero de acceso GenBank
Burkholderiales | Comamonadaceae | Acidovorax 99% Y18617
Burkholderiales / Thiomonas 99% DQ146144
Burkholderiales | Comamonadaceae / 98% EF562037
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0.94p Uncultured beta proteobacterium {Mexico, Los Azufres, pipe transporting geothermal water from the underground )
Uncultured beta proteobacterium clone 4-199 (GQ354911) [USA, California, Alum Rock Park |
1.00] ¢ Uncultured Comamonadaceae bacterium 7025P1B 11 (EF562037) {USA, Colorado, Molybdenum mine, >1,000-meter-deep} Comamonadaceae
Uncultured Comamonadaceae bacterium 7025P4B75 (EF562101) {USA, Colorado, Molybdenum mine, >1,000-meter-deep} Sfamily
Uncultured Comamonadaceae bacterium 7025P4B30 (EF562060) {USA, Colorado, Molybdenum mine, >1,000-meter-deep}
Uncultured beta proteobacterium OPPB048 (AY861783) {USA, Yellowstone Natl. Park, Obsidian Pool prime community ]
ie sp. (Mexico, Los Azufres, pipe transporting geothermal water from the underground)
Acidovorax delafieldii ATCC 17503 T (AF078764) {soil with poly-beta-hydroxybutyrate as sole carbon source }
0.934 Acidovorax sp. TST (EU073073) (China, Hubei, arsenic-conta nvironment, g c-reducing }
1.00 | YUncultured bacterium I1C-40 (AB255064) {Japan, corroded concrete sample} Acidovorax Betaproteobacteria
Acidovorax facilis CCUG 2113 T (AF078765) {USA, lawn soil, chemolithotrophic growth of hydrogen, degradation of PBH}
1.00= Acidovorax defluvii BSB411 T (Y18616) { Germany, Munchen, activated sludge from a wastewater treatment plant}
0.99¢ Thiomonas perometabolis ATCC 23370 T (AY455808) [soil
0.981 Thiomonas intermedia ATCC 15466 T (AY455809) {mud]
098KL Thiomanas sp. CB2 (F1014922) {France, Carnoules mine tailings, arsenic-rich acidic waters)
10U 7iomonas sp. {Mexico, Los Azufres, pipe transporting geothermal water from the underground} Thiomonas
Thiomonas sp. ML2-93 (DQ146144) | Taiwan, Milk Lake, sulfur spring }
Thiomonas thermosulfata ATCC 51520 T (U27839) {Canada, sewage sludge samples enriched with elemental sulfur}
100 rAcidiphiium cryptum JF-5 T (CPO0069T)
L Acidiphitium multivorum ATU 301 T (ABO06711)

1.0
1.00

1.00

o
Figura 42. Posicion filogenética de las secuencias de genes ribosomales 16S rRNA obtenidas de
la muestra de agua geotérmica colectada de una tuberia que conduce agua y vapor desde el
reservorio geotérmico profundo. El alineamiento de secuencias contiene 1082 caracteres. La
reconstruccion filogenética bayesiana se realizé en MrBayes3 (Ronquist & Huelsenbeck, 2003)
utilizando el modelo de sustitucion GTR+I+G. Los nimeros de acceso de GenBank de las
secuencias de referencia se indican en paréntesis. Las secuencias obtenidas en este estudio se
muestran en negritas. Los valores de soporte de las ramas se muestran como probabilidades
posteriores bayesianas. La barra de escala representa el numero promedio de sustitucion de

nucleoétidos por sitio.

Conclusiones

Las comunidades microbianas que poseen una complejidad limitada proveen la oportunidad tinica
de utilizar las herramientas de secuenciaciéon masiva para elucidar la diversidad filogenética y
funcional con gran resolucion. Nuestros analisis de diversidad mediante enfoques independientes
de cultivo indican que de las manifestaciones geotérmicas de Los Azufres albergan comunidades

microbianas de complejidad limitada.

En todas las comunidades analizadas se identificaron géneros conocidos de bacterias y de arqueas
que se encuentran presentes a nivel mundial en drenajes dcidos de minas, en depdsitos de aguas
profundas, en cuevas y en ambientes de origen volcanico. De acuerdo a los andlisis realizados,
también se identificaron microorganismos filogenéticamente novedosos de los tres dominios de

la vida y virus que permanecian desconocidos.
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En general, los ensambles de las secuencias metagendmicas permitieron la reconstruccion de los
genomas consenso de las poblaciones de los microorganismos mayoritarios lo que esta

permitiendo descubrir su potencial metabolico con gran resolucion.

Los andlisis metagendmicos de una solfatara acida indican que las comunidades microbianas
estan compuestas por poblaciones de arqueas. Las poblaciones dominantes corresponden a un
género nuevo del orden Sulfolobales. Las arqueas Sulfolobales se encuentran presentes tanto en la
parte aerdbica como anaerdbica de la solfatara. También se descubrieron poblaciones
minoritarias de arqueas anaerdbicas del orden Thermoproteales que corresponden a los géneros

Vulcanisaeta y Thermoproteus.

Se obtuvieron genomas consenso de las poblaciones de arqueas Sulfolobales y Thermoproteales a
partir del ensamble de metagenomas de la solfatara acida. También se obtuvieron los genomas de
los virus SMR1 (Sulfolobales Mexican Rudivirus) y SMF1 (Sulfolobales Mexican Fusellovirus)
de la misma solfatara acida. Se descubrid que los sedimentos circundantes a la solfatara acida
contienen una cepa nueva de Sulfolobus acidocaldarius que fue secuenciada completamente y

cuyo genoma representa el mas pequefio y diverso dentro del género Sulfolobus.

Se logro identificar una comunidad dominada por una microalga roja de la familia Cyanidiaceae
y por arqueas conocidas como ABC-plasmas del orden Thermoplasmatales en un metagenoma de
sedimentos fotosintéticos depositados en una fumarola acida. El ensamble de secuencias permitid
reconstruir los genomas de los organelos de la microalga. Ademas, el analisis revel6 el primer
genoma de una especie de arquea candidata del filo Parvarchaeota que contiene arqueas
enigmaticas y ultra pequefias. También se lograron identificar secuencias de genes ribosomales

que corresponden a linajes nuevos de actinobacterias, Chloroflexi y Thermotogales.

La comunidad de la laguna 4cida esta compuesta en su mayoria por una poblacion dominante de
una microalga verde que corresponde a un linaje nuevo. También se identificoé a un niimero
limitado de bacterias acidéfilas y de eucariotas desconocidos. El genoma parcial de la microalga
verde pudo ser obtenido del metagenoma de la laguna 4cida y permitié reconstruir los genomas

completos de sus organelos.
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Los analisis de diversidad de los sitios mencionados anteriormente y de muestras de agua de un
pozo de enfriamiento y de agua geotérmica indican que los microorganismos de Los Azufres
pueden transferirse entre el subsuelo y la superficie y se localizan tanto en sitios naturales como

en sitios artificiales generados por el hombre para la generacion de energia geotérmica.

Perspectivas

Solfatara acida

Como primera meta se planean publicar los resultados del segundo metagenoma para reportar la
identificacion y los genomas consenso de las comunidades de arqueas Thermoproteales.

Actualmente se esta trabajando en el escrito.

Se desea realizar un tercer metagenoma de la solfatara acida utilizando técnicas nuevas de
secuenciacion usando equipos tales como PacBio o HiSeq. De esta forma se podran generar

ensambles mas completos para los genomas de las arqueas y arqueovirus.

Realizar ensayos adicionales para tratar de cultivar a las arqueas Sulfolobales y Thermoproteales
identificadas mediante los metagenomas. El cultivo de arqueas permitiria ademas el

enriquecimiento de arqueovirus nuevos.

Al realizar los andlisis filogenéticos de la arquea Sulfolobales AZ01 nos percatamos que el orden
Sulfolobales requiere esfuerzos para enmendar su taxonomia. Por lo tanto se estan realizando
ensayos filogenéticos para enviar articulos sobre las relaciones evolutivas de las arqueas que

integran al orden Sulfolobales.
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Sedimentos fotosintéticos

Como primer meta se planea realizar una publicacion para reportar la diversidad revelada

mediante técnicas metagenomicas.

Después se planean analizar los genomas ya obtenidos de los organelos de la microalga roja de la

familia Cyanidiaceae y enviar una publicacion.

Se desea identificar mediante técnicas moleculares a los microorganismos que se lograron
cultivar en los primeros ensayos. Se podran generar secuencias genémicas de microorganismos
aislados si llegaran a ser filogenéticamente novedosos o si pertenecieran a grupos taxonomicos

que carecen de genomas reportados.

Actualmente se estan realizando analisis comparativos entre los genomas de las arqueas ARMAN
obtenidos de los biofilmes de la mina de California (Baker et al., 2010) y el genoma recuperado
del metagenoma de los sedimentos de Los Azufres. Los andlisis comparativos permitiran
identificar los genes y propiedades que tienen en comin o que son exclusivas para cada una de
ellas. Se planea enviar un articulo enfocado en reportar la obtencion del genoma la arquea

ARMAN de Los Azufres y los resultados obtenidos de los analisis comparativos.

Se tiene contemplado hacer un andlisis para obtener otros genomas individuales del metagenoma.
Los genomas de las arqueas ABC-plasmas son los primeros que se tienen considerados. Se haran
comparaciones con los genomas recuperados para las arqueas ABC-plasmas obtenidas de los

biofilmes de la mina de California (Yelton et al., 2013).

Se planean realizar busquedas bioinformaticas para recuperar secuencias de virus del
metagenoma del sedimento fotosintético debido a que las pocas imdgenes de microscopia
existentes de arqueas ARMAN revelan interacciones desconocidas con virus (Baker et al., 2010;
Comolli y Banfield, 2014). A la fecha no se han reportado genomas completos de virus de
arqueas ARMAN o de arqueas ABC-plasmas. Los genomas de los virus podrian ayudar a

comprender a las interacciones mediante el andlisis de su potencial genético.
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Otra meta mas ambiciosa consiste en analizar el genoma de la microalga roja que es dominante
en los sedimentos ya que su genoma se encuentra casi completamente representado en el
metagenoma. Se planean identificar eventos de transferencia horizontal de bacterias y arqueas al
genoma de la microalga mediante analisis filogenéticos, anotacion de genes y contenido
diferencial de G+C. Se usaran como base los trabajos reportados sobre los genomas de otras

microalgas rojas (Matsuzaki et al., 2004; Barbier et al., 2005; Schonknecht et al., 2013).

Laguna dcida

Se desea publicar un articulo para reportar la diversidad bacteriana de la laguna 4cida recuperada

mediante las técnicas de amplificacion de genes ribosomales y de metagendmica.

También se planea realizar el ensamble del genoma de la microalga verde mediante el uso de
secuencias del metagenoma y del genoma aislado obtenido de células en cultivo. Se tiene
considerado realizar la secuenciacion de transcriptomas de la microalga verde en condiciones de

campo y de cultivo para ayudar en la anotaciéon del genoma.

Actualmente se esta secuenciando ADN del genoma de Acidocella sp. MXAZO02 con fines a
generar su genoma completo. Ayudaré en ensamble del genoma cuando las secuencias se
encuentren disponibles. También se tiene considerado generar los genomas de aislados de
Thiomonas sp. y de Acidiphilium sp. para comprender mejor su potencial metabolico y para

realizar analisis comparativos con otros genomas reportados.

Otros sitios

Se desean publicar los resultados obtenidos sobre la diversidad bacteriana del agua del pozo de
enfriamiento y del agua geotérmica. Se pondrd énfasis en reportar a los grupos bacterianos

compartidos entre ambas muestras de agua y en la movilidad de los microorganismos entre el

subsuelo y la superficie.
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Capitulo 11

Diversidad genomica de rizobios de Phaseolus nativos de México
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Introduccion y antecedentes

Los rizobios son a-proteobacterias que son capaces de fijar nitrogeno atmosférico para
sus plantas hospederas. El uso de rizobios en la agricultura permite ahorros de miles de millones
de dolares ya que reduce el uso de fertilizantes quimicos (Martinez-Romero, E., 2003). El
proceso de fijacion de nitrogeno ocurre en los nodulos de las plantas donde los rizobios reciben
nutrientes y expresan a la enzima nitrogenasa que requiere de bajas concentraciones de oxigeno.
Los ndédulos son pequefias estructuras especializadas en las raices, y en muy pocos casos en los

tallos, de plantas leguminosas como la alfalfa, la soya y el frijol.

La formacion de los nodulos depende del apropiado reconocimiento molecular entre los
rizobios y las plantas leguminosas. Los factores Nod son las sefiales moleculares que producen
los rizobios en presencia de las plantas (Lerouge et al., 1990). Los factores Nod son
lipooligosacaridos que contienen residuos de un azucar, glucosamina, y diferentes sustituciones
quimicas (Denarie et al., 1996). El descubrimiento del factor Nod fue reportado en la revista

Nature hace 25 afios (Lerouge et al., 1990) y se designé como la molécula del afio.

Estudios posteriores encontraron variantes del factor Nod producidas por diferentes
rizobios. Las variantes en el factor Nod se deben a la presencia de sustituciones quimicas tales
como acetilaciones, fucosilaciones, sulfataciones, etc. Algunas variantes del factor Nod han
podido correlacionarse en cierta medida con la especificidad por distintas plantas leguminosas

(Denarié et al., 1996; Poupot et al., 1993; Poupot et al., 1995; Laeremans et al., 1999).

Los genes nod son necesarios para la produccion de las enzimas que producen los
factores Nod y estan codificados en diferentes regiones de los genomas de los rizobios. En
Bradyrhizobium los genes nod se encuentran codificados en los cromosomas principales dentro
de las regiones conocidas como islas simbioticas. En cambio, en Rhizobium los genes nod
residen en los llamados plasmidos simbidticos que pueden transferirse entre células y por tanto

tienen una evolucion gendmica mas dinamica.
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Las vias de sefializacion que se desencadenan en las plantas después del reconocimiento
del factor Nod fueron dilucidadas a lo largo de més de una década de investigacion (Geurts y
Bisseling, 2001; Madsen et al., 2003). Parte de las vias de sefializacion también son usadas por
las plantas para percibir las sefiales moleculares de hongos micorrizicos que pueden llegar a
colonizar cerca de un 90% de las plantas (Parniske, 2008). La molécula sefial producida por los

hongos micorrizicos es estructuralmente semejante al factor Nod (Maillet et al., 2011).

Phaseolus vulgaris, el frijol comun, ha sido por muchos afios la especie modelo para
estudiar interacciones moleculares entre Rhizobium y Phaseolus. Phaseolus vulgaris es ademas
la especie de frijol mas utilizada para la alimentacion humana en el mundo. En México, las
principales especies de Rhizobium que nodulan y fijan nitrégeno con el frijol comin son R.
phaseoli y R. etli (Martinez-Romero et al., 1985; Segovia et al., 1991; Segovia et al., 1993;
Souza et al., 1994; Caballero-Mellado y Martinez-Romero, 1999; Aguilar et al., 2004).

Rhizobium phaseoli y R. etli producen factores Nod que no estan sulfatados pero si
fucosilados (Poupot et al., 1995; Cérdenas et al., 1995). Sin embargo, el frijol comin es una
planta promiscua que puede llegar a nodular con rizobios tales como R. tropici y R. leucaenae
que presentan rangos amplios de nodulacién y que producen factores Nod sulfatados (Poupot et

al., 1993; Folch-Mallol et al., 1996; Torres-Tejerizo et al., 2011).

México cuenta con la mayor diversidad de especies de Phaseolus silvestres. El género
Phaseolus se distribuye a lo largo del continente americano y contiene cerca de 70 especies
(Freytag y Debouck, 2002; Delgado-Salinas et al., 1999; Delgado-Salinas et al., 2006). En base a
estudios moleculares, el género Phaseolus comprende ocho clados filogenéticos nombramos en
base a especies representativas (Phaseolus filiformis, P. leptostachyus, P. lunatus, P. pauciflorus,
P. pedicellatus, P. polystachius, P. tuerckheimii y P. vulgaris) ademas de especies con relaciones
filogenéticas que no se han podido resolver tales como P. microcarpus. El clado de Phaseolus
vulgaris esta conformado por las especies P. vulgaris, P. coccineus, P. dumosus, P. costaricensis

y P. albescens (Delgado-Salinas et al., 1999; Delgado-Salinas et al., 2006).
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Los simbiontes de P. vulgaris han sido estudiados detalladamente mientras que los
simbiontes de otras especies han recibido menor atencién. Se conoce que muchas plantas
leguminosas son noduladas por diversas especies de Bradyrhizobium (Martinez-Romero, 2009),
y esto pudiera ser cierto también para las distintas especies de Phaseolus. En contraste con P.
vulgaris, variedades cultivadas de P. acutifolius y P. lunatus junto con plantas silvestres de P.
parvulus y P. pauciflorus son noduladas por Bradyrhizobium. (Somasegaran et al., 1991; Parker,

2002; Ormefio-Orrillo et al., 2006).

Se ha reportado que variedades cultivadas de P. lunatus pueden presentar simbiosis con
diferentes rizobios (incluso de género distinto) aunque en baja proporcion (Ormefio-Orrillo et al.,
2006). Por tanto, las plantas de Phaseolus pueden llegar a presentar cierto grado de laxitud
durante la seleccion de sus simbiontes. En ausencia de los simbiontes principales, las plantas de

Phaseolus llegan a seleccionar otros simbiontes presentes en el suelo.

En el laboratorio de la Dra. Esperanza Martinez se han analizado los rizobios de los
nddulos de diversas leguminosas de México, con especial énfasis en P. vulgaris. Propuse
analizar la diversidad genética de rizobios de otras especies de Phaseolus nativos de México. La
propuesta tuvo su fundamento en la tesis de licenciatura que realicé en el laboratorio del Dr.
Federico Sanchez del Instituto de Biotecnologia de la UNAM donde analicé filogenias de

Phaseolus y con quien se establecié una colaboracion para la realizacion del proyecto.
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Planteamiento del problema

La diversidad genética de rizobios no se ha analizado exhaustivamente para las diversas especies

de Phaseolus nativos de México.

Hipotesis

La nodulacién con Bradyrhizobium es comin en Phaseolus y la nodulacion preferencial con

Rhizobium ocurre en un grupo de especies relacionadas filogenéticamente con P. vulgaris.

Objetivos

Identificar molecularmente a los rizobios que establecen simbiosis con especies representativas

de los grupos filogenéticos del género Phaseolus.

Especificamente, identificar molecularmente a los rizobios que establecen simbiosis con todas

las especies reportadas del grupo filogenético de Phaseolus vulgaris.

Obtener cultivos de rizobios aislados de plantas de campo y realizar la secuenciacion de sus

genomas para comprender mejor las bases genéticas de su potencial simbiotico.

Analizar la posicion filogenética y filogendmica de las cepas de rizobios recuperados.

Revisar la taxonomia de Rhizobium y otros géneros de la familia Rhizobiaceae mediante analisis

comparativos de secuencias gendomicas.
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Articulo:

Servin-Garciduefias LE, Zayas-Del Moral A, Ormefio-Orrillo E, Rogel MA, Delgado-Salinas A,

Sanchez F, Martinez-Romero E. 2014. Symbiont shift towards Rhizobium nodulation in a group

of phylogenetically related Phaseolus species. Mol. Phylogenet. Evol. 79: 1-11.

Encontramos que las especies de Phaseolus cercanas a P. vulgaris establecen simbiosis
preferentemente con Rhizobium independientemente de si son variedades silvestres o cultivadas.
También observamos que la mayoria de las especies de Phaseolus forman nddulos con
Bradyrhizobium como ocurre en otras leguminosas de la tribu Phaseoleae. Se obtuvo la
secuencia del genoma parcial de la cepa Bradyrhizobium sp. CCGE-LA001 que se aislo de
nodulos de campo de P. microcarpus. El genoma de Bradyrhizobium sp. CCGE-LAO1 es el
primero que se secuencia para un Bradyrhizobium que establece simbiosis con Phaseolus. El
genoma reveld genes simbiodticos con secuencias novedosas y se encontrd que codifica para un
repertorio amplio de genes nod involucrados en la adicién de distintas modificaciones quimicas.
En este articulo también se presenta una revision de las relaciones filogenéticas de las especies

pertenecientes al clado P. vulgaris. Los resultados completos se describen en el articulo.
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Bean plants from the Phaseolus genus are widely consumed and represent a nitrogen source for human
nutrition. They provide biological fertilization by establishing root nodule symbiosis with nitrogen-fixing
bacteria. To establish a successful interaction, bean plants and their symbiotic bacteria need to synchro-
nize a proper molecular crosstalk. Within the Phaseolus genus, P. vulgaris has been the prominent species
to study nodulation with Rhizobium symbionts. However the Phaseolus genus comprises diverse species
whose symbionts have not been analyzed. Here we identified and studied nodule bacteria from represen-
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Nodulation Rhizobium nodulation in few related species. This work sets the basis to further study the genetic basis

of this symbiont substitution.
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1. Introduction

The Phaseolus genus is estimated to contain around 70 species
and the majority of them are distributed from Northern Mexico
to Central America (Freytag and Debouck, 2002; Delgado-Salinas
et al., 2006); most of the wild species diversity is found in this area
suggesting that the origin for the whole Phaseolus genus may
reside within it. In Mexico, wild Phaseolus species thrive from rain
forests to deserts and from lands close to the ocean to forests
surrounding high mountains and volcanoes. Phaseolus diversity
should be conserved as “we live in a period of rapid loss of biodi-
versity” (Ley et al., 2008). It is unfortunate that some wild species
like Phaseolus albescens and P. rotundatus are endangered (Ramirez-
Delgadillo and Delgado-Salinas, 1999; Salcedo-Castafio et al,,

* Corresponding author. Address: Centro de Ciencias Genémicas, UNAM. Av.
Universidad SN, Chamilpa, CP 62210, Cuernavaca, Morelos, Mexico. Fax: +52 777
3175581.

E-mail addresses: Iservin@lcg.unam.mx (L.E. Servin-Garcidueiias), alezayas@ibt.
unam.mx (A. Zayas-Del Moral), eormeno@ccg.unam.mx (E. Ormefio-Orrillo),
marogel@ccg.unam.mx (M.A. Rogel), adelgado@ibunam?.ibiologia.unam.mx
(A. Delgado-Salinas), federico@ibt.unam.mx (F. Sanchez), emartine@ccg.unam.mx
(E. Martinez-Romero).

http://dx.doi.org/10.1016/j.ympev.2014.06.006
1055-7903/© 2014 Elsevier Inc. All rights reserved.

107

2009). The diversity of the natural Phaseolus symbionts may be at
risk if their hosts are threatened.

Based on molecular studies, the genus Phaseolus comprises
eight phylogenetic clades named after representative species from
each group (Phaseolus filiformis, P. leptostachyus, P. lunatus, P.
pauciflorus, P. pedicellatus, P. polystachius, P. tuerckheimii and
P. vulgaris) and species with unclear phylogenetic relationships like
P. microcarpus. The Phaseolus vulgaris clade is composed of seven
species. In general, P. vulgaris, P. coccineus, P. dumosus, P. costaricen-
sis and P. albescens prefer more temperate and cooler conditions
and are commonly found in mountain ranges, valleys and volcanic
hills from Mesoamerica and Central America. P. vulgaris is the only
species from this clade that is naturally distributed in South
America and its northern range even extends to Canada and the
United States of America. The two outlier species, P. parvifolius
and P. acutifolius are resistant to drought and warm conditions that
are commonly found where these species thrive (Delgado-Salinas
et al., 1999; Delgado-Salinas et al., 2006). Besides P. vulgaris, only
a few species (P. lunatus, P. coccineus, P. dumosus and P. acutifolius)
were domesticated for human consumption.

Knowledge of the specific symbionts for different Phaseolus
species may be important for farmers as nitrogen-fixing bacteria


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ympev.2014.06.006&domain=pdf
http://dx.doi.org/10.1016/j.ympev.2014.06.006
mailto:lservin@lcg.unam.mx
mailto:alezayas@ibt.unam.mx
mailto:alezayas@ibt.unam.mx
mailto:eormeno@ccg.unam.mx
mailto:marogel@ccg.unam.mx
mailto:adelgado@ibunam2.ibiologia.unam.mx
mailto:federico@ibt.unam.mx
mailto:emartine@ccg.unam.mx
http://dx.doi.org/10.1016/j.ympev.2014.06.006
http://www.sciencedirect.com/science/journal/10557903
http://www.elsevier.com/locate/ympev

2 L.E. Servin-Garciduefias et al. /Molecular Phylogenetics and Evolution 79 (2014) 1-11

can be used as natural fertilizers to increase crop yields. Wild and
domesticated P. vulgaris beans are nodulated by Rhizobium etli and
related species such as Rhizobium phaseoli (Lopez-Guerrero et al.,
2012), both in its sites of origin (Martinez-Romero et al., 1985;
Segovia et al., 1991; Segovia et al., 1993; Souza et al., 1994;
Caballero-Mellado and Martinez-Romero, 1999; Aguilar et al,,
2004) and in some regions where beans have been introduced
(Herrera-Cervera et al., 1999; Grange and Hungria, 2004; Tamimi
and Young, 2004; Aserse et al., 2012). This is an indication of Phase-
olus symbiont selection irrespective of the soil origin. Furthermore,
when P. vulgaris was used as a trap plant with Los Tuxtlas forest
soil that is rich in Bradyrhizobium, it did not trap any bradyrhizobi-
al strain (Ormeno-Orrillo et al., 2012). Domesticated P. coccineus
plants from milpa plots in Mexico have been reported to be nodu-
lated by Rhizobium gallicum (Silva et al., 2003), which is uncom-
monly found in P. vulgaris nodules. The genome of Rhizobium
strain CCGE 510 obtained from field nodules of P. albescens was
recently sequenced (Servin-Garcidueias et al., 2012).

Even though incomplete information still exists, most legumes
reported in the tribe Phaseoleae (Leguminosae) are nodulated by
Bradyrhizobium (Martinez-Romero, 2009) and this could also be
the case in Phaseolus. In contrast to P. vulgaris, P. acutifolius and
P. lunatus cultivars together with wild P. parvulus and P. pauciflorus
are nodulated by Bradyrhizobium species (Somasegaran et al.,
1991; Parker, 2002; Ormefo-Orrillo et al., 2006). Bradyrhizobium
paxllaeri and Bradyrhizobium icense were recently characterized
as novel bradyrhizobial species isolated from nodules of P. lunatus
from Peru (Duran et al., 2014).

It seems that “symbiosis with Bradyrhizobium represents the
ancestral condition in the genus Phaseolus and that utilization of
Rhizobium is a recent innovation that may be restricted to P. vulga-
ris and some of its close relatives, such as P. coccineus” (Parker,
2002). To support this assumption, other species should be ana-
lyzed as only a few Phaseolus species had been sampled for their
nodule bacteria. We hypothesized that wild and domesticated P.
coccineus and P. dumosus together with the wild species P. costaric-
ensis and P. albescens may be naturally nodulated by Rhizobium
strains due to their close phylogenetic affinities with P. vulgaris.
The aim of this work was to study the symbiotic nodule bacteria
from wild Phaseolus plants from representative species belonging
to different clades and from all of the seven species that group
within the P. vulgaris clade. We found that only species closely
related to P. vulgaris were nodulated by Rhizobium.

Nod factors are produced by rhizobia during the early develop-
ment of nodules upon perception of flavonoid molecules secreted
by legume roots. The structure of Nod factors can vary between
species, and chemical substitutions are commonly added that
may affect legume specificity (D'Haeze and Holsters, 2002;
Geurts and Bisseling, 2002). We compared potential nod genes
encoded in the genomes of Rhizobium sp. CCGE 510 and Bradyrhiz-
obium sp. CCGE-LAQO1 to predict Nod factors structures from two
phylogenetically distinct strains isolated from field nodules of wild
Phaseolus species.

2. Materials and methods
2.1. Wild Phaseolus nodule and soil samplings

P. vulgaris and P. microcarpus field nodules were collected from
the town of Oaxtepec 1500 masl in the state of Morelos, Mexico. P.
vulgaris and P. leptostachyus field-collected nodules were obtained
in a pine and oak forest located in Cuernavaca City. P. albescens
nodules were collected from the roots of a large vine (~12 m)
growing in a mountain forest in the state of Jalisco, Municipio de
Tecalitlan, Sierra del Halo. P. coccineus field collected nodules were

recovered from two plants growing in the pine forest of Tetela del
Bosque close to Cuernavaca City. Soils from sampling areas con-
tained both rhizobial and bradyrhizobial symbionts and were
mixed and used for subsequent trapping experiments.

2.2. Trapping experiments

Seeds were collected either from wild plants during field expe-
ditions or provided by colleagues. Seeds were surface sterilized
with serial washes of 70% ethanol, 1.5% sodium hypochlorite and
several rinses with distilled water as described before (Lopez-
Lopez et al., 2010). Surface sterilization was checked by rubbing
the seeds on YEM medium (Vincent, 1970) in plates. After germina-
tion, seedlings were directly transferred to soils collected from our
sampling areas. Plants were irrigated with sterile water every three
days and were maintained in a temperature controlled room at
28 °C with a twelve hour light cycle. Nodules were collected from
secondary roots after one month.

2.3. Phaseolus species identification

DNA was extracted from all the collected Phaseolus plants and
seeds and the internal transcribed spacer marker (ITS) was ampli-
fied as described previously (Delgado-Salinas et al., 1999). DNA
was extracted from leaves or nodules with the Genomic DNA Puri-
fication Kit (Fermentas) using a modified protocol. Briefly, leaves
were chopped and mixed with 400 pl of lysis solution, incubated
at 65 °C for five min and then 600 ml of chloroform was added.
The mixed sample was then centrifuged at 11000g for 3 min. The
supernatant was then purified using the High Pure PCR Product
Purification Kit (Roche Applied Science). The amplified ITS regions
were Sanger sequenced at Macrogen, Korea. Phaseolus ITS
sequences of around 750 bp were searched against the GenBank
database using BLASTN in order to validate their species identity
and were used for phylogenetic analyses.

2.4. Bacterial isolation and identification

P. albescens field nodules were processed 4 days after collection
and for all the other wild plants their nodules were processed
within the same sampling day. In the laboratory, bacteria were
recovered after nodule surface sterilization with 70% ethanol and
then with 1.5% sodium hypochlorite followed by serial washes
with sterile water as described previously (Ormefio-Orrillo et al.,
2012). Surface sterilization was checked by rubbing the nodules
on YEM medium (Vincent, 1970) in plates. Nodules were then
crushed and their extracts were rubbed on YEM medium and on
PY medium (Toledo et al., 2003). Plates were incubated at 28 °C
for one week. One bacterial isolate was retained from each nodule.
The same processing was performed for nodules retrieved from
plant assays. DNA was extracted from each isolate and PCR ampli-
fications were performed with 16S rRNA gene primers as described
(Weisburg et al., 1991). PCR products were purified and sequenced.
16S rRNA gene sequences of 650-700 bp were searched against the
GenBank database using BLASTN and their genus identities were
verified.

2.5. Phylogenetic analyses

Sequences from related species were retrieved from GenBank.
rpoB, nodB and nifH marker gene sequences were obtained from
R. phaseoli strain ATCC 14482, R. fabae strain CCBAU 33202 and R.
pisi strain DSM 30132 (Khamis et al.,, 2003; Silva et al., 2003;
Zehr and McReynolds, 1989). Sequences were aligned with MUS-
CLE v3.8.31 (Edgar, 2004). Sequence alignments were inspected
using MEGA5 software (Tamura et al., 2011). Phylogenetic
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reconstructions were performed using MrBayes 3.2.1 (Ronquist
et al,, 2012). jModelTest (Posada, 2008) was used to find the model
of evolution that best fit the data using the Akaike Information
Criterion (Posada and Buckley, 2004). In all cases, the selected
model was GTR + 1+ G. For Bayesian inferences, four independent
runs were conducted for 5,000,000 generations. Each set was sam-
pled every 100 generations with a burn-in of 25%. Standard devia-
tions at the end of the runs were revised to have reached a value of
0.001.

2.6. Bacterial genome sequencing

The genome sequencing of Rhizobium sp. CCGE 510 was
described previously (Servin-Garciduefas et al., 2012). The plas-
mid content of Rhizobium sp. CCGE 510 was visualized by using
the Eckhardt procedure (Eckhardt, 1978) to verify the genomic
assembly of plasmids. Plasmids were observed in 0.7% agarose gels
using plasmids of R. etli CFN 42 as molecular size references. The
MAUVE genome alignment tool (Darling et al., 2010) was used to
align symbiotic plasmid sequences from Rhizobium strains. DNA
was extracted from Bradyrhizobium sp. CCGE-LA0OO1 (maintained
in the culture collection of the Ecological Genomics Department,
CCG, UNAM) and sequenced with the Roche 454 GS-FLX Titanium
technology from a mate-paired library with 3-kb inserts. Reads
were assembled de novo using Newbler Assembler 2.3 (454 Life
Science). Genome annotation was performed using the NCBI Prok-
aryotic Genomes Automatic Annotation Pipeline (PGAAP) (http://
www.ncbi.nlm.nih.gov/genomes/static/Pipeline.html).

2.7. Phylogenomic analyses

The genome assemblies of Bradyrhizobium sp. CCGE-LA0O1 and
Rhizobium sp. CCGE 510 served as inputs to PhyloPhlAn to predict
their evolutionary relationship with reference sequenced strains.
Briefly, PhyloPhlAn is a new computational pipeline to assign
microbial phylogeny and putative taxonomy by locating 400 con-
served proteins in a given whole-genome sequence assembly
(Segata et al., 2013). The pipeline performs individual protein
alignments using MUSCLE v3.8.31 (Edgar, 2004) from the protein
sets recovered from the input genomes. PhyloPhlAn then concate-
nates the most discriminative positions in each protein alignment
into a single long sequence to reconstruct a phylogenetic tree using
FastTree (Price et al., 2010). DNA-DNA hybridization (DDH) values
were computed using the Genome-to-Genome Distance Calculator
(Auch et al., 2010a,b) version 2.0 (Meier-Kolthoff et al., 2013).
Average nucleotide identity (ANI) values were calculated as previ-
ously proposed (Goris et al., 2007) using the ANI calculator from
the Kostas lab (http://enve-omics.ce.gatech.edu/ani/). nod gene
sequences were recovered from genome assemblies by analyzing
the de novo annotations and by performing searches against the
GenBank database using BLASTN and BLASTP.

2.8. Plant nodulation

Rhizobium sp. CCGE 510 isolated from wild P. albescens nodules
was tested in plant nodulation assays after colony purification.
Nodulation tests were performed in triplicate using wild P. vulgaris
and P. albescens seedlings in agar with Fahraeus nutrient solution
(Fahraeus, 1957) with no added nitrogen in flasks.

2.9. Light microscopy

P. vulgaris root nodules induced by Rhizobium sp. CCGE 510 and
R. etli CE3 were quickly collected, fixed, embedded and
polymerized in Epon Resin. Nodule sections were mounted on a
slide with a coverslip for observation under a Zeiss Axiovert
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200 M microscope. Images were processed using Adobe Photoshop
7.0 software (Adobe Systems Inc., Mountain View, CA, USA). Nod-
ule sections (3 pm) were obtained and root nodule major features,
including the presence of bacteroids, were determined by the Tolu-
idine Blue O staining method described before (Chieco et al., 1993).

2.10. Electron microscopy

Nodule samples were cut in 1-2-mm sections, fixed, dehy-
drated (10-100% ethanol series), and pre-embedded in propylene
oxide/epoxy resin mixtures (2:1, 1:1, and 1:2) (London Resin Com-
pany Limited, London) for several hours before embedding in 100%
epoxy resin for 3 h. Nodules pieces in gelatin capsules (Electron
Microscopy Sciences, Fort Washington, PA, USA) were ultrathin
sectioned (70 nm) with a UCT-R ultramicrotome (Leica, Wetzlar,
Germany) and mounted on nickel grids. They were then stained
with 2% aqueous uranyl acetate and visualized under a Zeiss
EM900 transmission electron microscope at 80 kV. Micrographs
were taken with a digital CCD DualVision 300 W camera (Gatan,
Inc., Pleasanton, CA, USA).

2.11. Data deposition

The Phaseolus ITS sequences reported in this paper were depos-
ited in the GenBank database with accession numbers KF943718 to
KF943753. P. parvifolius ITS sequences with accession numbers
FJ853398 to FJ853403 and one P. costaricensis ITS sequence with
accession number FJ853397 were previously generated by our
group (unpublished). Bacterial 16S rRNA gene sequences were sub-
mitted to GenBank under accession numbers KF943754 to
KF943817. Partial sequences from marker genes were from rhizo-
bial species: R. phaseoli ATCC 14482 nifH (HQ670652) and rpoB
(HQ670651); R fabae CCBAU 33202 nifH (HQ670650), nodB
(HQ670649) and rpoB (HQ670648) and R. pisi DSM 30132 nodB
(HQ670647) and rpoB (HQ670646). The first version of the draft
genome sequence from Bradyrhizobium sp. CCGE-LA0O1 has been
deposited at DDBJ/EMBL/GenBank under the accession number
AMCQ00000000.

3. Results

3.1. Phylogenetic analyses of bean species from the Phaseolus vulgaris
clade

The P. vulgaris clade currently contains seven bean species.
P. acutifolius and P. parvifolius are phylogenetically related and
are the outlier species of the P. vulgaris clade (Fig. 1A). The
Phaseolus molecular phylogeny has been largely based on ITS
sequences but few P. parvifolius sequences were available. A phylo-
genetic analysis based on an increased set of ITS sequences clusters
all P. parvifolius sequences in a different group apart from
P. acutifolius (Fig. 1A). The other five species from the P. vulgaris
clade, P. albescens, P. coccineus, P. dumosus, P. costaricensis and
P. vulgaris, are phylogenetically closely related (Fig. 1A).

3.2. Native Phaseolus symbionts

To survey nodule bacteria from distinct Phaseolus species, field
nodules were collected from a wild plant of P. coccineus growing
in a temperate pine forest and from a large pine-climber vine of
the endangered P. albescens species that was growing in a humid
forest in Western Mexico. The field nodules from both species con-
tained Rhizobium strains (Suppl. Table 1). Bradyrhizobium isolates
were identified from field nodules of P. microcarpus and
P. leptostachyus species that had not been studied before.
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Fig. 1. (A) Phylogenetic relationships between the species from the Phaseolus vulgaris clade. Species from the P. vulgaris clade are shown with different colors. Sequences
obtained by this study are shown in bold. GenBank sequence accession numbers are indicated in parenthesis. The Bayesian phylogenetic reconstruction is based on an
alignment of partial ITS sequences and contains 746 characters. The support values for branches are shown as Bayesian posterior probabilities. The scale bar represents the
average number of nucleotide replacements per site. (B-N) Representative Phaseolus species used in this study. Flowers and seed from the endangered P. albescens (B and C).
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A)

1.00

110



L.E. Servin-Garciduefias et al. /Molecular Phylogenetics and Evolution 79 (2014) 1-11 5

3.3. Bradyrhizobia and Rhizobia from Phaseolus coexist in soil samples
collected in the field

The Bradyrhizobium isolates from nodules of P. leptostachyus and
P. microcarpus were recovered from natural fields where P. vulgaris
was also present. At one location with deciduous forest we col-
lected a plant of P. microcarpus whose nodule bacteria were Brady-
rhizobium isolates and a few steps away we collected P. vulgaris
plants and, as expected, their nodule bacteria were Rhizobium
(Suppl. Table 1). At a second location with temperate pine forest
we collected P. leptostachyus plants whose nodule bacteria were
Bradyrhizobium isolates and we also found P. vulgaris plants a
few meters away and their nodule bacteria were Rhizobium (Suppl.
Table 1). The P. vulgaris plants with their associated rhizobial sym-
bionts served as indicators for the presence of Rhizobium in the soil.
Soil samples were collected from these locations and were used for
trap plant assays as they contained both bradyrhizobia and rhizo-
bia capable of nodulating Phaseolus species.

3.4. Insights into other Phaseolus symbionts

To further survey Phaseolus nodule bacterial species, isolates
from representative species were recovered with trap plant assays
using mainly wild seeds (Suppl. Table 1). Trapped nodule bacteria
were not considered as natural symbionts but were used to assess
the symbiont preference of some Phaseolus species. Bacterial iso-
lates from P. microcarpus and P. leptostachyus trapping plants were
identified as Bradyrhizobium, as determined previously from field
nodules from both species. Two wild P. lunatus seed accessions
native to Mexico had bradyrhizobia as nodule bacteria. From the
P. tuerckheimii clade, the tiny and delicate P. zimapanensis and
P. hintonii species were tested and Bradyrhizobium isolates were
recovered from their nodules. From the P. polystachius clade we
tested P. maculatus that is a species characterized for having robust
seeds and is used for animal foraging. It is unclear if P. maculatus
was domesticated by humans in ancient times. Four P. maculatus
seed accessions were tested and their nodules were all occupied
by Bradyrhizobium. Finally, nodules from the distinctive species
P. filiformis that thrive in desert areas between rocks and sand
dunes were occupied by Bradyrhizobium. A phylogenetic analysis
based on partial 16S ribosomal rRNA sequences shows general
phylogenetic affiliations of bradyrhizobial isolates with
Bradyrhizobium reference strains (Suppl. Fig. 1).

In contrast, all trap plants from P. vulgaris close relatives
(P. albescens, P. coccineus, P. dumosus and P. costaricensis) were
nodulated by Rhizobium strains. Importantly, the outlier species
from the P. vulgaris clade, P. parvifolius and P. acutifolius, were
nodulated by Bradyrhizobium and thus helped define the
boundaries of the Rhizobium preference shift (Fig. 2).

3.5. Bradyrhizobium sp. CCGE-LA001 genome-based phylogenetic
analyses

We sequenced the genome of a bradyrhizobial strain from a wild
P. microcarpus plant to provide a bradyrhizobial genome from a
wild and poorly studied Phaseolus species. P. microcarpus represents
an enigmatic species in terms of its phylogenetic position and its
nodule bacteria may also carry particular symbiosis determinants.

The whole genome of Bradyrhizobium sp. CCGE-LA0O1 was
sequenced with a light coverage (~6.9X) and was estimated to be
7.39 Mbp with a G+ C content of 63.4% encoding 8,606 predicted
open reading frames. The draft assembly produced 2807 contigs
with a Nsq size of 3.95 kb and 31 scaffolds containing 1929 contigs.
The Nsq size of the scaffolds was 505.47 kb. The produced draft
assembly was useful for gene detection and genome comparisons.
Bradyrhizobium sp. CCGE-LA001 16S rRNA gene had 99% sequence
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identity to the corresponding sequences of B. japonicum USDA 6
and B. diazoefficiens USDA110. A 16S ribosomal rRNA phylogenetic
reconstruction shows that strain CCGE-LA0O1 is more closely related
to Bradyrhizobium dagingense strain CCBAU 15774 (Suppl. Fig. 2). A
concatenated phylogeny using recA, ginll, gyrB and dnaK genes pro-
vided increased resolution and confirmed the placement of strain
CCGE-LA001 in the vicinity of Bradyrhizobium daqingense but seem-
ingly representing a not yet described Bradyrhizobium species
(Fig. 3A). Further, a phylogenomic approach clustered strain CCGE-
LA001 within a group that includes the soybean isolates B. japonicum
USDA 6 and B. diazoefficiens USDA 110. However strain CCGE-LA001
is resolved as a long branch without a close Bradyrhizobium
sequenced strain (Fig. 3B). A comparison of strain CCGE-LA0O1 draft
genome with B. diazoefficiens USDA 110 and B. japonicum USDA 6
complete genome sequences yielded average nucleotide identity
(ANI) values of 89.30 +3.37% and 89.04 + 3.34%, respectively. ANI
values were under the 95-96% boundary for circumscribing pro-
karyotic species (Richter and Rossell6-Moara, 2009). In silico DNA-
DNA hybridization (DDH) estimates were 35.70+2.48% and
35.30 £2.48% between strain CCGE-LAOO1 and strains USDA 110
and USDA 6, also below the 70% proposed for species definition
(Wayne et al., 1987; Tindall et al., 2010).

3.6. Predicted Nodulation factor structures from Rhizobium sp. CCGE
510 and Bradyrhizobium sp. CCGE-LAOO1 genomes

nodABC genes responsible for synthesis of the Nod factor core
were located on the symbiotic plasmid of Rhizobium sp. CCGE
510. Gene products responsible for acetylation (NolL), glycosyla-
tion (NodZ, NolK), carbamoylation (NolO) and methylation (NodS)
of the Nod factor structure were predicted. Fucose decorations are
added on the reducing end by the NodZ fucosyltransferase. NodL
adds an O-acetyl group on the non-reducing terminal N-acetylglu-
cosamine residue. NolL also adds acetyl groups but only on fucose
decorations attached to the reducing end. NolK is involved in the
biosynthesis of GDP-fucose, a substrate for NodZ. The NolO protein
is responsible for carbamoylation on the non-reducing end. NodS is
a N-methyltransferase responsible for adding substitutions on the
non-reducing N-acetyl-D-glucosamine of the Nod factor. Gene
products responsible for sulfation decorations were not found.
Based on the nod genes found, Rhizobium sp. CCGE 510 Nod factor
structure was predicted as a chitin backbone of N-acetylglucosa-
mine residues, N-acylated at the non-reducing end and fucosylated
at the reducing end with additional acetylation on the fucose res-
idue. Further decorations include acetylation, carbamoylation and
N-methylation at the non-reducing end (Suppl. Fig. 3A).

The nod genes required for nodulation from Bradyrhizobium sp.
CCGE-LAO01 were remarkably divergent with around 70% sequence
identity with the corresponding sequences of other Bradyrhizobium
strains. The Nod factor structure of Bradyrhizobium sp. CCGE-LA001
was also predicted as a chitin backbone of N-acetylglucosamine
residues acylated, carbamoylated and N-methylated at the non-
reducing end and acetyl fucosylated at the reducing end as nodABC,
nolO, nodsS, nodZ, nolK and nolL genes were encoded in its genome.
Nevertheless, the fucose residue can be further modified with
sulfate and methyl groups by the action of noeE and noel gene prod-
ucts, respectively. A further difference could be the presence of an
additional carbamoyl group at the non-reducing end added by nodU
in the same position where the structure of CCGE 510 possesses an
acetyl group (Suppl. Fig. 3B).

3.7. Microscopic analysis of inefficient P. vulgaris symbiosis with
P. albescens nodule bacteria

We determined if phylogenetically closely related Rhizobium
symbionts could establish effective symbioses with related
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Fig. 2. Symbiont preference between the species from the Phaseolus vulgaris clade. The Bradyrhizobium to Rhizobium nodulation preference switch (shown in blue) occurred
only in P. vulgaris phylogenetically related species, excluding P. acutifolius and P. parvifolius. All other wild species from different Phaseolus clades had been found to be
nodulated by Bradyrhizobium. The Bayesian phylogenetic reconstruction is based on an alignment of partial ITS sequences and contains 735 characters. The support values for
branches are shown as Bayesian posterior probabilities. The scale bar represents the average number of nucleotide replacements per site. Sequence accession numbers are
indicated in parenthesis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Phaseolus species aside from their natural host. Thus, P. vulgaris
nodulation and nitrogen fixation was tested with the representa-
tive and sequenced strain Rhizobium sp. CCGE 510 recovered from
wild P. albescens. Nodules were mainly green and some red nodules
turned to green rapidly. Nitrogen fixation was not detected and
plants showed nitrogen deficiencies. Microscopically, there were
nodule developmental alterations including an increased number
of amyloplasts (Fig. 4F), bacteroids with different and aberrant
morphologies (Fig. 4C and Fig. 4E), abnormal cell wall thickening
in irregular infected cells and the presence of bacteria outside of
uninfected cells (Fig. 4D and Fig. 4F). Unexpectedly, P. albescens
symbionts did not establish an effective symbiosis in the phyloge-
netically-related and promiscuous P. vulgaris host.

3.8. Rhizobium sp. CCGE 510 genome-based phylogenetic analyses

We performed phylogenetic analyses of Rhizobium sp. strain
CCGE 510 in order to better reveal its position in relation to P. vul-
garis and other legume rhizobia. A 16S ribosomal rRNA phylogeny
located strain CCGE 510 tightly clustered within an unresolved
group of Rhizobium leguminosarum related strains including R. legu-
minosarum 3841 and R. laguerreae FB206 (Suppl. Fig. 4). 16S rRNA
gene from strain CCGE 510 had 99% to 100% sequence identity with
the corresponding sequences from R. leguminosarum allied strains.
A concatenated phylogeny using partial atpD, recA and rpoB genes
provided increased resolution and confirmed the placement of
strain CCGE 510 closer to R. leguminosarum related strains than
to R. etli or R. phaseoli strains (Fig. 5A). Furthermore, a phylogenom-
ic approach including the available genomes from several Rhizo-
bium strains placed strain CCGE 510 within a group including
R. leguminosarum 3841, Rhizobium sp. WSM2304 and Rhizobium
sp. WSM1325 (Fig. 5B). Genome comparisons between CCGE 510
and 3841 and WSM2304 strains revealed ANI values of
90.30 £ 3.14% and 91.22 + 2.94%, respectively. The ANI values were

below the 95-96% boundary for circumscribing prokaryotic species
(Richter and Rossell6-Méra, 2009). Accordingly, in silico DDH esti-
mates were 37.10 = 2.49% and 40.40 + 2.51% between the respec-
tive strains. DDH estimates were also below the 70% proposed
for species definition (Wayne et al., 1987; Tindall et al., 2010).

The nifH and nodB genes from strain CCGE 510 are phylogenet-
ically related to those from symbiovar phaseoli (Suppl. Fig. 5A and
B). A phylogenetic analysis of the teuB gene involved in the specific
uptake of Phaseolus bean-exudate compounds (Rosenblueth et al.,
1998) showed that the teuB gene from Rhizobium sp. CCGE 510 is
closer to that from R. tropici CFN 299 than to the corresponding
gene in R. etli. (Suppl. Fig. 5C). Strain CCGE 510 possesses four plas-
mids and the symbiotic genes are contained in symbiotic plasmid c
(Suppl. Fig. 6). Genome alignments between the complete symbi-
otic plasmid sequences from R. etli CFN 42, R. phaseoli CIAT 652
and the draft symbiotic plasmid sequence from strain CCGE 510
revealed that only certain genomic blocks are conserved (Suppl.
Fig. 7). Sequence comparisons between the symbiotic plasmid of
the CCGE 510 strain with the corresponding symbiotic counter-
parts of CFN 42 and CIAT 652 strains revealed ANI values of
94.51 £2.08% and 94.38 + 2.16%), respectively. DDH estimates
were 46.70 + 2.58% and 46.10 + 2.57% between the same respective
species.

4. Discussion
4.1. Bradyrhizobium as dominant Phaseolus nodule bacteria

Phaseolus nodule isolates from most species corresponding to
all Phaseolus clades were bradyrhizobia. Our data suggest an ances-
tral Phaseolus preference for Bradyrhizobium.

Native bradyrhizobial strains were identified from field plants
of P. microcarpus and P. leptostachyus that had not been studied
before. The genome sequence from P. microcarpus strain
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Fig. 3. (A) Topology of a multilocus sequence analysis of Bradyrhizobium reference strains using the nuclear marker genes recA, gyrB, glnll and dnaK. Partial recA (443 bp), gyrB
(591 bp), gInll (524 bp) and dnaK (236 bp) gene sequences were used. Bradyhizobium sp. CCGE-LA001 is shown in bold. The Bayesian phylogenetic reconstruction is based on a
concatenated alignment of the marker gene sequences and contains 1794 characters. The support values for branches are shown as Bayesian posterior probabilities. The scale
bar represents the average number of nucleotide replacements per site. (B) Topology of a phylogenomic analysis showing the predicted evolutionary relationship between
Bradyhizobium sp. CCGE-LAOO1 and sequenced Bradyrhizobium strains. The tree was reconstructed with PhyloPhlAn using a multisequence alignment of 375 conserved
proteins. PhyloPhlAn performs individual alignments from each protein set recovered from the bradyrhizobial input genomes. PhyloPhlAn then concatenates the most
discriminative positions in each protein alignment into a single long sequence to reconstruct a phylogenetic tree using FastTree. The position of Bradyrhizobium sp. CCGE-
LA001 is shown in bold in the tree. Accession numbers are indicated for all sequenced genomes. Numbers at the branch points represent SH-like local support values (based
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CCGE-LAO0O01 revealed that the symbiosis genes were different to
the corresponding genes from other bradyrhizobia. Phylogenetic
and phylogenomic approaches together with ANI values and DDH
estimates indicate that strain CCGE-LAOO1 may represent a novel
Bradyrhizobium species.

Bradyrhizobium had been reported as the main nodule bacteria
in domesticated P. lunatus cultivars from Peru and Brazil
(Ormefio-Orrillo et al., 2006; Santos et al., 2011) and some isolates
have been described as novel bradyrhizobial species (Duran et al.,
2014). Only recently, cultivated P. lunatus from milpa plots in
Mexico were analyzed for their nodule bacteria and the bradyrhi-
zobia encountered were described as native to the rain forest of
Los Tuxtlas (Lopez-Lépez et al.,, 2013). No symbionts had been
identified from wild P. lunatus in Mexico before. In a very low pro-
portion, Rhizobium and sinorhizobial strains have been detected in
nodules of domesticated P. [unatus cultivars (Ormefio-Orillo et al.,
2007). In the absence of the preferred symbiont the plant may trap
fortuitous or promiscuous strains.

We were unable to retrieve nodule bacteria from Phaseolus spe-
cies corresponding to the P. pedicellatus and P. pauciflorus clades but
it has been reported that some wild species from these clades are
nodulated by Bradyrhizobium in Northern Mexico (Parker, 2002).
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Wild P. acutifolius and P. parvifolius were nodulated by
Bradyrhizobium and thus we propose that based on their symbiont
preference and their phylogenetic relationships, both species
should be defined as a separate group apart from the species
closely related to P. vulgaris. This notion supports Freytag and
Debouck morphological classification that consider P. acutifolius
and P. parvifolius in the Acutifolii section (Freytag and Debouck,
2002). Additionally, our phylogenetic analyses based on ITS
sequences support defining P. parvifolius as a different species
apart from P. acutifolius (Fig. 1), as previously validated by AFLPs
and microsatellite markers (Mufoz et al., 2006; Blair et al.,
2012). The knowledge of Phaseolus symbionts will serve to guide
inoculant choice for farmers in agricultural fields.

4.2. Nodulation by Rhizobium instead of Bradyrhizobium

Wild seed accessions from P. vulgaris, P. albescens, P. coccineus,
P. dumosus and P. costaricensis were nodulated by Rhizobium. The
natural rhizobial symbionts from wild P. coccineus nodules support
previous results using domesticated plants (Silva et al., 2003).
P. albescens, P. dumosus and P. costaricensis naturally grow in tem-
perate-humid forest with similar environmental conditions within
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Fig. 4. Electron (A, C and E) and light (B, D, F) microscopy pictures depicting structural features from Phaseolus vulgaris root nodules inoculated with the Rhizobium sp. CCGE
510 strain originally isolated from P. albescens (C, D, E and F) and R. etli CE3 strain (A, B). Light micrographs were taken from 3 (1m) microtome slices stained with Toluidine
Blue O. Infected cells (IC), uninfected cell (UIC), nucleus (N), infection thread (IT), amyloplast (AMP). White arrows show peribacteroid membranes, white circles show
bacteroid different morphologies, red arrows show free bacteria present in uninfected cells, white arrows with red core show abnormal cell wall thickening in irregular

infected cells.

restricted geographical areas. In contrast to these three species,
P. coccineus distributes in Mesoamerica and Central America and
P. vulgaris has an even wider distribution reaching South America.
It is highly likely that the common ancestor to these species was
subjected to an unknown pressure to shift their preference to
establish symbiosis with Rhizobium strains.

Our sampling areas from distant Mesoamerican locations con-
tained sympatric species from different Phaseolus clades and while
P. vulgaris relatives were found to be nodulated by Rhizobium, the
other bean species were found to establish symbiosis with brady-
rhizobial strains. These data support the notion that different
Phaseolus species “select” their symbionts from the coexisting rhi-
zobia and bradyrhizobia in soil and that P. vulgaris related species
are nodulated preferentially by Rhizobium strains at native sites
(Parker 2002). Furthermore, we discarded the possibility that
Rhizobium preference was determined by the domestication pro-
cess as the symbiont shift was detected in wild species.

By testing nodulation and nitrogen fixation by a native
P. albescens strain in P. vulgaris as a host we discovered a symbiotic
misrecognition process that should be further analyzed. Unexpect-
edly, strain CCGE 510 formed ineffective green nodules on P. vulga-
ris that by being a promiscuous host (Hernandez-Lucas et al., 1995;
Martinez-Romero et al., 1985; Martinez-Romero 2003; Michiels
et al., 1998) may form nitrogen fixing nodules with diverse rhizo-
bia; therefore Rhizobium sp. CCGE 510 should correspond to a novel
symbiovar. Green nodules formed by symbiotically defective
strains have been described on P. vulgaris (Noel et al., 1984;
Vandenbosch et al., 1985; Noel et al., 1986). Strain CCGE 510 is able
to infect P. vulgaris and induce nodule formation, but later it is no
longer found in infected cells and resembles saprophytic bacteria
while the plant starts to accumulate starch vesicles. Similarly,
Bradyrhizobium isolates from P. pauciflorus and P. parvulus pro-
duced inefficient nodules on P. vulgaris (Parker, 2002). Overall,
results from phylogenetic and phylogenomic approaches together
with ANI values and DDH estimates support strain CCGE 510 as a
different Rhizobium species. The genome from strain CCGE 510
contains a chromosome related to R. leguminosarum strains and
is capable of nodulating wild P. albescens, although inefficient in

nodulating P. vulgaris. Strain CCGE 510 has recently been ascribed
to the phaseoli-etli-leguminosarum lineage 6 (PEL6) based on
multi-locus sequence analysis (Ribeiro et al., 2013).

4.3. The Phaseolus symbiont preference shift

The symbiont shift may have been facilitated by the transfer of
Nod factor modification genes nodZ and nolL from Bradyrhizobium
to Rhizobium (Ormefio-Orrillo et al., 2013). The genomes from
Rhizobium sp. CCGE 510 and Bradyrhizobium sp. strain CCGE-
LAOO1 potentially code nod genes involved in fucosylation (nodZ
and nolK) and acetylation (nolL) of Nod factors (Suppl. Fig. 3).
Fucosylated Nod factors have been found to be more efficient in
their ability to induce bean nodules and were preferred by P. vulga-
ris plants (Laeremans et al., 1999).

Remarkably, the genome from Bradyrhizobium sp. strain CCGE-
LA001 potentially codes for a large repertoire of nod genes involved
in Nod factor modification. In contrast, Rhizobium sp. CCGE 510 has
a more limited set of Nod factor decorating genes without genes
required for sulfation in its genome. Nod factors produced by R. etli
CFN 42 and R. etli CE3 are known to be non-sulfated (Poupot et al.,
1995; Cardenas et al., 1995). The addition of sulfate groups is per-
formed by the sulfotransferases NodH and NoeE. We could not
detect rhizobial noeE genes deposited in the GenBank database.
We also could not find nodH genes in the genomes of R. phaseoli
CIAT 652 and R. phaseoli CNPAF512. Other P. vulgaris nodulating
strains like R. tropici CIAT 899, R. leucaenae CFN 299 and Rhizobium
sp. LPU83 have broad-host ranges and produce sulfated Nod
factors (Poupot et al., 1993; Folch-Mallol et al., 1996; Torres-
Tejerizo et al., 2011).

The symbiont shift may have been driven by plant genetic
determinants of unknown specificity in Phaseolus. Hybrids
between P. acutifolius and P. vulgaris had been reported to be nodu-
lated by Rhizobium strains, inheriting the symbiont preference of
P. vulgaris cultivars (Somasegaran et al., 1991). In some soybean
cultivars, belonging also to the Phaseoleae tribe, R genes have been
discovered that dictate affinity to Sinorhizobium instead of
Bradyrhizobium (Yang et al, 2010). It would be interesting to
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analyze symbiont specificity determined by R genes variants in
Phaseolus. If this is the case, the R genes variants determining
rhizobial specificity emerged in the ancestor of the P. vulgaris,
P. albescens, P. coccineus, P. dumosus and P. costaricensis species
(Fig. 2). It remains to be elucidated if this evolutionary replacement
of nodule symbionts may confer novel ecological or metabolic
capabilities to Phaseolus species. The common ancestor of P. vulga-
ris related species could have shifted its symbiont preference in
response to a strong selective advantage that could have been
pathogen or environment driven. It has been proposed that the
microbiota can be considered as a genetic component that drives
host speciation (Brucker and Bordenstein, 2012).

The fact that rhizobial symbiosis genes are located in plasmids
instead of symbiosis islands on bradyrhizobial chromosomes may
allow a larger plasticity of symbiotic determinants to keep pace
with legume speciation events, due to frequent lateral transfer
and recombination events. Field collected symbionts from
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lues (based on 1000 resamples). The scale bar represents the estimated number of

Phaseolus species represent a rich source of novel symbiosis
variants that are largely unexplored and that may provide clues
on the molecular evolution of their symbiotic repertoires.

5. Conclusions

Here we proposed that a symbiont shift from Bradyrhizobium to
Rhizobium occurred in an ancestor of a group of plants phylogenet-
ically related to P. vulgaris but excluding P. acutifolius and
P. parvifolius species. Studies should be carried in the future to
study the genetic basis of this symbiont substitution.
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Servin-Garciduenas LE, Rogel MA, Ormefio-Orrillo E, Delgado-Salinas A, Martinez-Romero J,

Sanchez F, Martinez-Romero E. 2012. Genome sequence of Rhizobium sp. strain CCGES510, a
symbiont isolated from nodules of the endangered wild bean Phaseolus albescens. J. Bacteriol.

194: 6310-6311.

Phaseolus albescens es una de las especies silvestres de frijol relacionadas con el grupo
filogenético de P. vulgaris. Las plantas de P. albescens son endémicas de las regiones boscosas
de la Sierra Madre Occidental localizadas en los Estados de Jalisco y Michoacan. A partir de los
ensayos de cultivo de bacterias de nédulos de campo de P. albescens logramos recuperar a la
cepa CCGES510 que representa a un nuevo linaje de rizobios. Las relaciones evolutivas de la cepa
CCGES10 se clarificaron a partir de analisis filogendmicos usando marcadores genéticos
recuperados de su genoma (Servin-Garciduenas et al., 2014). En este articulo se reportan las

principales caracteristicas del genoma de la cepa CCGES510.
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Genome Sequence of Rhizobium sp. Strain CCGE510, a Symbiont
Isolated from Nodules of the Endangered Wild Bean Phaseolus

albescens

Luis E. Servin-Garciduefas,® Marco A. Rogel,® Ernesto Ormefo-Orrillo,? Alfonso Delgado-Salinas,” Julio Martinez-Romero,?

Federico Sanchez, and Esperanza Martinez-Romero?

Centro de Ciencias Gendmicas, UNAM, Cuernavaca, Morelos, México?; Instituto de Biologfa, UNAM, México D.F., México®; and Instituto de Biotecnologia, UNAM,

Cuernavaca, Morelos, México“

We present the genome sequence of Rhizobium sp. strain CCGE510, a nitrogen fixing bacterium taxonomically affiliated with the
R. leguminosarum-R. etli group, isolated from wild Phaseolus albescens nodules grown in native pine forests in western Mexico.
P. albescens is an endangered bean species phylogenetically related to P. vulgaris. In spite of the close host relatedness, Rhizo-
bium sp. CCGE510 does not establish an efficient symbiosis with P. vulgaris. This is the first genome of a Rhizobium symbiont
from a Phaseolus species other than P. vulgaris, and it will provide valuable new insights about symbiont-host specificity.

haseolus albescens R. Ram. & A. Delgado is a nondomesticated

species phylogenetically related to Phaseolus vulgaris (1, 2, 8),
and its symbiotic bacteria have not been described. P. albescens is
atrisk (2, 8) because it is distributed in a restricted area and threat-
ened by changing land use, and few seeds are safeguarded. We
isolated novel rhizobia from field-collected P. albescens nodules,
including a representative strain designated CCGE510. Strain
CCGE510 established an effective symbiosis with P. albescens, as
inoculated plants were green and nodules were pink and reduced
acetylene. Interestingly, P. vulgaris plants inoculated with this
strain were yellow and nodules turned green soon after appear-
ance.

The genome of Rhizobium sp. strain CCGE510 was sequenced
with the Ilumina GAIIx platform, producing 6,329,550 36-bp
reads (~32-fold coverage), and with the Roche 454 GS-FLX Tita-
nium technology, generating 91.16 Mbp (~13-fold coverage)
from a mate-paired library. Illumina paired reads were assembled
de novo using Velvet 1.2.03 (11). Contigs were fragmented by us-
ing the EMBOSS splitter (9) and were assembled with 454 mate-
reads using Newbler Assembler 2.3 (454 Life Science). Reads were
mapped to gap-surrounding sequences using Maq 0.7.1 (5) and
the Newbler runMapping option. Mapping contigs and PCR am-
plifications were used to eliminate gaps. The final assembly pro-
duced 142 contigs with an Ny, size of 270.2 kb. Genome annota-
tion was performed using the NCBI Prokaryotic Genomes
Automatic Annotation Pipeline (PGAAP) (http://www.ncbi.nlm
.nih.gov/genomes/static/Pipeline.html). Plasmids were detected
using a modified Eckhardt procedure (4), and their sizes were
estimated using regression equations comparing them with R. etli
CFN42 plasmids.

The genome (6.9 Mbp, 60.8% G+C content) consisted of a
chromosome and four plasmids and coded for 6,642 predicted
open reading frames. The chromosome (5.04 Mb) was distributed
in one scaffold. Plasmid pRspCCGE510a (61.69 kb) seems to be
unstable or recently acquired, as it is commonly absent in other P.
albescens nodule strains. Plasmid pRspCCGE510b (270.27 kb), the
symbiotic plasmid pRspCCGE510c¢ (579.35 kb), and plasmid
pRspCCGE510d (923.84 kb) were recovered as single scaffolds.

Small-subunit rRNA gene phylogeny indicated that Rhizobium
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sp. CCGE510 is related to R. leguminosarum strains; however, cal-
culated average nucleotide identity (ANI) (10) separated it from
that species. Symbiotic genes were related to those found in sym-
biovar (where “symbiovar” [sv.] means symbiotic variant)
phaseoli, but overall symbiotic plasmid synteny was not as main-
tained as in phaseoli symbiotic plasmids (3). Some genes required
for Nod factor synthesis were divergent from those of R. etli
CFN42. Differences were also observed in secretion systems, in-
cluding type III effector proteins and a transporter for the uptake
of bean exudates. Strain CCGE510 may metabolize pine com-
pounds, as P. albescens roots are intertwined with pine roots. R. etli
sv. phaseoli strains are very competitive for P. vulgaris nodulation
(6), and the evolution of the phaseoli plasmid could have been
driven by host selective pressures (6, 7). Similarly, P. albescens
bacteria seem to be better adapted to their host and not to P.
vulgaris. P. vulgaris and P. albescens diverged about 1 to 2 million
years ago (1); it is plausible that in the corresponding symbiotic
plasmids (from P. vulgaris and P. albescens bacteria) differences
have accumulated since host divergence.

Nucleotide sequence accession number. The genome se-
quence has been deposited in DDBJ/EMBL/GenBank under the
accession number AEYF00000000.
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Romero E. 2013. Phylogenetic evidence of the transfer of nodZ and nolL genes from

Bradyrhizobium to other rhizobia. Mol. Phylogenet. Evol. 67: 626-630.

En este trabajo se encontré que cepas de Bradyrhizobium presentan la mayor diversidad
de genes nodZ y nolL, que estan involucrados en la fucosilacion y acetilacion del factor Nod.
Nuestros analisis filogenéticos revelan que han ocurrido eventos de transferencia horizontal de
los genes nodZ y nolL entre linajes diversos de rizobios. También se encontrd que la diversidad
de estos genes en Rhizobium es mas bien limitada. Asi, sugerimos basados en los analisis
filogenéticos la transferencia de los genes nodZ y nollL de Bradyrhizobium al plasmido
simbiotico del simbiovar phaseoli de Rhizobium etli y otros simbiontes de P. vulgaris. Los

resultados detallados se presentan en el articulo.
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Nod factor modifications mediated by nodZ and nollL gene products (fucosylation and acetylation of
fucose residues, respectively) were probably later acquisitions in the nodulation process. Novel phyloge-
netic analyses suggest that nodZ and nolL genes were transferred from Bradyrhizobium to other nodule
bacteria. These bradyrhizobial genes are highly diverse while rhizobial, sinorhizobial and mesorhizobial

nodZ and nolL genes are represented by few branches among those from bradyrhizobia. These genes in
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novel rhizobial backgrounds may have favored efficient nodulation in legume hosts commonly associated
with Bradyrhizobium strains.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Few legumes may form nodules with rhizobia that do not pro-
duce Nod factors (Giraud et al., 2007) but in most legumes nodula-
tion is dependent on Nod factors that are key molecules in
rhizobia-plant interactions (Dénarié et al., 1996). Nod factors are
produced by enzymes coded by nod, noe or nol genes (collectively
referred here as nod genes) that are inducible by plant exudates
such as flavonoids or other unrelated molecules (Hassan and Math-
esius, 2012).

Some of the modifications occurring in Nod factors are sulfa-
tion, methylation, acetylation, carbamoylation, fucosylation, arabi-
nosylation (Debellé et al., 1986; Horvath et al., 1986; Carlson et al.,
1994; Stepkowski et al., 2003, 2005, 2007; D’'Haeze et al., 1999;
Quinto et al., 1997). Some of the genes responsible for such modi-
fications have been designated as host specifity genes and some of
them are patchily distributed among Sinorhizobium (officially
called Ensifer), Rhizobium (Martinez et al., 1995) or Bradyrhizobium
(Steenkamp et al.,, 2008; Stepkowski et al., 2003, 2005, 2007)
strains. Both fucosylation and sulfation occur alternatively at the
same position of Nod factors and maybe fulfill the same function.
Sulfate seems to be involved in protecting Nod factors from chiti-
nase degradation (Staehelin et al., 1994). A relationship of nod

* Corresponding author. Address: Centro de Ciencias Genémicas, UNAM Av.
Universidad SN, Chamilpa, CP 62210, Cuernavaca, Mor., Mexico. Fax: +52 777 317
5581.

E-mail address: emartine@ccg.unam.mx (E. Martinez-Romero).

1055-7903/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ympev.2013.03.003

genes or Nod factor structure and specificity is however not direct
(Perret et al., 2000; Lopez-Lara et al., 1996) probably because other
bacterial systems such as type Il secretion systems or different
exopolysaccharides contribute to host specificity (Djordjevic
et al.,, 1987; Marie et al., 2001; Jones, 2012).

In rhizobia, incongruent phylogenies of symbiotic and core
genes have been commonly observed (reviewed in Rogel et al.,
2011 and in Martinez-Romero, 2009) and are explained by the lat-
eral transfer of symbiotic genes among rhizobia, in relation to adap-
tation to different hosts (Rogel et al., 2011; Lindstrém et al., 2010).
Nodulation genes are found in symbiotic plasmids or islands that
may be mobilized among rhizobia (Rogel et al., 2001; Sullivan
and Ronson, 1998). The existence of beta-rhizobia is explained by
an ancient transfer event of symbiosis genes from alpha-rhizobia
(Chen et al., 2003; Bontemps et al., 2010). Similarly, it is speculated
that nod genes were transferred to Azorhizobium, an epiphytic bac-
terium (Lee et al., 2008), or to Methylobacterium (Jourand et al.,
2004), Devosia (Rivas et al., 2002), Phyllobacterium (Valverde et al.,
2005), and from Burkholderia to Cupriavidus (Andam et al., 2007).

Azorhizobium caulinodans Nod factors are fucosylated (Mergaert
et al., 1996). In Bradyrhizobium japonicum fucosylation of Nod fac-
tors by nodZ (Sanjuan et al., 1992) has been linked to nodulation of
siratro (Macroptilium atropurpureum) and Vigna umbellata (Cohn
et al., 1999) but nodZ mutants were still capable of nodulating soy-
bean (Stacey et al., 1994). Sinorhizobium fredii mutants in nodZ
genes have decreased competitiveness to nodulate soybean (Lamr-
abet et al., 1999). A NGR234 nodZ mutant does not nodulate Pachy-
rhizus tuberosus (Quesada-Vincens et al., 1997). In Mesorhizobium
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loti nodZ mutants did not form nodules in Lotus filicaulis (Rodpo-
thong et al., 2009) not in L. pedunculatus (Scott et al., 1996), with
conflicting results on nodulation of L. corniculatus (Scott et al.,
1996; Rodpothong et al., 2009). An extended capacity to nodulate
novel hosts such as siratro and cowpea or Lotus was promoted by
transferring nodZ genes to R. leguminosarum sv. viciae (Lépez-Lara
et al., 1996; Pacios Bras et al., 2000). In R. etli and R. phaseoli nodZ
genes are found in relation to Phaseolus vulgaris nodulation and
fucosylation was a preferred Nod factor modification for the culti-
var tested (Laeremans et al., 1999). However we found nodZ pseu-
dogenes in some R. phaseoli strains such as CIAT 652, and in R.
popolucense Pop5 (new taxa submitted).

2. Materials and methods

Bradyrhizobium strains previously isolated from Phaseolus luna-
tus (Ormefio-Orrillo et al., 2006), Lupinus mariae-josephae (Duran
et al., 2013), Pachyrhizus erosus (Ramirez-Bahena et al., 2009) and
Lablab purpureus (Chang et al., 2011) were used. Additionally,
strains isolated in this study from Phaseolus microcarpus and Phase-
olus leptostachyus were also analyzed (Supplementary Tables S1
and S2). Fragments of the nodZ and nolL genes were PCR amplified
using primers shown in Supplementary Table S3 and Sanger se-
quenced using methods described by Moulin et al. (2004) and
Stepkowski et al. (2005), respectively, or retrieved from whole gen-
ome sequences obtained by us (Duran et al., 2013; Servin et al.
unpublished). All nodZ and nolL gene sequences available in the
Genbank database were retrieved including those of a Phaseolus
albescens symbiont recently reported by our group (Servin-
Garciduenas et al., 2012).
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Sequences were aligned by using Muscle 3.8.31 (Edgar, 2004).
Alignment lengths after gap removal were 426 and 655 characters
for the nodZ and nolL gene sets, respectively. jModelTest (Posada,
2008) was used to find the model of evolution that best fit the data
for subsequent phylogenetic analyses using the Akaike Information
Criterion (Posada and Buckley, 2004). The models selected were
TPM3uf +1+ G and GTR + 1+ G for nodZ and nolL sets, respectively.
All three codon positions were used as no substitution saturation
was found in the third codon position of any gene (Iss <Iss,
P <0.001) (Xia et al., 2003). Maximum likelihood trees were gener-
ated with PhyML (Guindon et al., 2010) with tree node support
evaluated by bootstrap analysis based on 1000 pseudoreplicate
datasets. Phylogenetic relationships were also assessed by Bayes-
ian inference using MrBayes 3.1 (Ronquist and Huelsenbeck,
2003). Analyses were initiated with random starting trees, run
for 2,000,000 generations and three separate analyses were exe-
cuted. Markov chains were sampled every 100 generations. We
discarded 25% of trees as “burn in”.

The nodZ and nolL gene sequences determined in this study
were deposited in the GenBank database under accession numbers
KC526990-KC527000 and KC527001-KC527013, respectively.

3. Results and discussion

nodZ bradyrhizobial genes are highly diverse while rhizobial,
sinorhizobial and mesorhizobial nodZ genes are represented by a
few branches related to bradyrhizobial clade IV and VII nodZ genes
(Fig. 1A). Clade IV includes bradyrhizobial isolates LMTR13 and
LMTR21 isolated from P. lunatus in Peru (Ormefio-Orrillo et al.,
2006), L. mariae-josephae (Lmj) bradyrhizobia obtained from alka-
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1001 L Sinorhizobium sp. NGR234
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Fig. 1. (A) Maximum likelihood (ML) phylogeny of nodZ gene sequences. Roman numerals indicate bradyrhizobial nodZ clades as defined by Steenkamp et al. (2008) except
clade VIII which comprises the gene of B. jicamae PAC68 obtained in this study. A representative strain is shown in each clade. R, Rhizobium; S, Sinorhizobium; M.
Mesorhizobium. (B) Amplification of subtree including clades II, IV and VII. Sequences determined in this study are shown in bold. A similar tree was obtained by Bayesian
inference (BI). Bootstrap supports values higher than 70% for the ML analysis as well as Bayesian posterior probabilities are indicated at tree nodes in the order ML/BI. Tree

node support is indicated only for major clades in (A). 123
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line soils in Spain (Duran et al., 2013), Chinese strain CCBAU 23086
from Lablab purpureus (Chang et al., 2011), and Australian isolate
WSM1735 isolated from Rhynchosia minima (Stepkowski et al.,
2005) (Fig. 1B). Clade VII comprises sequences from bradyrhizobia
isolated from tropical legumes in America (Steenkamp et al., 2008;
Lépez-Lopez et al., 2013). The nodZ phylogeny suggested that this
gene was transferred from Bradyrhizobium to other rhizobia. In
contrast, phylogeny of other nod genes like nodA, shows that Rhizo-
bium, Sinorhizobium or Mesorhizobium genes are clearly separated
from those of bradyrhizobia (Stepkowski et al., 2007; Martinez-
Romero et al., 2010; Menna and Hungria, 2011). Interestingly, nodZ
genes of symbiovar phaseoli Rhizobium strains CFN 42 and Ch24-10
isolated from P. vulgaris and of Rhizobium sp. CCGE510 isolated
from Phaseolus albescens were related to clade IV nodZ that includes
genes from Phaseolus bradyrhizobia (Fig. 1B). In most Rhizobium
strains, nodZ genes are located in the symbiotic plasmids in close
vicinity to a remnant of an IS21 transposase gene. Intriguingly, a
remnant of an IS21 is also present close to nodZ in clade IV P. lun-
atus strain LMTR13 (our own unpublished data). Transfer of symbi-
otic genes was suggested to occur between bradyrhizobial strains
based on phylogenetic analyses (Moulin et al., 2004) but there
had not been any suggestion that there has been a transfer of nodZ
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genes from bradyrhizobia to Rhizobium. Previously it was sug-
gested that Bradyrhizobium symbiotic genes were transferred to a
Brazilian Sinorhizobium strain (Barcellos et al., 2007) but this looks
like a recent event in view of sequence similarity. Remarkably,
phylogenies of ackA and pta genes (Fournier and Gogarten, 2008)
that served as the basis to recognize the lateral transfer of
acetoclastic methanogenesis genes from clostridium to
methanosarcinales resemble nodZ gene phylogenies (Fig. 1A) as
methanosarcinales are a single branch among diverse clostridial
sequences.

In Sinorhizobium NGR234 nodZ gene is part of hsn gene cluster 1
that includes noeL and nolK as part of the same operon neighbor to
noek, noef and nodD1 (Freiberg et al., 1997). This gene organization,
including nodZ, noeL and nolK is similar to that found in Mesorhiz-
obium loti and both, sinorhizobia and mesorhizobia, are also re-
lated in nodZ gene phylogenies, such gene organization is not
observed in the symbiovar phaseoli plasmids (not shown). nodZ
gene evolution could have taken place around 60 million years
ago maybe driven by fungal proliferation (Vajda and McLoughlin,
2004), if Nod factor modifications are related to chitinase defense
(Staehelin et al., 1994; Stacey, 1995) that acts against fungi. Nod
factor modifications could be an example of co-evolution of rhizo-
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Fig. 2. Maximum likelihood (ML) phylogeny of nolL gene sequences. R, Rhizobium; S, Sinorhizobium; M. Mesorhizobium; B, Bradyrhizobium. Sequences determined in this study
are shown in bold. A similar tree was obtained by Bayesian inference (BI). Bootstrap supports values higher than 70% for the ML analysis as well as Bayesian posterior
probabilities are indicated at tree nodes in the order ML/BI. nolL pseudogene sequences of CIAT652 and Brasil5 were included in the analysis.
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bia and their host-legume in response to fungal pathogens. nodZ
gene transfer from bradyrhizobia could have occurred to an ances-
tor of Rhizobium and Sinorhizobium (around 50-45 million years
ago) or alternatively, more recently to any rhizobial species and
then transferred among bacteria followed by gene loss and
rearrangements in some rhizobial lineages. An ancient transfer of
nod genes has been considered to have occurred from alpha to
beta-rhizobia (Chen et al., 2003; Bontemps et al., 2010) and later
from Burkholderia to Cupriavidus (Andam et al., 2007). Gene rear-
rangements and losses account for the present organization of
nodZ in different bacteria. Sinorhizobium, Rhizobium and Agrobacte-
rium are closely related and the phylogenetic analysis of common
nod genes showing intermixed Rhizobium and Sinorhizobium nod
genes are suggestive of their lateral transfer between these genera
(reviewed in Martinez-Romero, 2009).

A further Nod factor modification found in some rhizobia is
mediated by NolL that acetylates the fucose residue (Berck et al.,
1999). This Nod factor decoration seems to be related to nodula-
tion efficiency as an R. etli nolL mutant formed a reduced number
of nodules in comparison to the wild type on P. vulgaris and on Vig-
na umbellata (Corvera et al., 1999). Although relatively few se-
quences are available, nolL phylogeny also showed that
Rhizobium, Sinorhizobium and Mesorhizobium sequences are found
within those of Bradyrhizobium supporting the transfer of this gene
from bradyrhizobia (Fig. 2 and Supplementary Fig. 1). All the sym-
biovar phaseoli R. etli and R. phaseoli sequences were found clus-
tered, irrespective of the different geographical origin of the
strains, and they were highly related to the nolL sequence of Rhizo-
bium sp. CCGE510. Farther, but still related, are nolL sequence from
Bradyrhizobium sp. LMTR21 isolated from cultivated P. lunatus.
Sinorhizobium and Mesorhizobium sequences were related to those
of Bradyrhizobium strains isolated from wild P. leptostachyus
(CCGE-LA001, CCGE-LA2) and P. microcarpus (CCGE-LA3, CCGE-
LA4), and of some Lupinus mariae-josephae (Lmj) bradyrhizobia
(Fig. 2). Phylogenies of nodZ and nolL do not seem to be congruent
(Supplementary Fig. S1), indicating that perhaps they were inde-
pendent acquisition from bradyrhizobia. It is worth noting that
nolL and nodZ genes are not contiguous in bradyrhizobia.

4. Conclusions

The two Nod factor modification genes analyzed here seem to
have initially developed in the Bradyrhizobium genus and indepen-
dently transferred to a few different fast-growing rhizobial genera.
In comparison to the common nodABC genes, nodZ and nollL were
probably later acquisitions in the nodulation process. In fast-grow-
ing rhizobia these genes may have favored efficient nodulation in
legume hosts normally associated with Bradyrhizobium strains, like
Glycine and Pachyrhizus for nodZ-bearing sinorhizobia. Analo-
gously, transfer in the laboratory of nodZ genes to R. leguminosarum
allowed the transconjugants to form nodules in soybean (L6pez-
Lara et al.,, 1996). Some Lotus species nodulating with mesorhizobia
which possess nodZ genes also establish efficient symbiosis with
Bradyrhizobium spp. (Vance et al., 1987). Finally, although Rhizo-
bium strains are the preferred symbiont of P. vulgaris, it has been
suggested that nodulation with Bradyrhizobium is the ancestral
condition of the Phaseolus genus (Parker, 2002).

Acknowledgments

To PAPIIT Grant IN205412 from UNAM. To Fundacién Bancomer
FBBVA for financial support. To David Duran, Julio Martinez and
Marco A. Rogel for their valuable help. To M. Dunn for critically
reading the paper.

125

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ympev.2013.
03.003.

References

Andam, C.P., Mondo, SJ., Parker, M.A., 2007. Monophyly of nodA and nifH genes
across Texan and Costa Rican populations of Cupriavidus nodule symbionts.
Appl. Environ. Microbiol. 73, 4686-4690.

Barcellos, F.G., Menna, P., da Silva Batista, J.S., Hungria, M., 2007. Evidence of
horizontal transfer of symbiotic genes from a Bradyrhizobium japonicum
inoculant strain to indigenous diazotrophs Sinorhizobium (Ensifer) fredii and
Bradyrhizobium elkanii in a Brazilian Savannah soil. Appl. Environ. Microbiol. 73,
2635-2643.

Berck, S., Perret, X., Quesada-Vincens, D., Promé, J., Broughton, W.J., Jabbouri, S.,
1999. NolL of Rhizobium sp. strain NGR234 is required for O-acetyltransferase
activity. J. Bacteriol. 181, 957-964.

Bontemps, C., Elliott, G.N., Simon, M.F., Dos Reis Jr., F.B., Gross, E., Lawton, R.C., Neto,
N.E., de Fatima Loureiro, M., De Faria, S.M., Sprent, ].I., James, E.K.,, Young, ].P.,
2010. Burkholderia species are ancient symbionts of legumes. Mol. Ecol. 19, 44—
52.

Carlson, RW., Price, N.P., Stacey, G., 1994. The biosynthesis of rhizobial lipo-
oligosaccharide nodulation signal molecules. Mol. Plant-Microbe Interact. 7,
684-695.

Chang, Y.L, Wang, J.Y., Wang, ET. Liu, H.C, Sui, X.H., Chen, W.X, 2011.
Bradyrhizobium lablabi sp. nov., isolated from effective nodules of Lablab
purpureus and Arachis hypogaea. Int. ]. Syst. Evol. Microbiol. 61, 2496-2502.

Chen, W.M., Moulin, L., Bontemps, C., Vandamme, P., Béna, G., Boivin-Masson, C.,
2003. Legume symbiotic nitrogen fixation by beta-proteobacteria is widespread
in nature. ]. Bacteriol. 185, 7266-7272.

Cohn, J., Stokkermans, T., Kolli, V.K., Day, R.B., Dunlap, ]., Carlson, R., Hughes, D.,
Peters, N.K., Stacey, G., 1999. Aberrant nodulation response of Vigna umbellata
to a Bradyrhizobium japonicum NodZ mutant and nodulation signals. Mol. Plant
Microbe Interact. 12, 766-773.

Corvera, A., Promé, D., Promé, J.C., Martinez-Romero, E., Romero, D., 1999. The nolL
gene from Rhizobium etli determines nodulation efficiency by mediating the
acetylation of the fucosyl residue in the nodulation factor. Mol. Plant-Microbe
Interact. 12, 236-246.

Debellé, F., Rosenberg, C., Vasse, J., Maillet, F., Martinez, E., Dénarié, J., Truchet, G.,
1986. Assignment of symbiotic developmental phenotypes to common and
specific nodulation (nod) genetic loci of Rhizobium meliloti. ]. Bacteriol. 168,
1075-1086.

Dénarié, ]., Debellé, F., Promé, ].C., 1996. Rhizobium lipo-chitooligosaccharide
nodulation factors: signaling molecules mediating recognition and
morphogenesis. Ann. Rev. Biochem. 65, 503-535.

D’Haeze, W., Van Montagu, M., Promé, ].C., Holsters, M., 1999. Carbamoylation of
azorhizobial Nod factors is mediated by NodU. Mol. Plant-Microbe Interact. 12,
68-73.

Djordjevic, S.P., Chen, H., Batley, M., Redmond, J.W., Rolfe, B.G., 1987. Nitrogen
fixation ability of exopolysaccharide synthesis mutants of Rhizobium sp. strain
NGR234 and Rhizobium trifolii is restored by the addition of homologous
exopolysaccharides. J. Bacteriol. 169, 53-60.

Durdn, D., Rey, L., Sdnchez-Cafiizares, C., Navarro, A., Imperial, J., Ruiz-Argueso, T.,
2013. Genetic diversity of indigenous rhizobial symbionts of the Lupinus
mariae-josephae endemism from alkaline-limed soils within its area of
distribution in Eastern Spain. Syst. Appl. Microbiol. 36, 128-136.

Edgar, R.C., 2004. MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 32, 1792-1797.

Fournier, G.P., Gogarten, ].P., 2008. Evolution of acetoclastic methanogenesis in
Methanosarcina via horizontal gene transfer from cellulolytic Clostridia. ].
Bacteriol. 190, 1124-1127.

Freiberg, C., Fellay, R., Bairoch, A., Broughton, W.J., Rosenthal, A., Perret, X., 1997.
Molecular basis of symbiosis between Rhizobium and legumes. Nature 387,
394-401.

Giraud, E., Moulin, L., Vallenet, D., Barbe, V., Cytryn, E., Avarre, ].C., Jaubert, M.,
Simon, D., Cartieaux, F., Prin, Y., Bena, G., Hannibal, L., Fardoux, J., Kojadinovic,
M., Vuillet, L., Lajus, A., Cruveiller, S., Rouy, Z., Mangenot, S., Segurens, B., Dossat,
C., Franck, W.L., Chang, W.S., Saunders, E., Bruce, D., Richardson, P., Normand, P.,
Dreyfus, B., Pignol, D., Stacey, G., Emerich, D., Verméglio, A., Médigue, C.,
Sadowsky, M., 2007. Legumes symbioses: absence of Nod genes in
photosynthetic bradyrhizobia. Science 316, 1307-1312.

Guindon, S., Dufayard, J.-F., Lefort, V., Anisimova, M., Hordijk, W., Gascuel, O., 2010.
New algorithms and methods to estimate maximum-likelihood phylogenies:
assessing the performance of PhyML 3.0. Syst. Biol. 59, 307-321.

Hassan, S., Mathesius, U., 2012. The role of flavonoids in root-rhizosphere
signalling: opportunities and challenges for improving plant-microbe
interactions. J. Exp. Bot. 63, 3429-3444.

Horvath, B., Kondorosi, E., John, M., Schmidt, ]., Torok, 1., Gyoérgypal, Z., Barabas, I.,
Wieneke, U., Schell, J., Kondorosi, A., 1986. Organization, structure and
symbiotic function of Rhizobium meliloti nodulation genes determining host
specificity for alfalfa. Cell 46, 335-343.


http://dx.doi.org/10.1016/j.ympev.2013.03.003
http://dx.doi.org/10.1016/j.ympev.2013.03.003

630 E. Ormefio-Orrillo et al./ Molecular Phylogenetics and Evolution 67 (2013) 626-630

Jones, K.M., 2012. Increased production of the exopolysaccharide succinoglycan
enhances Sinorhizobium meliloti 1021 symbiosis with the host plant Medicago
truncatula. ]. Bacteriol. 194, 4322-4331.

Jourand, P., Giraud, E., Béna, G., Sy, A., Willems, A,, Gillis, M., Dreyfus, B., de Lajudie,
P., 2004. Methylobacterium nodulans sp. nov., for a group of aerobic, facultatively
methylotrophic, legume root-nodule-forming and nitrogen-fixing bacteria. Int.
J. Syst. Evol. Microbiol. 54, 2269-2273.

Laeremans, T., Snoeck, C., Marién, J., Verreth, C., Martinez-Romero, E., Promé, J.C.,
Vanderleyden, J., 1999. Phaseolus vulgaris recognizes Azorhizobium caulinodans
Nod factors with a variety of chemical substituents. Mol. Plant-Microbe
Interact. 12, 820-824.

Lamrabet, Y., Bellogin, R.A., Cubo, T., Espuny, R., Gil, A., Krishnan, H.B., Megias, M.,
Ollero, F.J., Pueppke, S.G., Ruiz-Sainz, J.E., Spaink, H.P., Tejero-Mateo, P., Thomas-
Oates, ]., Vinardell, J.M., 1999. Mutation in GDP-fucose synthesis genes of
Sinorhizobium  fredii alters Nod factors and significantly decreases
competitiveness to nodulate soybeans. Mol. Plant-Microbe Interact. 12, 207-
217.

Lee, K.B., De Backer, P., Aono, T., Liu, C.T., Suzuki, S., Suzuki, T., Kaneko, T., Yamada,
M., Tabata, S., Kupfer, D.M., Najar, F.Z., Wiley, G.B., Roe, B., Binnewies, T.T.,
Ussery, D.W., D'Haeze, W., Herder, ].D., Gevers, D., Vereecke, D., Holsters, M.,
QOyaizu, H., 2008. The genome of the versatile nitrogen fixer Azorhizobium
caulinodans ORS571. BMC Genomics 9, 271.

Lindstrém, K., Murwira, M., Willems, A., Altier, N., 2010. The biodiversity of
beneficial microbe-host mutualism: the case of rhizobia. Res. Microbiol. 161,
453-463.

Lopez-Lara, .M., Blok-Tip, L., Quinto, C., Garcia, M.L,, Stacey, G., Bloemberg, G.V.,
Lamers, G.E., Lugtenberg, BJ., Thomas-Oates, J.E., Spaink, H.P., 1996. NodZ of
Bradyrhizobium extends the nodulation host range of Rhizobium by adding a
fucosyl residue to nodulation signals. Mol. Microbiol. 21, 397-408.

Lopez-Lépez, A., Negrete-Yankelevich, S., Rogel, M.A., Ormeifio-Orrillo, E., Martinez,
J., Martinez-Romero, E., 2013. Native bradyrhizobia from Los Tuxtlas in
Mexico are symbionts of Phaseolus lunatus (Lima bean). Syst. Appl. Microbiol.
36, 33-38.

Marie, C., Broughton, W.]J., Deakin, W.]., 2001. Rhizobium type IIl secretion systems:
legume charmers or alarmers? Curr. Opin. Plant Biol. 4, 336-342.

Martinez, E., Laeremans, T. Poupot, R. Rogel, M.A. Lopez, L., Garcia, F.,
Vanderleyden, J., Prome, ].C., Lara, F, 1995. Nod metabolites and other
compounds excreted by Rhizobium spp. In: Tikhonovich, L.A., Provorov, N.A.,
Romanov, V.I, Newton, W.E. (Eds.), Nitrogen fixation: fundamentals and
applications. Proceedings of the 10th International Congress on Nitrogen
Fixation, St. Petersburg, pp. 281-286.

Martinez-Romero, E., 2009. Coevolution in Rhizobium-legume symbiosis? DNA Cell
Biol. 28, 361-370.

Martinez-Romero, ]., Ormeiio-Orrillo, E., Rogel, M.A., Lopez-Lépez, A., Martinez-
Romero, E., 2010. Trends in rhizobial evolution and some taxonomic remarks.
In: Pontarotti, P. (Ed.), Evolutionary Biology - Concepts, Molecular and
Morphological Evolution. Springer, Berlin Heidelberg, pp. 301-315.

Menna, P., Hungria, M., 2011. Phylogeny of nodulation and nitrogen-fixation genes
in Bradyrhizobium: supporting evidence for the theory of monophyletic origin,
and spread and maintenance by both horizontal and vertical transfer. Int. J. Syst.
Evol. Microbiol. 61, 3052-3067.

Mergaert, P., D'Haeze, W., Fernandez-Lépez, M., Geelen, D., Goethals, K., Promé, J.C.,
Van Montagu, M., Holsters, M., 1996. Fucosylation and arabinosylation of Nod
factors in Azorhizobium caulinodans: involvement of nolK, nodZ as well as noeC
and/or downstream genes. Mol. Microbiol. 21, 409-419.

Moulin, L, Béna, G. Boivin-Masson, C., Stepkowski, T. 2004. Phylogenetic
analyses of symbiotic nodulation genes support vertical and lateral gene
co-transfer within the Bradyrhizobium genus. Mol. Phylogenet. Evol. 30,
720-732.

Ormefio-Orrillo, E., Vinuesa, P. Zaifiiga-Davila, D., Martinez-Romero, E., 2006.
Molecular diversity of native bradyrhizobia isolated from Lima bean (Phaseolus
lunatus L.) in Peru. Syst. Appl. Microbiol. 29, 253-262.

Pacios Bras, C., Jorda, M.A., Wijfjes, A.H., Harteveld, M., Stuurman, N., Thomas-Oates,
J.E., Spaink, H.P., 2000. A Lotus japonicus nodulation system based on
heterologous expression of the fucosyl transferase NodZ and the acetyl
transferase NolL in Rhizobium leguminosarum. Mol. Plant Microbe Interact. 13,
475-479.

Parker, M.A., 2002. Bradyrhizobia from wild Phaseolus, Desmodium, and
Macroptilium species in Northern Mexico. Appl. Environ. Microbiol. 68, 2044~
2048.

Perret, X., Staehelin, C., Broughton, W.J., 2000. Molecular basis of symbiotic
promiscuity. Microbiol. Mol. Biol. Rev. 64, 180-201.

Posada, D., 2008. JModelTest: phylogenetic model averaging. Mol. Biol. Evol. 25,
1253-1256.

Posada, D., Buckley, T.R., 2004. Model selection and model averaging in
phylogenetics: advantages of Akaike information criterion and Bayesian
approaches over likelihood ratio tests. Syst. Biol. 53, 793-808.

Quesada-Vincens, D., Fellay, R, Nasim, T., Viprey, V., Burger, U., Prome, ].C.,
Broughton, W.]., Jabbouri, S., 1997. Rhizobium sp. strain NGR234 NodZ protein is
a fucosyltransferase. J. Bacteriol. 179, 5087-5093.

Quinto, C., Wijfjes, A.H., Bloemberg, G.V., Blok-Tip, L., Lopez-Lara, .M., Lugtenberg,
B.J., Thomas-Oates, J.E., Spaink, H.P., 1997. Bacterial nodulation protein NodZ is
a chitin oligosaccharide fucosyltransferase which can also recognize related
substrates of animal origin. Proc. Natl. Acad. Sci. USA 94, 4336-4341.

Ramirez-Bahena, M.H., Peix, A., Rivas, R,, Camacho, M., Rodriguez-Navarro, D.N.,
Mateos, P.F., Martinez-Molina, E., Willems, A. Veldzquez, E. 2009.
Bradyrhizobium pachyrhizi sp. nov. and Bradyrhizobium jicamae sp. nov.,
isolated from effective nodules of Pachyrhizus erosus. Int. ]J. Syst. Evol.
Microbiol. 59, 1929-1934.

Rivas, R,, Velazquez, E., Willems, A., Vizcaino, N., Subba-Rao, N.S., Mateos, P.F., Gillis,
M., Dazzo, F.B., Martinez-Molina, E., 2002. A new species of Devosia that forms a
unique nitrogen-fixing root-nodule symbiosis with the aquatic legume
Neptunia natans (L.f.) druce. Appl. Environ. Microbiol. 68, 5217-5222.

Rodpothong, P., Sullivan, J.T., Songsrirote, K., Sumpton, D., Cheung, KW., Thomas-
Oates, ]., Radutoiu, S., Stougaard, J., Ronson, C.W., 2009. Nodulation gene
mutants of Mesorhizobium loti R7A-nodZ and nolL mutants have host-specific
phenotypes on Lotus spp. Mol. Plant-Microbe Interact. 22, 1546-1554.

Rogel, M.A., Hernandez-Lucas, 1., Kuykendall, L.D., Balkwill, D.L., Martinez-Romero,
E., 2001. Nitrogen-fixing nodules with Ensifer adhaerens harboring Rhizobium
tropici symbiotic plasmids. Appl. Environ. Microbiol. 67, 3264-3268.

Rogel, M.A., Ormefio-Orrillo, E., Martinez-Romero, E., 2011. Symbiovars in rhizobia
reflect bacterial adaptation to legumes. Syst. Appl. Microbiol. 34, 96-104.

Ronquist, F., Huelsenbeck, J.P., 2003. MrBayes 3: Bayesian phylogenetic inference
under mixed models. Bioinformatics 19, 1572-1574.

Sanjuan, J., Carlson, R.W., Spaink, H.P., Bhat, U.R., Barbour, W.M., Glushka, J., Stacey,
G., 1992. A 2-O-methylfucose moiety is present in the lipo-oligosaccharide
nodulation signal of Bradyrhizobium japonicum. Proc. Natl. Acad. Sci. USA 89,
8789-8793.

Scott, D.B., Young, C.A., Collins-Emerson, J.M., Terzaghi, E.A., Rockman, E.S., Lewis,
P.E., Pankhurst, C.E., 1996. Novel and complex chromosomal arrangement of
Rhizobium loti nodulation genes. Mol. Plant Microbe Interact. 9, 187-197.

Servin-Garciduefias, L.E., Rogel, M.A., Ormefio-Orrillo, E., Delgado-Salinas, A.,
Martinez, J., Sanchez, F., Martinez-Romero, E., 2012. Genome sequence of
Rhizobium sp. strain CCGE510, a symbiont isolated from nodules of the
endangered wild bean Phaseolus albescens. ]. Bacteriol. 194, 6310.

Stacey, G., 1995. Bradyrhizobium japonicum nodulation genetics. FEMS Microbiol.
Lett. 127, 1-9.

Stacey, G., Luka, S., Sanjuan, J., Banfalvi, Z., Nieuwkoop, A.J., Chun, J.Y., Forsberg, L.S.,
Carlson, R., 1994. nodZ, a unique host-specific nodulation gene, is involved in
the fucosylation of the lipooligosaccharide nodulation signal of Bradyrhizobium
Jjaponicum. J. Bacteriol. 176, 620-633.

Staehelin, C., Schultze, M., Kondorosi, E., Mellor, R.B., Boiler, T., Kondorosi, A., 1994.
Structural modifications in Rhizobium meliloti Nod factors influence their
stability against hydrolysis by root chitinases. Plant J. 5, 319-330.

Steenkamp, E.T., Stepkowski, T., Przymusiak, A., Botha, W.]., Law, L]., 2008. Cowpea
and peanut in southern Africa are nodulated by diverse Bradyrhizobium strains
harboring nodulation genes that belong to the large pantropical clade common
in Africa. Mol. Phylogenet Evol. 48, 1131-1144.

Stepkowski, T., Swiderska, A., Miedzinska, K., Czaplinska, M., Swiderski, M.,
Biesiadka, J., Legocki, A.B., 2003. Low sequence similarity and gene content of
symbiotic clusters of Bradyrhizobium sp. WM9 (Lupinus) indicate early
divergence of “lupin” lineage in the genus Bradyrhizobium. Anton. Leeuw. 84,
115-124.

Stepkowski, T., Moulin, L., Krzyzanska, A., McInnes, A., Law, L]., Howieson, ]., 2005.
European origin of Bradyrhizobium populations infecting lupins and serradella
in soils of Western Australia and South Africa. Appl. Environ. Microbiol. 71,
7041-7052.

Stepkowski, T., Hughes, C.E., Law, LJ., Markiewicz, L., Gurda, D., Chlebicka, A.,
Moulin, L., 2007. Diversification of lupine Bradyrhizobium strains: evidence from
nodulation gene trees. Appl. Environ. Microbiol. 73, 3254-3264.

Sullivan, ].T., Ronson, C.W., 1998. Evolution of rhizobia by acquisition of a 500-kb
symbiosis island that integrates into a phe-tRNA gene. Proc. Natl. Acad. Sci. USA
95, 5145-5149.

Vajda, V., McLoughlin, S., 2004. Fungal proliferation at the Cretaceous-Tertiary
boundary. Science 303, 1489-1490.

Valverde, A., Veldzquez, E., Ferndndez-Santos, F., Vizcaino, N., Rivas, R., Mateos, P.F.,
Martinez-Molina, E., Igual, ].M., Willems, A., 2005. Phyllobacterium trifolii sp.
nov., nodulating Trifolium and Lupinus in Spanish soils. Int. ]J. Syst. Evol.
Microbiol. 55, 1985-1989.

Vance, C.P., Reibach, P.H., Pankhurst, C.E.,, 1987. Symbiotic properties of Lotus
pedunculatus root nodules induced by Rhizobium loti and Bradyrhizobium sp.
(Lotus). Physiol. Plant 69, 435-442.

Xia, X., Xie, Z., Salemi, M., Chen, L, Wang, Y., 2003. An index of substitution
saturation and its application. Mol. Phylogenet. Evol. 26, 1-7.

126



Articulo:

Ormeno-Orrillo E, Servin-Garciduefias LE, Rogel MA, Gonzilez V, Peralta H, Mora J,

Martinez-Romero J, Martinez-Romero E. 2014. Taxonomy of rhizobia and agrobacteria from the
Rhizobiaceae family in light of genomics. Syst. Appl. Microbiol. 2014 Dec. 27. pii: S0723-
2020(14)00190-8.

En este trabajo se presenta un analisis amplio sobre la conservacion de secuencias entre
genomas de diversas cepas y especies de rizobios. Presentamos una revision de la taxonomia de
la familia Rhizobiaceae, fundamentalmente en métricas y parametros derivados de
comparaciones de secuencias genomicas como ANI (Average Nucleotide Identity) e in silico
DDH (DNA-DNA hybridization). Se pudieron identificar dos superclados dentro de la familia
Rhizobiaceae que corresponden a los géneros Rhizobium/Agrobacterium y Shinella/Ensifer.
Dentro del superclado Rhizobium/Agrobacterium logramos reconocer cuatro grupos principales

que corresponden a géneros diferentes. Los resultados completos se presentan en la revision.

127



Systematic and Applied Microbiology 38 (2015) 287-291

Contents lists available at ScienceDirect

Systematic and Applied Microbiology

journal homepage: www.elsevier.de/syapm

Taxonomy of rhizobia and agrobacteria from the Rhizobiaceae family
in light of genomics

@ CrossMark

Ernesto Ormeno-Orrillo, Luis E. Servin-Garcidueiias, Marco A. Rogel, Victor Gonzalez,
Humberto Peralta, Jaime Mora, Julio Martinez-Romero, Esperanza Martinez-Romero *

Centro de Ciencias Genomicas, Universidad Nacional Auténoma de México, Cuernavaca, Morelos, Mexico

ARTICLE INFO ABSTRACT
Keywords: Phylogenomic analyses showed two major superclades within the family Rhizobiaceae that corresponded
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to the Rhizobium/Agrobacterium and Shinella/Ensifer groups. Within the Rhizobium/Agrobacterium group,
four highly supported clades were evident that could correspond to distinct genera. The Shinella/Ensifer
group encompassed not only the genera Shinella and Ensifer but also a separate clade containing the type
strain of Rhizobium giardinii. Ensifer adhaerens (Casida AT) was an outlier within its group, separated from
the rest of the Ensifer strains. The phylogenomic analysis presented provided support for the revival of
Allorhizobium as a bona fide genus within the Rhizobiaceae, the distinctiveness of Agrobacterium and the
recently proposed Neorhizobium genus, and suggested that R. giardinii may be transferred to a novel genus.
Genomics has provided data for defining bacterial-species limits from estimates of average nucleotide
identity (ANI) and in silico DNA-DNA hybridization (DDH). ANI reference values are becoming the gold
standard in rhizobial taxonomy and are being used to recognize novel rhizobial lineages and species that
seem to be biologically coherent, as shown in this study.
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Introduction

Rhizobia are soil and rhizospheric bacteria that may form nitro-
gen fixing symbioses in leguminous plants allowing their growth
in poor nitrogen soils. Thus, rhizobia have been considered as
bio-fertilizers and have been used as inoculants in agriculture
for over 120 years. Rhizobial genetic diversity, as well as their
plant-bacteria molecular interactions, has been well studied. In
1991, Graham et al. [18] published a set of recommendations
for the description of novel rhizobial species on the “basis of
both phylogenetic and phenotypic traits” using “genomic relation-
ships to the greatest degree possible” and as “the culmination
of considerable research”. A large number of species have been
reported since, based mainly on polyphasic analysis using a number
of molecular-marker phylogenies, DNA-DNA hybridization (DDH)
results and the description of different distinctive phenotypic fea-
tures. Studies based on molecular marker sequences represented a
significant advance in rhizobial taxonomy and have been included
in most studies. Newly described species are periodically revised by
the International Taxonomy Subcommittee on Agrobacterium and
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Rhizobium [24,25]. Several reviews on rhizobial taxonomy have
been published [41,52,55] but none have been specifically oriented
toward genomics.

The following genera within the family Rhizobiaceae include
rhizobial members: Rhizobium, Ensifer (former Sinorhizobium),
Agrobacterium and Shinella [5]. Agrobacterium includes tumor-
forming bacteria as well as nitrogen-fixing nodule bacteria. An
additional genus of the family Rhizobiaceae, Carbophilus [5], has
not been described as containing nodule bacteria. A characteristic
of rhizobia belonging to the family Rhizobiaceae and agrobacteria
is their genome organization in multireplicons [17,19,21,26]. Fur-
thermore, phenotypic distinctive characteristics in rhizobia may
be encoded in extrachromosomal replicons (ERs) [33], a feature
not normally recognized in novel species descriptions. In Rhizo-
bium, Ensifer and Agrobacterium, almost half of the genome may
be contained in ERs (reviewed in [26]), and some ERs even have
roles in rhizobial growth rate and survival [4,16,19,20]. Two types
of ERs have been recognized: plasmids and chromids [19]. ERs that
carry “essential” genes with conserved gene sequences and shar-
ing similar GC content and codon usage with the chromosome
have been named chromids [19]. Chromids have been proposed
as characteristic of a genus and contain many genus-specific genes
[26]. Taxonomic phenotypic characteristics are encoded in chro-
mids in Rhizobium [33]. Interestingly, chromids carry many genes
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that are highly expressed by rhizobia on plant roots [33]. On
the other hand, plasmids are highly variable and confer adap-
tive traits, such as nodulation and nitrogen fixation in legumes
[6,8,19,26,29,38,43,49,51], or they may be transferred between
bacteria [30,31,40].

Genomic impact on rhizobial taxonomy

Genomics has revolutionized microbiology and is having a sig-
nificant impact on taxonomy. For many years, results from DDH
experiments were the basis for circumscribing prokaryotic species
[46]. However, alternatives for estimating DNA relatedness, such as
whole-genome average nucleotide identity (ANI) [23] and in silico
DDH |[2], are currently much better than wet lab DDH which has
been shown to produce highly variable results from lab to lab and
from different DNA samples [27]. Additionally, the G+C content nor-
mally reported in novel bacteria descriptions may be calculated
accurately from genomic data.

The novel quantitative genomic analyses are beginning to be
used in rhizobial taxonomy. Species descriptions where ANI and/or
in silico DDH were used to support or complement wet lab DDH
values have been published [9,10,13,28]. Likewise, limits obtained
from ANI and in silico DDH estimates have led to the discovery of
novel rhizobial lineages [27,37]. Lack of genome sequences for most
type strains of rhizobia is a limiting factor for the use of these
novel approaches, although the reducing cost of whole genome
sequencing will ease this restriction. As an example, two recent
studies coupled genome sequencing of the rhizobia being charac-
terized with that of all related type strains, which allowed complete
replacement of wet lab DDH with ANI [14,15].

ANI values derived from only the conserved core genes of a
group (referred to as ANIo) have also been proposed as a replace-
ment for wet lab DDH, with approximately 96% ANIo corresponding
to 70% DDH [22]. A minimum of three but a recommended num-
ber of six to eight genes can give a good estimate of ANIo [22].
Consequently, ANI values based on concatenated sequences of a
few partial sequences of conserved core genes are being used to
delineate putative rhizobial species [1,11,39]. Nevertheless, care
must be exercised in not assuming that values obtained with partial
sequences will correspond exactly to ANIo, instead, intra- and inter-
species identity values must be evaluated in order to find a suitable
cut-off value for species delineation that is appropriate for the set
of genes being used. Recently, a set of three novel conserved genes
has been proposed as a suitable tool for rhizobial taxonomy because
the concatenated partial sequences produced ANI that were closely
correlated with whole genome ANI [56].

A phylogenomic view of rhizobia and agrobacteria within
the Rhizobiaceae

Besides providing quantitative values for species delineation,
whole genomes allow the reconstruction of phylogenetic trees
based on hundreds or thousands of genes that depict evolution-
ary relationships better than phylogenies based on a few markers
including 16S rRNA genes. To date, 29 complete and 141 draft whole
genome sequences (WGS) from members of the family Rhizobiaceae
are available from the GenBank database (Supplementary Table S1).
These genomes include 23 type strains, three of which are com-
pletely sequenced. Additionally, one complete and three draft WGS
genomes sequenced at CCG-UNAM were included in the analysis
(Supplementary Table S1). A total of 166 (66%) of the strains had
genomes encoding nodC. Most strains lacking this gene are labeled
as agrobacteria.

We checked the identity of all sequenced type strains by com-
paring their genomes against partial sequences of genes previously

obtained for the same strains available from GenBank, and two
anomalies were found. The A. radiobacter DSM30147T genome
(accession number ASXYO01, Bioproject PRJNA212112) had identical
sequences to several previously reported A. radiobacter DSM30147T
genes (aptD, rpoB, mutS, gyrB, gltD, ginll) but showed only 90-97%
identity with others (rpoD, chvA, hrcA). The R. gallicum R602spT
genome (accession number ARDCO1, BioProject PRINA169700) had
divergent sequences in all the genes compared, which clustered
within the R. leguminosarum clade (data not shown). Both genomes
were excluded from further analyses, as they did not correspond to
the designated type strains.

Except for one comparison, type strain genomes shared a max-
imum ANI value of 92%, thus supporting the proposed cut-off
level of 95% as a species delineation threshold [23]. R. gallicum
R602T (newly sequenced at CCG) and R. mongolense USDA 18447
shared an ANI value of 95.1% that validates their previously pro-
posed synonymy [44]. Based on a 95% ANI threshold, the 172
sequenced strains would represent 77 genospecies (Supplemen-
tary Table S1). Given the scarcity of sequenced type strains, most
of these genospecies could not be ascribed to described taxa solely
by ANI and so were assigned arbitrary labels (GS1-G48) in Supple-
mentary Table S1. To date, there are 27 genomes available from
different Ensifer meliloti strains and eight genomes from distinct E.
fredii strains, while the remaining geno(species) have from 1 to 6
sequenced strains. We used a sample of 113 genome sequences
representing all possible (geno)species in order to construct a
genome-based phylogeny with the aim of shedding light on uncer-
tainties or controversies in the taxonomy of several clades within
the family Rhizobiaceae. Due to the unreliable classification or nam-
ing of many sequenced strains (Supplementary Table S1) we chose
to include a species designation only for type strains or strains
that had been assigned to a known species on the basis of DNA-
DNA hybridization or ANI analyses. As shown in Fig. 1, two major
superclades were observed within the family Rhizobiaceae, which
corresponded to the Rhizobium/Agrobacterium and Shinella/Ensifer
groups.

Within the Rhizobium/Agrobacterium group, several highly sup-
ported clades were evident. One clade included Agrobacterium
biovar 1 strains, as well as the type strains of Agrobacterium rubi and
Agrobacterium larrymoorei. This clade, referred to here as Agrobac-
terium sensu stricto, had been previously revealed by recA sequence
analysis [7] and includes strains whose genomes encode a pro-
telomerase, which are characterized by possessing a linear replicon
[36].

A second clade included strains of the recently proposed genus
Neorhizobium [32]. This clade was previously known as the “Rhi-
zobium galegae complex”. The genome phylogeny supported the
proposal of Mousavi et al. [32] for including Rhizobium vignae in
Neorhizobium. However, ANI values between R. vignae and N. gale-
gae strains were lower than 91%, indicating that R. vignae should
not be included in the N. galegae species as suggested by Mousavi
etal.[32] and must therefore be referred to as Neorhizobium vignae.

A third clade included the type strains of Rhizobium undicola
(former Allorhizobium undicola [12,54]), as well as strain S4 of
Agrobacterium vitis. The isolated position of this clade in relation
to Agrobacterium sensu stricto and Neorhizobium could support the
revival of Allorhizobium as a genus within the Rhizobiaceae, as
has been recently suggested [36], and which includes the species
Allorhizobium vitis (formerly Agrobacterium vitis) and Allorhizobium
taibaishanense (former Rhizobium taibaishanense) [32].

A fourth clade included species closely related to Rhizobium
leguminosarum, the type species of the genus Rhizobium, hence,
we referred to this clade as Rhizobium sensu stricto. Within this
clade, distinct groups of closely related species were observed.
Hairy-root forming bacteria, originally described as Agrobac-
terium rhizogenes (biovar 2 agrobacteria) were found within the
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Figure 1. Phylogenomic analysis showing the evolutionary relationships between 113 sequenced strains from the family Rhizobiaceae. Putative genus-level clades are
indicated with different colors. Strains forming species-level clades based on ANI, with a 95% cut-off level, are grouped with square brackets. Species designation was
included only for type strains or strains assigned to a known species by DNA-DNA hybridization or ANI analyses. Type strains are indicated with a superscript T letter. Genus
abbreviations: R, Rhizobium; A, Agrobacterium; Al, Allorhizobium; S, Sinorhizobium; E, Ensifer, N, Neorhizobium. The maximum likelihood phylogeny was reconstructed with
FastTree 2 [35] using a concatenated alignment of the most discriminative amino acid positions of 384 proteins conserved in the chromosomes of all completely sequenced
genomes identified with PhyloPhlAn [42]. Shimodaira-Hasegawa-like local support values for all nodes were >70% except for the two nodes marked with triangles. All genus-
level clades had support values of 100%. Clustering of strains below nodes marked with circles was also observed in an independent phylogenomic analysis performed with
AMPHORA [53] using 31 universally conserved and mostly chromosomally located proteins. Genome or replicon sequence accession numbers are indicated in Supplementary
Table S1. The scale bar represents the estimated number of amino acid changes per site for a unit of branch length. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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tropici group, thus their designation as Rhizobium rhizogenes is fully
supported [50,54]. Inside the phaseoli-etli-leguminosarum (PEL)
group, different genomic lineages were observed, including some
that were previously identified and which probably correspond to
distinct species [37]. A highly supported subgroup marked with
an asterisk in Figure 1 included several closely related R. legu-
minosarum lineages showing ANI values that were borderline for
species delineation (94-95%). This observation may be related to
the findings of Tian et al. [48] that R. leguminosarum could be com-
posed of sublineages that showed significant levels of genetic flow
“preventing unlimited divergence” but “being uncommon enough
to allow the creation and persistence of diversifying sublineages”.
Other strains designated as R. leguminosarum, such as WSM2304,
seemed to represent distinct species.

In the Shinella/Ensifer group, three highly supported clades were
observed. The sole sequenced strain of Shinella formed a clade of its
own, and a second clade could be equated to the genus Ensifer. It is
worth noting that the type species of this genus, Ensifer adhaerens
(Casida AT), was located in an outlier position separated from the
rest of the Ensifer (formerly Sinorhizobium) strains (Fig. 1). Strains
USDA 257 and NGR 234, sometimes ascribed to Ensifer fredii, clus-
tered independently and showed low ANI values (<92%) with the
E. fredii type strain and other tropical species, such as ‘Sinorhizo-
bium americanum’. NGR 234 strain was proposed to correspond to
a separate species on the basis of nolR polymorphisms [29].

Rhizobium giardinii H152T and four other rhizobial genomes
formed an independent clade more related to Ensifer than to Rhi-
zobium|Agrobacterium. This observation is in agreement with the
phylogenetic placement of R. giardinii in a recently reported MLSA
analysis [32] and supports the notion that this species represents a
novel genus. This may also be the case for several strains presently
ascribed to Rhizobium, as well as ‘A. albertimagni’ AOL15", which
occupy isolated positions suggesting that they may represent as
yet undescribed genera within the family Rhizobiaceae.

Implications of genome-based taxonomy
(genomotaxonomy)

We can speculate whether the new high resolution or high
definition (HD) taxonomy that splits closely related groups into
different species based on genomic data is biologically sound.
These new species have 16S rRNA gene sequences that are almost
indistinguishable from their closest relatives. Interestingly, the
members of each of these newly described and tightly circum-
scribed species from HD taxonomy are highly coherent with very
similar common characteristics, as observed in R. phaseoli [27] and
in the novel species from the tropici group [9,10,34]. Similar situ-
ations have arisen in taxonomic studies of other rhizobia, such as
Bradyrhizobium diazoefficiens (formerly considered as B. japonicum)
[13,45], and other bacterial genera such as Klebsiella [ 3] and Bacillus
[47].

Besides providing consistent measurements of DNA relatedness
for defining bacterial-species limits, genomics would help provide
a better knowledge of the phenotypic distinctiveness of species.
The phenotypic characteristics used to date have been criticized
as a requirement for proposing novel species and their substitu-
tion for a genomotaxonomy approach has been claimed where
genomic data can be used to predict stable phenotypes [33]. The
first steps have been taken in this direction for pathogenic bacte-
ria such as vibrios [12]. In the case of rhizobia with partitioned
genomes, chromosome- or chromid-based phenotypes should be
considered valid in taxonomic descriptions but not those encoded
in unstable plasmids.

Genomic data also provides an opportunity for exploring topics
such as speciation that, although not being part of taxonomy itself,

is inherently related to it and can provide novel criteria for use in
taxonomy. The basis of speciation has not been reviewed in rhizo-
bia, and key genes, mechanisms and processes driving speciation
remain to be described. Is self-recognition occurring among mem-
bers of a single species and not between members of closely related
species? Is genomic architecture related to speciation? These and
other questions should be addressed in the future.

After our article was peer-reviewed, we were aware that
Mousavi et al (Syst. Appl. Microbiol.,, In Press, doi:10.1016/
j.syapm.2014.12.003) proposed the novel genus Pararhizobium
composed of R. giardinii and related species, which agree with our
conclusion of the distinctiveness of R. giardinii.
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commonalities. Appl. Environ. Microbiol. 79: 2-9.

Esta revision surge a partir de los estudios realizados en el laboratorio de la Dra.
Esperanza Martinez sobre comunidades bacterianas de raices de plantas y de intestinos de
animales. Logramos reconocer convergencias evolutivas entre microbiotas de plantas y animales.
Las bacterias de raices e intestinos participan en la degradacion y modificacion de nutrientes,
regulan la expresion génica y amplian las capacidades metabdlicas de sus hospederos, proveen
nutrientes esenciales y ayudan en la proteccion contra patdgenos. En la revision se presenta una
comparacion global entre ambos tipos de microbiotas en base al analisis de literatura reciente y

de resultados obtenidos en el laboratorio.
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Gut and Root Microbiota Commonalities

Shamayim T. Ramirez-Puebla, Luis E. Servin-Garciduefas, Berenice Jiménez-Marin, Luis M. Bolafios, Mdonica Rosenblueth,
Julio Martinez, Marco Antonio Rogel, Ernesto Ormefio-Orrillo, Esperanza Martinez-Romero

Genomic Sciences Center, UNAM, Cuernavaca, Morelos, Mexico

Animal guts and plant roots have absorption roles for nutrient uptake and converge in harboring large, complex, and dynamic
groups of microbes that participate in degradation or modification of nutrients and other substances. Gut and root bacteria reg-
ulate host gene expression, provide metabolic capabilities, essential nutrients, and protection against pathogens, and seem to

share evolutionary trends.

G uts and roots are inhabited by many different bacteria (1-5),
archaea (6—12), and viruses (13-16), as well as by eukaryotes
(17-20), with some of them containing bacteria of their own (21—
24). Variations in gut microbiota respond to age (25-28), diet
(29-31), or species (32). Most insects have dozens of microbial
species in their guts, while mammalian guts may contain thou-
sands. Herbivores exhibit the largest diversity (32, 33), including
probably plant-associated bacteria, especially endophytes (34)
that, by being inside plant tissues, may survive stomach digestion.
Transiting diet-borne bacteria may contribute to gut metabolic
capacities. Different soil types, moisture (35), plant genotypes
(36), age (37), and root lysates, secretions, or exudates (38) are
determinants of root microbiotas. Factors that determine root
exudates, such as availability of inorganic nutrients, temperature,
light intensity, O,/CO, level, or root damage, may indirectly affect
root microbiotas (39). The presence of pathogens induces changes
in microbiota composition in roots and guts (40, 41).

Guts and roots have large surface areas, with microvilli and
folds or root hairs in some parts. Both roots and guts are struc-
tured, nonhomogenous habitats with pH, nutrient, water, and
oxygen differential levels or gradients. Gradients would favor col-
onization by distinct bacteria that are more successful in some
root or gut regions. In consequence, the multiple microhabitats
that exist in roots and guts contribute to high species richness (42,
43). Different conditions are found in the cecum and distal colon
in humans, with cecal and colon microbiotas containing a larger
proportion of facultative anaerobes (44). Colon mucosal folds ex-
hibit particular bacteria adapted to colonic conditions and maybe
to mucin degradation (45). Some insects have specialized struc-
tures in their gut, such as midgut sacs and tubular outgrowths
called ceca or crypts, in which they harbor specific bacteria (46),
and others with less-complex guts also have pH and oxygen gra-
dients in their guts (47). A steep oxygen gradient including an
anaerobic root environment in water-saturated roots parallels the
gut oxygen gradient and anaerobic gut systems. Clostridia, and
especially members of the family Ruminococcaceae, are more prev-
alent than other anaerobes and methanogens, a trend which is
similar in the different gut systems (48). These communities take
care of the degradation of the complex organic matter in the outer
root layers. Some gut and root acid-tolerant bacteria can modify
their environment by lowering the pH when producing diverse
acids (49, 50). Along the roots, there are physiological differences,
and their exudates are secreted differentially at the apical meris-
tem, root cap, or root hairs (42), creating different microhabitats.
A single Burkholderia strain colonizes only discrete root regions
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(51), and different burkholderias were found at different soil
depths (37).

“Arabidopsis thaliana root microbiome might assemble by core
ecological principles similar to those shaping the mammalian mi-
crobiome in which core phylum level enterotypes provide broad
metabolic potential combined with modest levels of host geno-
type-dependent associations” (35). Metacommunity theory may
be applied to root microbiotas, as has been used to explain the
assembly of the gut microbial community (52). Metacommunity
theory is based on the concept of discontinuous patches and in-
teractions that can satisfactorily describe bacterial patchy coloni-
zation of roots. Future applications of these concepts will assert
their usefulness.

Remarkably, there are individual-to-individual variations in
bacterial composition of the gut (2, 53) and roots (54). Individual
differences may be due to genetic differences and stochastic colo-
nization processes (52). Limited patterns (enterotypes) in relation
to stratified variation were distinguished in human and insect gut
microbiotas (2, 55); however, it is controversial if there are only a
few enterotypes in humans or gradients of diversity (28). In plants,
similar bacterial genera are recurrently isolated from rhizospheres
(soil surrounding roots affected by plants) or roots (34, 56). In
roots, Rhizobium strain diversity with functional differentiation is
high (57). Strain variability in vitamin production has been de-
tected among gut bifidobacteria (reviewed in reference 58). Sim-
ilarly, lactobacilli (reviewed in reference 59) are a heterogeneous
group of bacteria with partly probiotic character which have con-
siderable variation in terms of molecular characteristics and pre-
ferred natural habitats.

With few exceptions (see below), the gut microbiota is differ-
ent from that of other host organs, and similarly, the root micro-
biota shares only some bacteria with those of other plant organs.

ENVIRONMENTAL AND MATERNAL ACQUISITION

Root and gut microorganisms are usually acquired from the envi-
ronment. Roots are colonized by bulk soil microorganisms at-
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tracted by chemotaxis and enriched by nutrients secreted by the
roots in the rhizosphere. Animals also acquire their gut microbi-
ota from their environment after they are born (60). In a few cases,
microorganisms can be transferred vertically from mother to
progenies. Endophytes present in plant seeds may subsequently
colonize the roots and the rhizosphere. Enterobacter asburiae,
found in maize kernels, is able to exit the roots and colonize the
rhizosphere after the plant has established (61). Other seed bacte-
ria do the same (54, 62). Animals can also acquire their gut micro-
biota from their mothers after being born, but there are cases of
paternal transmission of symbionts, as in malaria vectors (63).
Maternal transmission may occur before birth (64-66). When
mammals are breast-fed, they acquire microorganisms that are
present in the milk or on the mother’s skin (67-69). Some stink-
bug larvae acquire their mother’s gut bacteria from contaminated
eggs, by coprophagy, or by capsule-mediated transmission just
after they have hatched (46). In view of the vertical and environ-
mental transmission of root and gut microbes, gnotobiotic ani-
mals or plants are needed to clearly evaluate the effects of selected
strains on hosts.

FUNCTIONAL REDUNDANCY AND ROLE OF MINORITIES

It seems that different microbiota composition may lead to the
same and stable function. This may apply to gut and root bacteria
and has been found to be true in methanogenic reactors (70).
Similar degrading capacities are found in different gut bacteria
(reviewed in reference 71). In roots, many different bacterial gen-
era and species produce hormones, auxins, cytokinins, or gibber-
ellins (reviewed in references 56 and 72). Our research group
found that riboflavin is produced and excreted by different strains
from several species of Methylobacterium, Rhizobium, Sinorhizo-
bium, and Bacillus, both in rice and alfalfa root exudates and in
pure cultures in minimal medium (our unpublished data). In vitro
excretion of riboflavin by a large diversity of bacteria, including
Chromobacterium violaceum and Pantoea agglomerans, was re-
ported earlier (73), and both riboflavin and lumichrome (which is
derived from riboflavin) stimulate root respiration (74). Addi-
tionally, many different plant-associated bacteria inhibit patho-
genic fungi or bacteria (reviewed in reference 56).

Minority species present in the microbiota may help cover
some of the host-specific needs. Methanogens, methylotrophs,
and nitrogen-fixing bacteria are minor components in guts and
rhizospheres (11, 75-78); however, they have important ecologi-
cal roles. In some roots and guts, nitrogen fixation provides nitro-
gen to plants (79) and insects (80-82).

GUT AND ROOT BACTERIA ENHANCE THE METABOLIC
CAPACITIES OF THEIR HOSTS

It is remarkable that gut bacteria are rich in sugar hydrolases (83)
and other catabolic genes, such as those for tannin (84), choles-
terol (85), or mucin (gut glycosylated proteins) (86). Similarly,
capacities to degrade polyphenols, polysaccharides, protocatech-
uate, and proteins and to solubilize phosphate and weather rocks
(50, 54, 87, 88) are prevalent among different rhizospheric bacte-
ria. Mimosine-degrading bacteria are found in mimosa plants that
produce mimosine (89), and cows that have such bacteria in their
rumen are capable of degrading it (90). Alginate-degrading bac-
teria are found in abalone and human guts of algae consumers in
Japan (91). The outstanding degrading capacities of root bacteria
are the basis of rhizoremediation of polluting substances (92, 93)
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and are also evidenced in medical drug transformation or degra-
dation in the human gut (94-96). Interestingly, in bioremedia-
tion, the abilities of bacteria to degrade soil pollutants may be
triggered by flavonoids (97).

Gut and rhizospheric bacteria produce vitamins as riboflavin,
as stated above. Vitamin B, is an exclusive product of prokaryotes
(98), and it is produced by plant root and gut bacteria (99-102).
Essential amino acids and vitamins B and K are produced by gut
bacteria (reviewed in reference 58). An alcohol dehydrogenase
from the commensal bacterium Acetobacter pomorum modulates
Drosophila developmental and metabolic homeostasis via insulin
signaling (103). While root bacteria produce plant hormones that
have effects on plant growth (reviewed in reference 56), gut bac-
teria seem to regulate animal behavior (104, 105).

GUT AND ROOT MICROBIOTAS COMPETE WITH PATHOGENS

Gut and root microbiotas suppress pathogens (reviewed in refer-
ences 56 and 106). The human control of root bacteria has been
envisaged as a manner to promote plant growth and health with
benefits to agriculture (93, 107). Bacterial inoculants in agricul-
ture and forestry are considered equivalent to probiotics (benefi-
cial microbes provided as supplements) for animal health. Probi-
otics stimulate host defense systems and the competitive exclusion
of pathogens, as plant growth-promoting rhizobacteria do (108).
Seeds may harbor a reservoir of probiotics for their seedlings (54,
109). Prebiotics are added nutrients used to stimulate desirable
bacteria in humans (110). We may even speculate that prebiotics
were invented by roots, as some substances from their exudates
stimulate bacterial growth selectively (89, 111, 112).

For over one hundred years, inoculants have been provided to
plants in agricultural fields with variable success. Recently, a large
number of commercial products whose effects are not always de-
sirable have appeared to promote plant growth. Similarly, an in-
creased number of probiotics and prebiotics whose effects have
notbeen completely evaluated in different human populations are
coming to the market. Gut gene expression in response to probi-
otics varies from person to person (113). In many cases, clinical
benefits have been obtained in patients with specific probiotic
strains (114).

Experience with plants has shown that appropriate use and
regulation of probiotics (inoculants) is difficult to achieve. Unde-
sirable genetic characteristics, such as denitrifying capacities, have
been identified among inoculants (115). Strains used as probiotics
should not contain glucosaminidase or glucuronidase genes that
seem to have roles in producing toxic substances in the gut (re-
viewed in reference 116), but these reccommendations may not be
easily followed.

SIMILAR BACTERIUM-HOST INTERACTIONS IN GUTS AND
ROOTS

Differential gene expression of bacteria in hosts. Bacterium-
plant interactions have been studied for many years, and a molec-
ular ping pong between rhizobia and plants that may serve as a
model to analyze insect or human gut symbioses is known (re-
viewed in references 1 and 117). In rhizobium-plant molecular
dialogue, Rhizobium NodD receptors, which bind root exudate
molecules, function as transcriptional regulators that induce the
expression of several genes, including nod genes and secretion
systems (reviewed in references 117 and 118). Extrusion pumps
are inducible by flavonoids that are present in root exudates but
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do not require NodD genes (119). Many ABC transporter systems
are induced by the respective substrate or other molecules from
roots (111, 120).

In roots, bacteria have a differential gene expression that sup-
posedly allows them to adapt to the root environment. Genes
involved in root exudate usage, root attachment, and survival are
induced in bacteria colonizing roots (120, 121). In vitro expression
technology (IVET) (122), proteomic analysis, microarray and
RNA Seq transcriptomics, and genetic analysis have revealed rhi-
zobial (120, 121, 123), Pseudomonas (124, 125), Streptomyces
(126), and other bacterial genes expressed on roots or rhizo-
spheres. Similarly, bacteria may differentially express genes when
in guts. Gut bacteria are exposed to bile salts that solubilize diet fat,
have antimicrobial activities (127), and regulate bacterial gene ex-
pression. An efflux transporter of the multidrug resistance type
(MDR) was induced in Bifidobacterium by bile (128). Different
bile substances have been identified to control gene expression in
bifidobacteria (129). Other bile-inducible genes have been found
in Lactobacillus plantarum (130). Lastly, human gut bacteria
transform bile salts (131). Gut bacteria can also modify dietary
flavonoids (132) that have significant effects on animal physiol-
ogy. Analogously, in roots, flavonoids produced by plants are sig-
nal molecules in bacteria (133) and are also transformed by bac-
teria in vitro, though this has not been shown in vivo. Plant
phytoalexins are antimicrobials that are expelled from Rhizobium
etli, Bradyrhizobium japonicum, and Agrobacterium by MDR ef-
flux pumps that are inducible by root-exudated flavonoids (20,
119, 134).

Interestingly, gut and root microbiotas may follow the circa-
dian cycles of their hosts. This was observed in nitrogen-fixing
bacteria that fixed more during the daytime on rice roots (135).
Epithelial cell proliferation, gastrointestinal motility, and other
gut processes follow biological rhythms. In the gastrointestinal
tract, there are large amounts of melatonin, which is a key hor-
mone in the clock biological regulation (136). The Burmese
python’s microbiota is responsive to host cycles of feeding and
fasting (137).

Host gene expression regulated by microbiotas. Outstand-
ingly, gut and root bacteria modify gene expression in animal
(138, 139) and plant (140) hosts, respectively. Gut gene expression
is also modified by probiotics (113) that modify gut bacterial gene
expression as well (141). Gut genes expressed in the presence of
the gut bacterium Bacteroides thetaiotaomicron are involved in
xenobiotic catabolism, in angiogenesis, in gut barrier epithelium
maintenance, and in immunity development (139), with very
complex host molecular responses (142).

Plants and humans can sense bacterially produced acylhomo-
serine lactones (AHLs), different volatiles, microbe-associated
molecular patterns (MAMPS) (72, 143), and other bacterial mol-
ecules unknown at present. Root gene expression is differently
modified by acylhomoserine lactones from pathogenic or symbi-
otic bacteria (144). In turn, plant products may act like quorum-
sensing signals in bacteria (145). In recent years, specific regula-
tory roles of N-acylhomoserine lactones have become apparent,
because plants responded with either a systemic resistance re-
sponse or a hormonal regulated growth response to the presence
of AHL-producing bacteria colonizing the root surface. Also in the
animal/human systems, a specific perception of AHL compounds,
produced by Gram-negative, mostly pathogenic bacteria, was
found in many tissues, including the gut system, leading to immu-
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nomodulatory effects (146). In plants, root genes induced by rhi-
zospheric bacteria are involved in oxidative and defense re-
sponses, in plant secondary metabolism, or in signaling (140).
Plants may detect bacterial cyclopeptides through auxin sensing
pathways (147). In a more specialized symbiosis, a cascade of sig-
naling processes occurs inside root cells in the presence of rhizobia
or Nod factors (148).

Control of microbiotas. A Drosophila mutant with increased
levels of antimicrobial peptides showed deregulated balances of
gut populations (149), with smaller numbers of Commensalibacter
intestini (an acetic acid bacterium present in normal gut) bacteria
(150) and increased numbers of Gluconobacter morbifer cells that
caused gut cell apoptosis and early insect death (149). It is inter-
esting to note that C. intestini antagonizes G. morbifer, which is a
normal gut member, but with detrimental effects when present in
large numbers; thus, C. infestini contributes to gut homeostasis
and host fitness (151). Similarly, among root microbiotas, there
are plant-pathogenic bacteria that normally would not affect the
plants when kept in low numbers by other plant community
strains or plant antimicrobials. Lipopolysaccharide Rhizobium
mutants that were more sensitive to maize antimicrobial benzox-
azinones had reduced rhizospheric colonization (152). Antimi-
crobial peptides constitute a line of defense in plants as effectors of
innate immunity and regulate not only bacteria but also metha-
nogenic archaea in guts (153). Gut immunity determines bacterial
composition; reciprocally, bacteria modulate host immunity in
guts (154, 155). Carbohydrate binding proteins (lectins) from
guts and roots bind bacteria, form aggregates, and may have anti-
bacterial effects (156, 157).

In addition to bacterium-host interactions, bacterium-bacte-
rium interactions may determine community composition and its
function (158). Those that occur in the mouth (159) may guide
research in gut and root symbioses. In Rhizobium, mutants in
quorum sensing are affected in rhizosphere colonization (160).
Acylhomoserine lactones may be degraded by rhizospheric bacte-
ria causing interference with quorum signals that regulate gene
expression in other bacteria (161). This may have a role in pro-
tecting plants from pathogens but may also affect mutualistic in-
teractions.

EVOLUTIONARY PATHWAYS

Lateral gene transfer in guts and roots. In roots, root nodules,
and guts, lateral transfer of genetic material between different bac-
teria has been evidenced (2, 162, 163), seemingly promoted by
close contacts in high-density populations. The presence of simi-
lar catabolic or antibiotic resistance genes in various gut bacterial
genera has been explained as acquisitions by lateral gene transfers
(91). It has been suggested that starch catabolism genes have been
transferred from gut to bacteria (164).

There are many more phages than bacteria in the gut (13), and
some may be involved in lateral gene transfer among gut bacteria
(165). Lateral transfer of genetic material is mediated by plasmids
or genomic island mobilization in rhizobia and other rhizospheric
bacteria (54, 166), but phages may have a role as well.

Specialized symbiont evolution from root and gut bacteria.
It has been suggested that gut bacteria gave rise to endosymbiotic
bacteria in insects (167) based on similarities of gut bacteria and
insect endosymbionts (168). Correspondingly, rhizospheric bac-
teria may have preceded nodule and endophytic bacteria in plants
(169). Insect endosymbionts and nodule rhizobia are selected
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symbionts that occupy intracellularly host-specialized structures
and attain high numbers with a determined functional role. How-
ever, transmission modes of plant- and insect-specialized symbi-
onts (reviewed in reference 46) and their genome sizes (rhizobial
genome sizes reviewed in references 121 and 170) are different.

CONCLUSIONS

The comparison of plant and gut microbial ecologies may help to
guide research toward the understanding of such complex symbi-
oses. Literature on the subject is so extensive that only a few ref-
erences were used to illustrate the commonalities of gut and root
microbiotas. Interested readers are referred to recent literature
(171-175). Plants use their “guts” (roots) outwards, and this sim-
plifies their study in comparison to study of animal guts. Gut and
root microbiotas significantly impact health, development, and
fitness of their respective hosts.
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Conclusiones

Encontramos que la mayoria de las especies representativas de los diferentes grupos
filogenéticos de Phaseolus nodulan preferentemente con cepas de Bradyrhizobium. También
proponemos que ocurrid un reemplazo de simbiontes de Bradyrhizobium a Rhizobium en un
grupo filogenético de Phaseolus. La extension del reemplazo se logrd limitar a P. vulgaris y a

especies relacionadas filogenéticamente pero excluyendo a P. acutifolius y P. parvifolius.

El reemplazo de simbiontes no esta ligado al proceso de domesticacion. La nodulacién con
Rhizobium no se correlaciona con el proceso de domesticacion debido a que se encontrd que las

especies domesticas P. lunatus y P. acutifolius nodulan preferentemente con Bradyrhizobium.

El mecanismo de reconocimiento molecular entre Phaseolus y cepas de Rhizobium es especifico.
La cepa CCGES510 obtenida de nédulos de campo de P. albescens establece simbiosis inefectivas
con P. vulgaris a pesar de que son especies filogenéticamente cercanas. Las plantas de P.
vulgaris inoculadas con la cepa CCGES510 presentaron un color amarillento y sus nédulos eran
verdes, reflejando una ineficiente fijaciéon de nitrogeno. La cepa CCGES510 es un simbionte

eficiente en P. albescens pero se comporta como una bacteria saprofita en P. vulgaris.

El reemplazo de simbiontes pudo haber sido facilitado por la transferencia horizontal de los
genes nodZ y noll de Bradyrhizobium a Rhizobium. Las bases genéticas del reemplazo de
simbiontes en Phaseolus quedan por explorar. Del lado de las bacterias, la adquisicién de genes
que fucosilan y acetilan al factor Nod pueden ser responsables del aumento de afinidad de

Rhizobium por Phaseolus.

En base a los genes nod predichos en los genomas de Rhizobium sp. CCGES5S10 y
Bradyrhizobium sp. CCGE-LA001 podemos inferir que sus factores Nod pueden ser fucosilados.
Se ha encontrado que los factores Nod fucosilados son mas eficientes para inducir la formacion

de nodulos y son preferidos por P. vulgaris (Laeremans et al., 1999).
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El genoma de Bradyrhizobium sp. CCGELAOO1 codifica para una diversidad de genes nod
involucrados en otras modificaciones quimicas tales como acetilacion y sulfatacion. Los factores
Nod producidos por Bradyrhizobium sp. CCGELAOO1 pueden ser mas variables y por tanto

podrian ser reconocidos por una mayor diversidad de plantas.

Globalmente, los resultados obtenidos ayudan a comprender mejor las bases genéticas de la

interaccion entre rizobios y Phaseolus y los mecanismos de especificidad simbidtica.

También comprobamos que las técnicas filogendémicas y de comparacion de métricos de
conservacion de secuencias gendmicas son utiles para resolver las relaciones evolutivas de los

diferentes linajes de rizobios de la familia Rhizobiaceae.

Finalmente, la comparacion de las caracteristicas de raices e intestinos nos ha permitido avanzar

en el entendimiento del funcionamiento de las comunidades bacterianas en esos habitats.

Perspectivas

Es de interés obtener un genoma completo para la cepa Bradyrhizobium sp. CCGELAOO]1.
Hemos enviado ADN gendmico a secuenciacion utilizando la plataforma de PacBio. Realizaré el

ensamble de este genoma cuando se cuente con la secuencia.

Se desea continuar realizando analisis filogendmicos para cepas que estan siendo secuenciadas
en el laboratorio y que representan a linajes nuevos de Rhizobium tales como R. popolucense que

se aislo de la region de Los Tuxtlas en Veracruz.

La secuenciacién de los genomas de otras cepas de Bradyrhizobium obtenidas de nodulos de
campo de otras especies silvestres de Phaseolus podria ser relevante para analizar el contenido y
la evolucién de genes nod. La abundancia de genes nod involucrados en la adicion de diferentes
modificaciones quimicas al factor Nod podria llegar a ser una caracteristica comun de los
bradyrizobios de Phaseolus. Esto podria ayudar a comprender el éxito que ha tenido

Bradyrhizobium para nodular una mayor cantidad de plantas hospederas.
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Se planean analizar las historias evolutivas de otros genes implicados en simbiosis tales como el
gen nodM que codifica para la enzima glucosamina sintasa que produce los precursores para la
sintesis de la estructura de los factores Nod. Los genes nodM se localizan en islas simbioticas y
en plasmidos simbioticos. Es probable que el gen nodM haya surgido a partir de duplicaciones
génicas y de transferencias laterales de otras enzimas glucosamina sintasa tales como las

codificadas por el gen gisM que se encuentra localizado en los cromosomas de distintos rizobios.

Actualmente existen grupos trabajando en la secuenciacion de genomas de distintas especies de
Phaseolus en el Laboratorio Nacional de Gendémica para la Biodiversidad. Cuando los genomas
se encuentren disponibles se podran analizar las relaciones filogenéticas de distintos genes
implicados en el reconocimiento de los rizobios, tales como los genes R y los receptores del

factor Nod que pudieran o no brindar informacion sobre el reemplazo de simbiontes.

El reemplazo de simbiontes de Sinorhizobium a Bradyrhizobium en nddulos de soya ha sido
explicado por variantes de los genes R implicados en el reconocimiento de patdégenos (Yang et
al., 2010). Mediante el analisis de genomas de Phaseolus se podrian reconocer variantes de algun
gen R similar al de la soya. Si se llegan a identificar genes R candidatos podrian generarse
plantas de P. vulgaris que expresen esos genes en raices transformadas y comprobar que la

afinidad por cepas de Rhizobium se sustituya por cepas de Bradyrhizobium.
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Capitulo 111

Resultados adicionales

Diversidad genomica de simbiontes de insectos y artropodos nativos de México
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Introduccion y antecedentes

En el laboratorio de la Dra. Esperanza Martinez, se cre6 una linea de investigacion
relacionada con el estudio de los simbiontes obligados y de las bacterias intestinales de
insectos y artropodos en el afio 2007. En el laboratorio se han estudiado por muchos afios
las interacciones que ocurren entre bacterias fijadoras de nitrogeno y sus plantas hospederas
como se menciond en el capitulo II. El descubrimiento de que algunas bacterias intestinales
son capaces de fijar nitrégeno para sus insectos hospederos (Pinto-Tomas et al., 2009) llevo

al planteamiento de estudiar interacciones novedosas entre bacterias e insectos.

La microbiota intestinal humana y la de otros mamiferos son altamente complejas
ya que contienen cientos de miles de especies diferentes de microorganismos, muchos de
los cuéles no se han caracterizado ni se han podido cultivar (Lozupone et al., 2012). La
mayoria de las microbiotas intestinales de insectos presentan una diversidad limitada por lo
que la descripcion completa de algunas de estas comunidades ha sido posible (Engel &

Moran, 2013; Jing et al., 2014).

Algunos ejemplos de microbiotas intestinales reducidas incluyen las presentes en las
polillas gitanas que contienen aproximadamente 14 especies (Broderick et al., 2004), las de
las larvas de las mariposas blancas de la col que comprenden entre 6 y 15 especies
(Robinson et al., 2010) y las de las moscas Drosophila que estdn conformadas por entre una

y 30 especies (Broderick & Lemaitre, 2012).

La composicion de la microbiota intestinal de los insectos es dependiente de la dieta
(Broderick et al., 2004; Robinson et al., 2010; Colman et al., 2012; Wong et al., 2014; Yun
et al., 2014; Pérez-Cobas et al, 2015). En los insectos existen otras asociaciones simbidticas
mas estrechas con las bacterias. Una gran cantidad de insectos presentan bacteriomas en su
cavidad abdominal. Los bacteriomas son estructuras especializadas en donde se mantienen

poblaciones bacterianas de entre uno y tres simbiontes obligados.
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La mayoria de los simbiontes obligados de insectos no se pueden cultivar debido a
reducciones drésticas de sus genomas que ocasionaron la pérdida de su capacidad
metabolica para crecer en vida libre. Sin embargo, sus genomas han conservado genes
involucrados en la biosintesis de aminoacidos y por tanto, una de sus funciones esenciales
es proveer a sus hospederos con aminoacidos que estdn limitados en sus dietas (Martinez-
Cano et al., 2015). Gran parte del conocimiento actual sobre el potencial metabolico de los
simbiontes obligados de insectos se debe a los avances de las técnicas de secuenciacion
masiva de ADN y de las herramientas bioinforméticas empleadas en estudios

metagendmicos, transcriptomicos y protedmicos.

En el laboratorio de la Dra. Esperanza Martinez se planteé como primer objetivo
descubrir la diversidad microbiana de insectos nativos de México. Se siguieron enfoques
genomicos, metagendmicos y transcriptdémicos para comprender las interacciones bacteria-

insecto a partir del estudio del potencial genomico de las principales bacterias simbidticas.

Los primeros analisis de diversidad bacteriana que se realizaron en el laboratorio
fueron en los insectos escama del género Llaveia (Rosas-Pérez et al., 2014) y en los
insectos conocidos como cochinillas del carmin asociadas a plantas cacticeas y
pertenecientes al género Dactylopius (Ramirez-Puebla et al., 2010). Adicionalmente se
realizaron censos de diversidad bacteriana de especies de las familias Ortheziidae,
Monophlebidae, Diaspididae y Coccidae que permitieron comprender algunos eventos

evolutivos que han ocurrido entre simbiontes de insectos escama (Rosenblueth et al., 2012).

En Llaveia se detect6 a una flavobacteria que corresponde a un género candidato
que fue nombrado como 'Candidatus Walczuchella monophlebidarum'. Mediante analisis
bioinformaticos se logro obtener el genoma completo de 309,299 pares de bases de longitud
de la flavobacteria. El analisis del contenido genético de este genoma sugiere que la
flavobacteria probablemente provee a sus insectos hospederos con aminoacidos esenciales
que no se encuentran presentes en su dieta a base de savia de plantas. También se detecto la
presencia de una y-proteobacteria que pudiera estar involucrada en el reciclaje de nitrégeno

y en la biosintesis de precursores de aminoacidos (Rosas-Pérez et al., 2014).
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En Dactylopius se detectd a una B-proteobacteria en los huevecillos, en la hemolinfa
y en tejidos especializados conocidos como bacteriocitos que albergan a simbiontes
obligados de insectos. La B-proteobacteria descubierta corresponde a un género candidato
que se nombré6 como 'Candidatus Dactylopiibacterium carminicum'. Otras bacterias
detectadas estan relacionadas con los géneros Massilia, Herbaspirillum, Acinetobacter,
Mesorhizobium, y Sphingomonas que se detectan cominmente en tejidos de plantas por lo
que es probable que su presencia en estas cochinillas sea resultado de adquisiciones de

bacterias que se encuentran en las plantas (Ramirez-Puebla et al., 2010).

Algunos insectos y artropodos no poseen tejidos especializados para albergar a
bacterias simbioticas esenciales. En cambio poseen comunidades bacterianas en sus
intestinos que participan en una gran cantidad de mecanismos celulares incluidos el
reciclaje y aprovechamiento de nutrientes, defensa del hospedero, y en mecanismos de
inmunidad. En el laboratorio, Luis Bolafios esta analizando la diversidad bacteriana de los
intestinos de dos especies alacranes que habitan en Morelos como parte de su tesis doctoral.
Ha encontrado que los alacranes presentan comunidades bacterianas diversas que incluyen

la presencia de bacterias relacionadas al género Spiroplasma (Bolaiios et al., 2015).

Dentro de esta linea de investigacion del laboratorio propuse analizar las
comunidades bacterianas de las mariposas monarca. Las mariposas monarca realizan una
migracion anual a lo largo de Norteamérica para arribar a bosques de oyamel del occidente
de México con la finalidad de entrar en un estado de dormancia que les permite sobrevivir
el invierno. Las mariposas monarca han sufrido las consecuencias de pérdida de habitat por
deforestacion y por cambio de uso de suelo para cosechas a gran escala, ademas de los
efectos del uso masivo de pesticidas. Las poblaciones migratorias de mariposas monarca se
han visto diezmadas en los ultimos afios y no se conocen las causas exactas aunque
pudieran estar relacionadas con los problemas mencionados anteriormente. La importancia
del proyecto reside en estudiar con enfoques moleculares a las comunidades bacterianas de
insectos que entran en estado de dormancia y que reducen su dieta al minimo por largos

periodos de tiempo y que ademas se encuentran amenazados.
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En este capitulo se presentan resultados iniciales del estudio de la diversidad
microbiana de los intestinos de las mariposas monarca. El capitulo también incluye

resultados de proyectos de colaboracidn sobre otros insectos y artropodos de México.

Planteamiento del problema

La diversidad de la microbiota intestinal de especies de mariposas ha sido poco explorada y
no se han realizado estudios en mariposas que presentan estados de dormancia. La

microbiota de las mariposas monarca no se habia analizado utilizando técnicas moleculares.

Hipotesis

La diversidad de la microbiota de las mariposas monarca es limitada debido a la reduccion

de su metabolismo y de su dieta, y por tanto sus simbiontes principales estdn enriquecidos.

Objetivos

Realizar censos de diversidad microbiana de la microbiota intestinal de mariposas monarca

en estado de dormancia mediante técnicas moleculares y de cultivo.

Obtener el genoma del simbionte dominante de los intestinos de las mariposas.

Contribuir en otros proyectos de investigacion del laboratorio relacionados con el estudio

de bacterias simbiontes de insectos y artropodos.
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Resultados y discusion

Diversidad bacteriana de la microbiota intestinal de mariposas monarca

Los resultados preliminares de los censos de diversidad de la microbiota intestinal
de mariposas monarca obtenidos mediante técnicas metagendomicas y de amplificacion de

genes ribosomales se presentan a continuacion.

Colecta de mariposas monarca

Se colectaron mariposas de las colonias de hibernacion que se localizan en la
Reserva de la Biosfera de la Mariposa Monarca, en el Estado de Michoacan (Figura 1). Las
mariposas se muestrearon durante dos afios consecutivos para detectar la persistencia de las
comunidades bacterianas. Durante enero del 2010 se colectaron mariposas en la Sierra
Chivati-Huacal. En enero del 2011 se colectaron mariposas en el area protegida de El

Rosario. Las mariposas se transportaron al laboratorio y fueron procesadas para los estudios

al siguiente dia de su colecta.

Figura 1. Mariposas monarca en los
bosques de encimo de la Sierra
Chivati-Huacal dentro de la Reserva de

la Biosfera de la Mariposa Monarca.
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Censos de diversidad bacteriana de la microbiota intestinal de mariposas monarca

En este estudio se amplificaron y se secuenciaron genes ribosomales 16S rRNA
bacterianos para evaluar la diversidad de la microbiota intestinal de las mariposas monarca.
En los censos de diversidad encontramos que las microbiotas intestinales presentan una
abundancia de genes ribosomales 16S rRNA de una a-protebacteria que corresponde al
género Commensalibacter. En todas las mariposas monarca analizadas se pudieron detectar
secuencias correspondientes al género Commensalibacter y son las hembras quienes
presentan una mayor abundancia de éstas secuencias (Figure 2). Sorprendentemente las
secuencias de genes 16S rRNA obtenidas de mariposas monarca que corresponden a

Commensalibacter fueron 100% idénticas.

Commensalibacter intestini ha sido aislada de los intestinos de la mosca Drosophila
melanogaster y es la Uinica especie caracterizada del género Commensalibacter (Roh et al.,
2008). Se ha reportado que las poblaciones de C. intestini disminuyen en los intestinos de
lineas de laboratorio de D. melanogaster genéticamente modificadas para producir
concentraciones elevadas de péptidos antimicrobianos. En estos experimentos también se
observdo que las poblaciones de la bacteria patdogena Gluconobacter morbifer se
incrementaban y causaban la inflamacion de los intestinos de Drosophila provocando
finalmente la muerte a las moscas. Por lo tanto se ha propuesto que D. melanogaster regula
las poblaciones bacterianas en sus intestinos mediante la produccion de péptidos
antimicrobianos mientras que C. intestini es capaz de mantener el control de poblaciones de

bacterias patogénicas (Ryu et al., 2008).

Las secuencias de genes 16S rRNA de Commensalibacter de las mariposas monarca
y de C. intestini estan estrechamente relacionadas ya que presentan una identidad de
secuencia nucleotidica de 98%. En andlisis filogenéticos las secuencias de
Commensalibacter de Drosophila y de mariposas monarcas forman grupos independientes
que estan mas cercanamente relacionados entre si que con otras secuencias recuperadas de

otros insectos como abejas y abejorros.
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Otras secuencias de genes ribosomales 16S rRNA obtenidos de las librerias
genéticas corresponden a una o-protebacteria del género Asaia, a y-proteobacterias de los
géneros Pseudomonas y Serratia y a p-proteobacterias de los géneros Xylophilus,
Polaromonas, Herbaspirillum y Kinetoplastibacterium. También se detectaron secuencias
que corresponden a bacterias del acido lactico de los géneros Lactococcus, Carnobacterium

y Enterococcus que corresponden al filo Firmicutes (Figura 2).

Number of sequences

1 2 3 456 7|12 3|12 345P6T 3
2 2010 g 2011 4 2010 g 2011

Pseudomonas
Serratia

Asaia ¥
Commensalibacter

Carnobacterium Herbaspirillum
lactic acid bacteria Enterococcus Kinetoplastibacterium

Lactococcus Polaromonas

acetic acid bacteria

Figura 2. Diversidad bacteriana de la microbiota de mariposas monarca. Los censos de
diversidad fueron obtenidos mediante la amplificacion y construccion de librerias de genes

ribosomales 16S rRNA.
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Figura 3. Reconstruccion filogenética de genes ribosomales 16S rRNA de acetobacterias
asociadas a insectos. El andlisis filogenético corresponde a un analisis de méxima
verosimilitud realizado en PhyML (Guindon et al., 2010) utilizando el modelo de
sustitucion GTR+I+G. Los valores de soporte de las ramas corresponden a 100 réplicas de
Bootstrap. En naranja se presentan las secuencias obtenidas de mariposas monarca. En azul

se presentan secuencias recuperadas de microbiotas intestinales de otros insectos.
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Articulo:

Servin-Garciduefias LE, Sanchez-Quinto A, Martinez-Romero E. 2014. Draft genome

sequence of Commensalibacter papalotli MX01, a symbiont identified from the guts of

overwintering Monarch butterflies. Genome Announc. 2: pii:e00128-14.

La cepa MXO01 perteneciente al género Commensalibacter se aislo a partir de
muestras de intestinos de mariposas monarca utilizando medio de cultivo LMDA (Lee et
al., 1975). El genoma de la cepa MXO01 fue secuenciado y ensamblado. El genoma
recuperado presenta una longitud de 2.3 megabases y un contenido de G+C de 36.7%. El
genoma es de tamafio reducido y presenta un contenido bajo de G+C cuando se compara
con otros genomas de acetobacterias (Tabla 1). La cepa MXO01 corresponde a una especie
nueva que fue nombrada como Commensalibacter papalotli. Las descripcion sobre la
secuenciacion del genoma de C. papalotli MXO01 se presenta en detalle en el articulo. Las

posiciones filogenomicas de los genomas de Commensalibacter se presentan en la Figura 4.

Tabla 1. Caracteristicas de genomas representativos de acetobacterias.

Especie con genoma secuenciado Longitud del genoma (Mbp) Contenido de G+C
Gluconacetobacter europaeus LMG 18890 4.23 61.2
Gluconacetobacter diazotrophicus PAl 5 3.91 66.3
Gluconobacter oxydans H24 3.82 56.2
Acetobacter tropicalis NBRC 101654 3.72 55.5
Acetobacter aceti ATCC 23746 3.69 57.0
Gluconacetobacter xylinus NBRC 3288 3.51 60.6
Gluconobacter frateurii NBRC 101659 3.15 55.7
Acetobacter pasteurianus NBRC 101655 3.02 52.7
Gluconobacter oxydans 621H 2.92 60.8
Gluconobacter morbifer G707 2.89 59.0
Acetobacter pasteurianus LMG 1262 2.89 53.1
Acetobacter pomorum DMO001 2.88 52.3
Granulibacter bethesdensis CGDNIH1 2.71 59.1
Commensalibacter intestini A911 245 36.8
Saccharibacter floricola DSM 15669 2.38 51.2
Commensalibacter papalotli MX01 2.33 36.6
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dult monarch butterflies feed on nectar that provides sugars
and other nutrients. Monarch butterflies migrate to Mexican
forests for overwintering. Overwintering monarchs reduce their
metabolism and limit their feeding. Few studies have described
gut bacteria in butterflies (1-8), and there are no studies on the
molecular identification of symbionts from monarch butterflies.

Commensalibacter is a newly described genus of acetic acid bac-
teria (9). 16S rRNA gene sequences related to the Commensalibac-
ter genus have been recovered from the guts of Drosophila species
(9, 10), honey bees, and bumble bees (11, 12), as well as from
Heliconius erato butterflies (1). The type strain Commensalibac-
ter intestini A911 was isolated from Drosophila intestines (9), and
its draft genome sequence has been reported (13). Here, we report
the genome of a Commensalibacter symbiont isolated from a mon-
arch butterfly.

A female monarch was collected in January 2010 from the
Monarch Butterfly Biosphere Reserve in Mexico. Its gut contents
were inoculated on Lee’s multi-differential agar (LMDA) medium
(14) and were incubated at 25°C for 1 week. Colonies were iden-
tified by amplifying and sequencing 16S rRNA genes. Genomic
DNA from Commensalibacter papalotli strain MX01 was isolated
using the UltraClean microbial DNA kit (Mo-Bio Laboratories,
Inc., Carlsbad, CA). The genome was sequenced using the Illu-
mina HiSeq 2000 platform with a paired-end library. A total of
49,933,356 100-bp reads were generated. Twelve contigs with a
sequence length of 2,332,652 bp were assembled de novo using
Velvet version 1.2.10 (15). The genome coverage reached
2,117.64-fold, and the N, length is 1,547,573 bp. Genome an-
notation was performed by the NCBI Prokaryotic Genomes
Annotation Pipeline version 2.0 (https://www.ncbi.nlm.nih.gov
/genome/annotation_prok/). Average nucleotide identity (ANI)
values were calculated as previously proposed (16) using the ANI
calculator from the Kostas lab (http://enve-omics.ce.gatech.edu
/ani/).

The genome of strain MX01 has a G+ C content of 36.66% and
consists of a chromosome and two complete circular plasmids.
The chromosome is contained in 10 contigs, with a length of
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2,310,436 bp. Plasmid pA is 15,425 bp and codes for a VapBC
toxin-antitoxin system, plasmid replication and partitioning (en-
coded by repA, parA, and parB), a putative glycosyltransferase, a
putative carbohydrate-selective porin (OprB), and proteins for
iron acquisition and metabolism, including a transporter, a lipo-
protein, a permease, and a polyferredoxin. Plasmid pB is 6,791 bp
and codes for a RepB protein, an integrase, and hypothetical pro-
teins. A total of 2,105 genes were predicted, including 2,060
protein-coding genes, 3 rRNAs, and 43 tRNAs. Function predic-
tions were assigned to 1,718 protein-coding genes.

The 16S rRNA gene from strain MX01 has 98% sequence
identity with the corresponding gene of C. intestini A9117. Ge-
nome comparisons between strains MX01 and A9117 revealed
an ANI value of 82.95%. An ANI boundary of 95 to 96% has
been useful for taxonomically circumscribing prokaryotic spe-
cies (17). Strain MX01 then corresponds to a novel Commen-
salibacter species. The name C. papalotli MX01 is proposed.
The word “papalot]” means butterfly in the Mexican Nahuatl
language. A detailed characterization of C. papalotli MXO01 is
currently in progress.

Nucleotide sequence accession numbers. This whole-genome
shotgun project has been deposited at DDBJ/EMBL/GenBank un-
der the accession no. ATSX00000000. The version described in
this paper is version ATSX01000000.
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Posicion filogenomica de Commensalibacter papalotli MX01

AUBIO01 Acetobacter nitrogenifigens DSM 23921
.00 ARBDO1 Acetobacter aceti ATCC 23746
1.00 APO011135 Acetobacter pasteurianus IFO 3283-07

s T.00LAEUPO1 Acetobacter pomorum DM001

AMS889285 Gluconacetobacter diazotrophicus PAl 5
m': — ADTV01 Gluconacetobacter hansenii ATCC 23769

— AFCHO1 Gluconacetobacter sp. SXCC-1
’ WECADTOI Gluconacetobacter oboediens 174Bp2

CADRUO1 Gluconacetobacter europaeus LMG 18494
1.00&CP004360 Gluconacetobacter xylinus E25
AYXSO01 Asaia sp. SF2.1
BA]JTO01 Asaia astilbes JCM 15831
BAJVO01 Asaia prunellae JCM 25354

BAKWO1 Asaia platycodi JCM 25414
AR]JS01 Saccharibacter floricola DSM 15669
AGQVO01 Gluconobacter morbifer G707
CP000009 Gluconobacter oxydans 621H

BARLO1 Gluconobacter frateurii NBRC 103465
T oo BAONO1 Gluconobacter thailandicus NBRC 3255
1.008CP003926 Gluconobacter oxydans H24
1.00gm AGFRO1 Commensalibacter intestini A911

1.00

= ATSX01 Commensalibacter papalotli MX01

CP000394 Granulibacter bethesdensis CGDNIH1
EECPOOOEW Acidiphilium cryptum JF-5
1.00

AMPSO01 Acidocella sp. MX-AZ02

1.0 estimated number of changes
per site for a unit of branch length

Figura 4. Reconstruccion filogenémica de genomas representativos de acetobacterias. El

analisis filogendmico se realizé utilizando la metodologia de PhyloPhlAn (Segata et al.,

2013) y estd basado en 400 proteinas conservadas. Los genomas correspondientes a

diferentes géneros se muestran en colores distintos. Los genomas de Commensalibacter se

ubican en una rama basal al resto de las acetobacterias que se han detectado en insectos.
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Censo metagenomico de diversidad bacteriana

Una muestra de ADN total obtenido de los intestinos completos de tres mariposas
hembras fue secuenciada para evitar los sesgos inherentes a las técnicas de amplificacion de
genes ribosomales. La muestra de ADN sirvido como proyecto piloto de la Unidad

Universitaria de Secuenciacién Masiva de la UNAM.

La muestra de ADN se secuencid sin ningin tipo de amplificacion o
enriquecimiento y se generaron 2.5 Gb de secuencias metagendmicas. Se obtuvieron un
total de 69,820,263 lecturas de 35 pares de bases que no pudieron ser ensambladas debido a
la gran cantidad de lecturas cortas y el poder computacional requerido. Por lo tanto, se
utilizaron las secuencias de los genes ribosomales 16S rRNA de las librerias de clonas para
identificar lecturas mediante busquedas de BLAST que correspondieran a genes
ribosomales 16S rRNA. De éstas busquedas, se lograron recuperar lecturas que
correspondian al gen 16S rRNA completo de 'Commensalibacter papalotli'. Asi se usaron
los genomas de la mariposa monarca y de C. papalotli para mapear lecturas y estimar su
abundancia en el metagenoma (Tabla 2). Los datos metagendmicos preliminares indican
que la diversidad de la microbiota intestinal de las mariposas monarca es restringida y

sustentan la abundancia de Commensalibacter.

Tabla 2. Estadisticas de metagenoma intestinal preliminar de las mariposas monarca.

Numero de lecturas metagendmicas 69,820 263
Longitud de las lecturas 35 pares de bases
Total de secuencia del metagenoma 2 443.70 megabases
Numero de lecturas que mapean con el genoma de la mariposa 60,529 901
Porcentaje de lecturas que mapean con el genoma de la mariposa 86.69 %
Total de secuencia que mapea contra el genoma de la mariposa 2 118.54 Mb
Cobertura de secuencia que mapea contra el genoma de la mariposa 79X
Numero de lecturas que mapean con el genoma de C. papalotli 326 609
Porcentaje de lecturas que mapean con el genoma C. papalotli 0.46 %
Total de secuencia que mapea contra el genoma de C. papalotli 11.43 Mb
Cobertura de secuencia que mapea contra el genoma de C. papalotli 5X
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Deteccion de Commensalibacter en tejidos de intestino de mariposas

Se identifico la presencia de C. papalotli en muestras de tejidos de intestinos de
mariposas monarca mediante técnicas de FISH (Fluorescent In Situ Hybridization) y
microscopia electronica y con focal. La sonda especifica utilizada para la técnica de FISH
se disefi6 a partir de la secuencia del gen ribosomal 16S rRNA de C. papalotli. La técnica

de FISH empleada fue la reportada por Parsley et al., 2010.

Figura 5. (A) Células de Commensalibacter papalotli MX01. (B) Caja de cultivo de C.
papalotli MX01 en medio LMDA (Lee et al.,, 1975). La presencia de halos de color
amarillo indica la produccion de acidos organicos. (C) Células cultivadas de C. papalotli
MXO01 y marcadas con la sonda fluorescente de FISH. (D) Células de C. papalotli MXO01 en

muestras de intestinos pre-tratados con la sonda fluorescente de FISH.
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Diferencias genomicas entre genomas de Commensalibacter

Los genomas de Commensalibacter recuperados de la microbiota de la mosca D.
melanogaster y de las mariposas monarca presentan una gran cantidad de bloques
genomicos conservados mediante el alineamiento global de sus genomas. Sin embargo,

también existe una gran cantidad de rearreglos de los bloques conservados (Figura 6A).

Una de las diferencias mas significativas entre ambos genomas es la presencia de
dos plasmidos en el genoma de C. papalotli. El plasmido pA codifica para genes
relacionados con la biosintesis de polisacaridos y el transporte de hierro ademas de genes
involucrados en replicacion de plasmidos y una par de genes toxina/antitoxina vapBC. La
funcion del plasmido pB permanece enigmatica debido a que los genes que codifica no
tienen asignacion funcional a excepcion de un gen repB, una transposasa y una posible
excicionasa (Figura 6B). Es interesante notar que el plasmido pA presenta un gen repA pero
carece de un gen repB que si estd presente en el pldmido pB. Los genes repA y repB forman
parte del sistema de reparto de plasmidos. Es probable que la replicacion de los plasmidos

PA vy pB sea coordinada.

En el genoma de C. intestini existen dos contigs que presentan genes que codifican
para proteinas de replicacion y proteinas Mob relacionadas con la replicacion y
movilizacion de plasmidos (Figura 6C). Sin embargo debido al estatus fragmentado del
genoma de C. intestini no se puede determinar si son fragmentos de secuencia de plasmidos

o regiones integradas en el cromosoma principal.

Algunos otros genes especificos para cada uno de los genomas de

Commensalibacter se presentan en las Tablas 3 y 4.
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A) Alignment of Commensalibacter genomes from the monarch butterfly and from the fruit fly
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Figura 6. Diferencias gendmicas entre los genomas de Commensalibacter. (A)
Alineamiento global de los genomas de C. intestini y C. papalotli. (B) Representacion de
los genomas de los plasmidos del genoma de C. papalotli. (C) Representacion de los

contigs parciales de C. intestini que pudieran corresponder a secuencias de plasmidos.

164



Tabla 3. Genes especificos presentes en el genoma de C. papalotli.

1,4-alpha-glucan (glycogen) branching enzyme, GH-13-type (EC 2.4.1.18)

4-carboxymuconolactone decarboxylase domain

methylthioadenosine nucleosidase (EC 3.2.2.16)

5-deoxy-glucuronate isomerase (EC 5.3.1.-)

5-Hydroxyisourate hydrolase (HIUase) (EC 3.5.2.17)

5-keto-2-deoxygluconokinase (EC 2.7.1.92)

6-aminohexanoate-dimer hydrolase( EC:3.5.1.46 )

6-phosphofructokinase (EC 2.7.1.11), PF08013 family

ABC transporter involved in cytochrome c biogenesis, CcmB subunit

acid phosphatase/vanadium-dependent haloperoxidase related

Arabinose operon regulatory protein

Arsenic resistance protein ArsH

Arsenical resistance operon repressor

Arsenical-resistance protein ACR3

Beta-galactosidase (EC 3.2.1.23)

Beta-lactamase (EC 3.5.2.6)

Beta-lactamase class C and other penicillin binding proteins

Capsular polysaccharide biosynthesis protein-like protein

Chorismate--pyruvate lyase (EC 4.1.3.40)

Conserved ATP-binding protein YghS

Conserved protein YghT, with nucleoside triphosphate hydrolase domain

C-terminal domain of CinA type S

Cytochrome oxidase biogenesis protein Scol/SenC/PrrC, putative copper metallochaperone

Epi-inositol hydrolase (EC 3.7.1.-)

Error-prone repair protein UmuD

Error-prone, lesion bypass DNA polymerase V (UmuC)

FIG002473: Protein YcaR in KDO2-Lipid A biosynthesis cluster

FIG003437: hypothetical with DnalJ-like domain

FMN-dependent NADH-azoreductase

Fumarylacetoacetate hydrolase family protein

Glycogen synthase, ADP-glucose transglucosylase (EC 2.4.1.21)

Histidinol-phosphatase [alternative form] (EC 3.1.3.15)

HTH transcriptional regulator MerR family

Hydroxyethylthiazole kinase (EC 2.7.1.50)

Inhibitor of vertebrate lysozyme precursor
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Inner membrane protein YihY, formerly thought to be RNase BN

Inosose dehydratase (EC 4.2.1.44)

Lactose permease

L-arabinose isomerase (EC 5.3.1.4)

Large exoproteins involved in heme utilization or adhesion

Large exoproteins involved in heme utilization or adhesion

Large exoproteins involved in heme utilization or adhesion

lemA protein

L-ribulose-5-phosphate 4-epimerase (EC 5.1.3.4)

Lysyl-lysine 2,3-aminomutase

Lysyl-tRNA synthetase (class IT) (EC 6.1.1.6)

Metal-dependent hydrolase YbeY, involved in rRNA and/or ribosome maturation and assembly

Mg(2+) transport ATPase, P-type (EC 3.6.3.2)

Molybdopterin biosynthesis protein MoeB

Myo-inositol 2-dehydrogenase (EC 1.1.1.18)

NifU-like domain protein

Nitrogen regulation protein NR(I)

Peptide chain release factor 2

Phage tail fiber protein

Phosphatidylinositol-specific phospholipase C (EC 4.6.1.13)

Phosphomethylpyrimidine kinase (EC 2.7.4.7)

Predicted transcriptional regulator of the myo-inositol catabolic operon

programmed frameshift-containing

Putative activity regulator of membrane protease YbbK

putative ROK family transcriptional regulator

Putative stomatin/prohibitin-family membrane protease subunit YbbK

Ribonuclease E (EC 3.1.26.12)

S-adenosylhomocysteine nucleosidase (EC 3.2.2.9)

Shikimate 5-dehydrogenase I gamma (EC 1.1.1.25)

Thiaminase IT (EC 3.5.99.2)

Transcriptional repressor of the lac operon

Transketolase, C-terminal section (EC 2.2.1.1)

Transketolase, N-terminal section (EC 2.2.1.1)

UbiA prenyltransferase

Ureidoglycolate/malate/sulfolactate dehydrogenase family (EC 1.1.1.-)

Continuacién Tabla 3. Genes especificos presentes en el genoma de C. papalotli.
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Tabla 4. Genes especificos presentes en el genoma de C. infestini.

Arginine/ornithine antiporter ArcD

Arginine decarboxylase (EC 4.1.1.19)

Ornithine decarboxylase (EC 4.1.1.17)

Para-aminobenzoate synthase, amidotransferase component (EC 2.6.1.85)

Aspartate racemase (EC 5.1.1.13)

N-acetylglucosamine kinase of eukaryotic type (EC 2.7.1.59)

N-acetylglucosamine-6-phosphate deacetylase (EC 3.5.1.25)

NAD-dependent malic enzyme (EC 1.1.1.38)

3-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35)

3-hydroxybutyryl-CoA epimerase (EC 5.1.2.3)

Acetyl-CoA acetyltransferase (EC 2.3.1.9)

Enoyl-CoA hydratase (EC 4.2.1.17)

Transcriptional regulator, PadR family

UPF0301 protein YqgE

2-octaprenyl-3-methyl-6-methoxy-1,4-benzoquinol hydroxylase (EC 1.14.13.-)

2-octaprenyl-6-methoxyphenol hydroxylase (EC 1.14.13.-)

3-ketoacyl-CoA thiolase (EC 2.3.1.16)

Flavodoxin 2

NAD(P)H oxidoreductase YRKL (EC 1.6.99.-)

Putative phosphatase YieH

DNA-damage-inducible protein J

Hydroxyaromatic non-oxidative decarboxylase protein C (EC 4.1.1.-)

Hydroxyaromatic non-oxidative decarboxylase protein D (EC 4.1.1.-)

Dihydroneopterin aldolase (EC 4.1.2.25)

3-demethylubiquinol 3-O-methyltransferase (EC 2.1.1.64)

3-polyprenyl-4-hydroxybenzoate carboxy-lyase (EC 4.1.1.-)

YrbA protein

GDP-mannose pyrophosphatase Y ffH

dNTP triphosphohydrolase, broad substrate specificity, subgroup 2

Phosphate transport system permease protein PstA (TC 3.A.1.7.1)

Translation elongation factor P Lys34:lysine transferase

YafQ toxin protein

Adenylate cyclase (EC 4.6.1.1)

Ferredoxin--NADP(+) reductase (EC 1.18.1.2)

Glutaredoxin

167



Uncharacterized monothiol glutaredoxin ycf64-like

Alpha-ketoglutarate-dependent taurine dioxygenase (EC 1.14.11.17)

Membrane fusion protein of RND family multidrug efflux pump

Transcriptional regulator, MerR family

DNA-methyltransferase

4-hydroxyphenylpyruvate dioxygenase

Glutamate decarboxylase

Probable glutamate/gamma-aminobutyrate antiporter

Dienelactone hydrolase

Carbonic anhydrase

Lipopolysaccharide biosynthesis protein WzxC

Colicin ES immunity protein

Phenazine biosynthesis protein PhzF

Bacteriophage tail sheath protein

Putative phage tail tube protein

Phage tail/DNA circulation protein

Bacteriophage tail protein

Prophage baseplate assembly protein V

Bacteriophage protein GP46

Phage terminase large subunit

Phage FluMu protein gp47

VgrG protein

glycerophosphoryl diester phosphodiesterase

Xylulose kinase

Polygalacturonase

Enoyl-CoA hydratase

Chaperone protein TorD

L-rhamnose-proton symporter

Exopolysaccharide biosynthesis protein-like protein

Putative NADPH-quinone reductase

Large exoproteins involved in heme utilization or adhesion

Altronate hydrolase

3-polyprenyl-4-hydroxybenzoate carboxy-lyase UbiX

Calcium/calmodulin-dependent protein kinase kinase 2

Continuacién Tabla 4. Genes especificos presentes en el genoma de C. intestini.
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Articulo:

Servin-Garciduefias LE, Martinez-Romero E. 2014. Complete mitochondrial genome

recovered from the gut metagenome of overwintering monarch butterflies, Danaus

plexippus (L.) (Lepidoptera: Nymphalidae, Danainae). Mitochondrial DNA. 25: 427-428.

El metagenoma intestinal de las mariposas monarca contiene una
sobrerrepresentacion de secuencias que corresponden al genoma mitocondrial de las
mariposas monarca. Mediante analisis bioinformaticos se logré reconstruir el genoma
completo de la mitocondria que no habia sido reportado en la descripcion del genoma
completo de la mariposa monarca (Zhan et al., 2011). Las caracteristicas del genoma

mitocondrial se describen en detalle en el articulo.

169



Mitochondriel

http://informahealthcare.com/mdn
ISSN: 1940-1736 (print), 1940-1744 (electronic)

informa

Mitochondrial DNA, 2014; 25(6): 427-428

© 2014 Informa UK Ltd. DOI: 10.3109/19401736.2013.809441

healthcare

MITOGENOME ANNOUNCEMENT

Complete mitochondrial genome recovered from the gut metagenome
of overwintering monarch butterflies, Danaus plexippus (L.)
(Lepidoptera: Nymphalidae, Danainae)
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Abstract

We present a 15,314bp mitochondrial genome (mitogenome) sequence from monarch
butterflies overwintering in Mexico. The complete mitogenome was generated by next
generation sequencing techniques and was reconstructed by iterative assembly of reads from a
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metagenomic study of pooled butterfly gut DNA. The mitogenome codes for 13 putative

protein coding genes, 22 tRNA genes, the large and small rRNA genes, and contains the A+ T-

History

rich sequence corresponding to the control region. The consensus sequence presented here

has a depth of coverage of 142-fold and only three putative single nucleotide polymorphisms
could be detected. The recovered D. plexippus mitogenome represents the second analyzed
for the subfamily Danainae and accordingly, the closest available sequenced mitogenome
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was found to be the one corresponding to Euploea mulciber (Lepidoptera: Nymphalidae,

Danainae).

We present a mitogenome sequence of the monarch butterfly with
the GenBank accession number KC836923. The mitogenome
was designated with the acronym DPMMX (Danaus plexippus
mitogenome -Mexico) as it is a consensus sequence obtained
by metagenomic sequencing of gut DNA from overwintering
butterflies.

Butterflies were collected during January 2010 from the
Sierra Chivati-Huacal at the Monarch Butterfly Biosphere
Reserve in Mexico. Total DNA was purified from the guts
of three female butterflies using the UltraClean microbial DNA
kit (MoBio Laboratories, Inc., Carlsbad, CA). Metagenomic
sequencing was performed on an Illumina GAIIx platform
producing 2.51 Gbp. Reads were assembled using Velvet 1.2.07,
Cambridge, UK (Zerbino & Birney, 2008). A set of 13 contigs
were predicted by BLAST searches to be of mitochondrial origin.
Gaps were closed iteratively by mapping and reassembling reads
to these contigs using Maq 0.7.1, Cambridge, UK (Li et al., 2008)
and Velvet. Additionally, PCRs were performed to amplify and
sequence regions within gaps or homopolimeric regions and for
validation. The primers used were MDsl0-modified 5'-
AACAGGATCAAATAATCCATTAGG-3' and MDsll 5'-
AAATTACCTTAGGGATAACAGCG-3/, MDs14 5'-
TCGTGGATTATCAATTATTAAACAGATTCC-3' and
MDs2L-modified 5-GCTGTAATACCTACTGCTC-3’ (Cameron
& Whiting, 2008) and 12SB 5'-AAACTAGGATTAGATACCC-3'

Correspondence: Luis E. Servin-Garcidueiias, Centro de Ciencias
Genomicas, Av. Universidad S/N, CP 62210, Cuernavaca, Morelos,
Mexico. Tel/Fax: (777) 3291897. E-mail: luis.e.servin@gmail.com

(Skerratt et al., 2002) and 16SB-modified
5'-CACCGGTTTGAACTCAGATCA-3' (Bybee et al., 2004).
Open reading frames were predicted using GeneMark.hmm?2.0,
Atlanta, GA (Besemer & Borodovsky, 1999). Features were
manually verified using Artemis, Cambridge, UK (Carver et al.,
2005).

The length of DPMMX was determined to be 15,314 bp and its
nucleotide composition is biased exhibiting 81.4% A +T content.
The average coverage of the circular genome was 142-fold. Only
three candidate single nucleotide polymorphisms (SNPs) were
detected by Maq (T323, C1712 and G1732). The mitogenome
codes for 13 protein coding genes, 22 tRNA genes, the large and
small rRNA genes, and contains a control region with an A+T
content of 94.5% (Figure 1) exhibiting some conserved lepidop-
teran motifs including the ““ATAGA’” and 19 bp poly (T) stretch.
The protein encoding genes have typical mitochondrial ATN start
codons, except for cox1, which contains the unusual CGA codon
and which also shows an incomplete stop codon.

Blast searches were performed using DPMMX as a query
against the MonarchBase (Zhan & Reppert, 2013), a database
repository for the data of the D. plexippus genome (Zhan et al.,
2011). A contig of 24,802 bp could be detected with accession
number AGBW01003356.1 corresponding to the non-described
mitogenome. This unedited contig shows redundancy at its ends
and should be circular and its sequence is conserved with
DPMMX albeit with dissimilarities. Major differences are an
additional 1954 bp region containing repetitive TA bases and a
non-conserved sequence not present in DPMMX and the absence
of a 221 bp region conserved among other sequenced lepidopteran
mitogenomes including DPMMX. Differences could be attri-
buted to natural variation, sequencing errors or misassembles
at homopolimeric regions. In conclusion, the mitogenome of
D. plexippus presents a conserved structure and shows few
polymorphisms in accordance with the low genetic differentiation
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reported for monarch butterflies (Brower & Boyce, 1991; Brower
& Jeansonne, 2004; Lyons et al., 2012).
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Wolbachia are highly extended bacterial endosymbionts that infect arthropods and filarial nematodes and
produce contrasting phenotypes on their hosts. Wolbachia taxonomy has been understudied. Currently,
Wolbachia strains are classified into phylogenetic supergroups. Here we applied phylogenomic analyses to
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Introduction

Wolbachia is a genus of endosymbiotic bacteria that are wide
spread in nature. Wolbachia endosymbionts do not have a free-
living phase and are under confinement to particular hosts. It
is estimated that Wolbachia may be found in 40% of arthropod
species [106], while a previous report calculated 60% [44]. Wol-
bachia endosymbionts have been found associated with nematodes
from the Onchocercidae family [22,54]. Interactions with their
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hosts range from parasitism to mutualism. In arthropods are mostly
considered as parasites since they may manipulate host repro-
duction by mechanisms like parthenogenesis, feminization, male
killing, and cytoplasmic incompatibility [12,80,100]. However,
Wolbachia symbiosis has been implicated in host fitness [15,94],
or as being necessary for oogenesis [25]; in nematodes they are
regarded as mutualistic and essential for survival [58]. Wolbachia
symbiosis is outstanding as it may cause host speciation events
[11].

Some insects and their endosymbionts have a parallel evo-
lutionary history, and cospeciation events have been described
for both host and bacteria, especially primary endosymbionts
[1,10,21,79,87]. For endosymbionts that have cospeciated with


dx.doi.org/10.1016/j.syapm.2015.05.005
dx.doi.org/10.1016/j.syapm.2015.05.005
http://www.sciencedirect.com/science/journal/07232020
http://www.elsevier.de/syapm
mailto:emartine@ccg.unam.mx
dx.doi.org/10.1016/j.syapm.2015.05.005

2 S.T. Ramirez-Puebla et al. / Systematic and Applied Microbiology xxx (2015) Xxx-xXx

their hosts, endosymbionts in different hosts would be distinct
species. It seems that cospeciation is rare in Wolbachia and insects
as their phylogenies are usually not congruent [1,49,86,88]. Thus,
adaptations to different hosts would not necessarily mean bacte-
rial speciation. Wolbachia infections in insects may be recent in
some cases [41,48], implying a short host-symbiont interaction
that would not lead to speciation. Recent Wolbachia acquisitions
may come from horizontal transfers from close or even distant
insects [41]. In filarial nematode-Wolbachia associations, congru-
ence between Wolbachia phylogenies and those of their host has
been documented [9,17,32]. In this case, cospeciation between
bacteria and their worm hosts seems to have occurred and a sin-
gle origin of this symbiosis for supergroups C and D has even
been proposed [32]. Wolbachia have become essential for nematode
development and play an important role in host embryogenesis
[58]. Nematodes treated with antibiotics cannot reach adulthood
[13,93].

Wolbachia pipientis Hertig 1936 [43], was first observed in cells
of the Culex pipiens mosquito [42]. Heterogeneity within Wolbachia
has been revealed by sequence analysis of 16S rRNA genes and
protein-coding genes, resulting in its distribution into sixteen phy-
logenetic supergroups, ten of which are found in arthropods (A,
B,E, H, I, K M,N, P, Q) five in nematodes (C, D, ], L, O) and one
comprising both arthropod and nematode endosymbionts (F) [4].
The strains of Wolbachia detected in Australian spiders [81], were
designed as Supergroup G but it was later revealed that it has a wsp
gene that is a recombinant between those of A and B supergroups
rather than being a distinct new supergroup [8]. A phylogenetic
tree based on a multilocus analysis has been recently published giv-
ing insight about the relationships between Wolbachia supergroups
[37]. A consensus of whether supergroups represent lineages of
W. pipientis or distinct species has not been reached. Sequence
divergence between supergroups seemed to indicate that each
represented a species [78], however, other studies have indi-
cated that they do not represent isolated genetic entities [7,99],
as would be expected from bona fide species [61]. Wolbachia have
been described as highly recombinogenic bacteria [6,7,99]. Multi-
ple infections with different Wolbachia are frequent in the same
insect individual [98,104], affording the opportunity for recombi-
nation between different strains, including not closely related ones
[6,104]. Nevertheless, a recent study found that recombination is
far higher within supergroups than between them [30]. Recom-
bination events between supergroups are limited to small DNA
fragments.

Endosymbiont confinement in a host leads to an inevitable
dependence on the host. This is evident upon inspection of
endosymbiont genomes, which generally lack many functions
required for independent living. Classic taxonomy relying on phe-
notypic characterization of pure cultures as well as establishing
genomic relatedness by DNA-DNA hybridization (DDH) exper-
iments could not be applied to non-cultivable endosymbionts
like Wolbachia. In the genomic era, however, metrics based on
genome sequences like ANI (average nucleotide identity) and
in silico DDH can be used as replacements for wet lab DDH
[3,38], thus allowing the use of similar taxonomic criteria for
both cultivable and non-cultivable prokaryotes. Furthermore, it is
increasingly acknowledged that phenotypes should not be given
as much importance for species delineation as they currently are
[20,70,96].

Here, we evaluated the diversity of Wolbachia by performing
phylogenomic analyses and by analyzing genome-derived metrics
like ANI, in silico DDH, G+C content and synteny in order to
shed light on the taxonomy of these endosymbionts. Addition-
ally, we increased the genomic database of Wolbachia by reporting
sequences from two strains recently obtained from the carmine
cochineal insect Dactylopius coccus.

Materials and methods
Genome sequences

Sequences of all reported Wolbachia genomes were retrieved
from GenBank database, except those of strains wDi and wLs,
which were available at http://nematodes.org/genomes/index_
filaria.html [22]. Genomes of Wolbachia strains wDacA (Biopro-
ject PRINA274701) and wDacB (Bioproject PRINA274698) were
sequenced by a metagenomic approach from dissected cochineal
insects of Dactylopius coccus. Detailed functional analyses of those
genomic sequences will be reported elsewhere (Ramirez-Puebla
et al, in preparation). For G+C content determination, contigs
of each genome were concatenated, the number of G plus C
nucleotides counted and the sum divided by the genome length.
Genome of strain wMen was obtained from the Strepsiptera
Genome Project [68], and genomes of strains wFol, wOc and wCte
were only deposited like Sequence Read Archive (SRA) so they
were not included in G +C determination because they were not
completely sequenced [36].

Phylogenomic analyses

Predicted proteomes were obtained from annotated genomes
deposited at GenBank if available. The RAST server was also
used for annotating and comparing whole genome sequences [5].
The AMPHORA?2 pipeline [103], was used to identify a set of 31
conserved bacterial proteins from complete or draft genomes.
Sequencing reads were obtained from the Sequence Read Archive
(SRA) database to obtain phylogenetic markers for strains wMen,
wFol, wOc, and wCte. Reads were mapped against individual marker
genes obtained from fully sequenced Wolbachia genomes using the
runMapping option from Newbler (Roche). The obtained mapped
reads were processed to obtain the markers for these strains by
performing tblastn searches against reference protein sequences
corresponding to the markers from other sequenced strains. Protein
sequences were concatenated using the EMBOSS union web tool
(http://emboss.bioinformatics.nl/cgi-bin/emboss/union). The con-
catenated sequences were then aligned using MUSCLE v.3.8.31 [29],
and the resulting alignment was processed with Gblocks [18], to
obtain conserved protein blocks and eliminate poorly aligned pos-
itions and divergent regions. The edited alignment contained 9151
amino acid positions. A maximume-likelihood analysis was then
performed using the JTT substitution model under PhyML 3.0 [40].
Branch support values are based on 100 bootstrap replicates. The
genomes from Ehrlichia canis (GenBank CP000107) and Anaplasma
marginale (GenBank CP001079) were used as outgroups.

In silico DDH and ANI calculations

DDH estimates were computed using the Genome-to-Genome
Distance Calculator version 2.0 [65], as recommended by Auch et al.
[2,3], and Meier-Kolthoff et al. [65]. BLAST+ was used for alignment
and formula 2 for genome distance estimation. ANI values were cal-
culated as previously proposed [38], using the ANI calculator from
the Kostas lab (http://enve-omics.ce.gatech.edu/ani/) with default
parameters.

Synteny

Syntenic blocks between ten finished Wolbachia genomes were
identified by BLASTN. Only blocks at least 3000 bp in length and
with 80% identity or higher were used to construct the graphs using
the Artemis comparison tool [16].
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Results and discussion
Genome-based relationships

Predicted evolutionary relationships between all 34 complete
or almost complete Wolbachia genomes currently available and our
two Wolbachia strains from D. coccus, wDacA and wDacB (Table 1)
based on a set of conserved proteins is shown in Fig. 1. The distinc-
tiveness of Wolbachia supergroups was evidenced by each forming
a different and well-supported clade. The A and B supergroups
clustered together in a branch separated from the C, D and F super-
groups as previously observed by Nikoh et al. [69], for a set of six
genomes using 52 ribosomal proteins. The phylogenetic recons-
tructions were also in agreement with a previous analysis obtained
with a set of 90 orthologous genes from only eleven sequenced Wol-
bachia strains [22]. All the Wolbachia strains associated with Culex
mosquitoes (W. pipientis representatives) tightly clustered in a sin-
gle clade within supergroup B. The Wolbachia strain wBol1-b from
Hypolimnas bolina was also phylogenetically close to the W. pipien-
tis strains. Wolbachia strains from D. coccus clustered into distinct
supergroups. wDacA was resolved as the most phylogenetically dis-
tant strain within supergroup A, whereas wDacB was a member of
supergroup B having wVitB from Nasonia vitripennis as its closest
sequenced relative. The strain wFol associated with the springtail

Folsomia candida was found placed as the most distant of all the
analyzed Wolbachia supergroups as reported previously [36].

G+ C content

The G+C content of Wolbachia genomes ranged from 32.1%
to 38.4% (Table 1) evidencing an enrichment of AT nucleotides
as is common in endosymbionts [67]. Mean G+C contents of
supergroups A, B, C and D were 35.5%, 34.0%, 32.4% and 33.4%,
respectively. The sequenced representative of supergroup F had a
G+C content of 36.3%. Although the analyzed genomes may not
completely comprise the natural variation present in Wolbachia
supergroups, it is worth noting that each supergroup seems to have
a characteristic G+ C content (Table 1).

In silico DDH and ANI estimates

DDH is the “gold standard” for species delineation in prokary-
otes but it is not applicable for non-cultivable bacteria like
Wolbachia. ANI represents a suitable surrogate for wet lab DDH as
correlation analyses indicate that strains showing ANI higher or
equal than 95-96% shared DDH values higher or equal than 70%
and are thus considered to be of the same species [38]. Genome
sequences also allow the estimation of in silico DDH values, and

Table 1
Characteristics of the sequenced Wolbachia genomes used in this work.
Wolbachia Host species GenBank accession ~ Genome status  Number of contigs ~ Genome size (bp) G+C%  Super Reference
strain number group
wMel Drosophila AE017196 Complete 1 1,267,782 35.2 A [102]
melanogaster
wMelPop Drosophila AQQE00000000 WGS 80 1,239,155 35.1 A [101]
melanogaster
wRi Drosophila simulans CP001391 Complete 1 1,445,873 35.2 A [52]
Riverside
wHa Drosophila simulans CP003884 Complete 1 1,295,804 35.1 A [30]
wSim Drosophila simulans AAGC00000000 WGS 629 1,063,100 354 A [84]
wAu Drosophila simulans LK055284 Complete 1 1,268,461 35.2 A [91]
wRec Drosophila recens JQAMO0000000 WGS 43 1,126,656 35.2 A [66]
wSuzi Drosophila suzukii CAOU02000000 WGS 110 1,415,350 35.2 A [89]
wDwi Drosophila willistoni AAQP00000000 WGS 260 1,145,915 384 A Remington
etal.
(unpublished)
wAna Drosophila ananassae AAGB00000000 WGS 464 1,440,750 35.7 A [84]
wGmm Glossina morsitans AWUH00000000 WGS 241 1,019,510 35.2 A [14]
morsitans
wUni Muscidifurax uniraptor ~ ACFPO0000000 WGS 256 867,873 35.2 A [52]
wDacA Dactylopius coccus PRJNA274701 WGS 456 933,576 35.0 A This study
wNo Drosophila simulans CP003883 Complete 1 1,301,823 34.0 B [30]
wPip_Pel Culex quinquefasciatus AM999887 Complete 2 1,482,455 34.2 B [51]
wPipJHB Culex quinquefasciatus ABZA00000000 WGS 21 1,543,661 34.2 B [85]
wPip-Mol Culex molestus HG428761 Complete 1 1,340,443 33.9 B [74]
wPip Culex pipiens molestus CACK00000000 WGS 888 1,479,531 343 B Sinkins et al.
(unpublished)
wDi Diaphorina citri AMZJ00000000 WGS 124 1,240,904 34.0 B [83]
wBol1-b Hypolimnas bolina CAOH00000000 WGS 144 1,377,933 33.9 B [28]
wAIbB Aedes albopictus CAGB00000000 WGS 156 1,162,431 33.7 B [63]
wDacB Dactylopius coccus PRJNA274698 WGS 321 1,282,277 34.2 B This study
wVitB Nasonia vitripennis AERWO00000000 WGS 523 1,107,643 33.9 B [50]
wCte Ctenocephalides felis SRR1222150 Raw data - - - B [36]
wOo Onchocerca ochengi HE660029 Complete 1 957,990 32.1 C [24]
wOv Onchocerca volvulus HG810405 Complete 1 960,618 321 C Cotton et al.
strain Cameroon (unpublished)
wDi Dirofilaria immitis PRJEB4154% WGS 2 921,012 32.7 C [22]
wBm strain TRS  Brugia malayi AE017321 Complete 1 1,080,084 34.2 D [35]
wBn Wuchereria bancrofti ADHD00000000 WGS 763 1,052,327 34.0 D [26]
wLs Litomosoides PRJEB4155?% WGS 10 1,048,936 32.1 D [22]
sigmodontis
wFol Folsomia candida SRR1222159 Raw data - - - E [36]
wCle Cimex lectularius AP013028 Complete 1 1,250,060 36.3 F [69]
wOc Osmia caerulescens SRR1221705 Raw data - - - F [36]
wMen Mengenilla moldrzyki SRX095325 WGS - - - F [68]

2 Accessions numbers correspond to the European Nucleotide Archive database as submitted by the original authors.
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Fig. 1. Phylogenomic tree showing evolutionary relationships between Wolbachia strains inferred with PhyML based on a concatenated alignment of 31 marker proteins
detected with AMPHORA?2 and analyzed with the JTT substitution model. Hosts for each strain are indicated in forceps. Strains included in the new designations for each
species name are boxed. Proposed species names are shown next to the boxes. Supergroups are shown to the right. Numbers at the branch points represent bootstrap support
values based on 100 replicates. The scale bar represents the estimated number of amino acid changes per site for a unit of branch length.

these correlate very well with wet lab DDH [3]. Based in these crite-
ria other bacteria as Ensifer and Rhizobium have been reclassified
[71].

In silico DDH and ANI values were calculated for all pairs of ana-
lyzed Wolbachia genomes (Tables 2 and 3, respectively). Strains
from different supergroups showed maximum ANIand in silico DDH
values of 86.8% and 34.6%, respectively indicating that Wolbachia
is comprised of several different species as previously suggested
based on fewer ANI comparisons [75]. Within each supergroup,
most members showed ANI values over 96% (Table 3) and in
silico DDH values over 70% (Table 2), relatedness levels that are
consistent with single species. However, in some supergroups
there were strains with enough differences to put them below
or near the borderline for species delineation. In supergroup A
Dactylopius strain wDacA, and in supergroup B Drosophila simu-
lans strain wNo and Diaphorina citri strain wDi, showed in silico
DDH values <62%, below the species circumscription level with
all members of their own supergroups and ANI values just above

of the species cut-off level (Table 2). In the phylogenomic analy-
ses, strains wDacA, wNo, wDi occupied peripheral positions within
their supergroups (Fig. 1). wAIbB from Aedes albopictus and wDacB
from D. coccus in supergroup B, also showed in silico DDH val-
ues below or very close to 70% with their supergroup neighbors,
although these differences were not reflected by low ANI values
(Table 2).

Within supergroup B, in silico DDH and ANI values were high
among representative sequenced strains of Wolbachia pipientis
(wPip strains). Values were also high between wBol1-b and W.
pipientis. In contrast, comparisons between wPip strains and other
members of supergroup B produced values that were just over or
slightly under the cutoff limits recommended for species delin-
eation. The genome from strain wVitB had ANI value of around
97.4% when compared with the wPip strain (Table 3) but most of
their DDH estimates were below 70% (Table 2).

Clear examples of the existence of different species within
supergroups were observed for nematode strains wDi of
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Table 2
In silico DNA-DNA hybridization (DDH).

in silico DNA-DNA" hybridizatior

Strain Supergroup wMel wMelPop  wRec wAu wDwi wUni wGmm wAna wRi wSuzi  wSim wHa wDacA wPip wPip_Mol wPip_Pel  wPip_JHB  wBoll-b wVitB wDacB  wDi wAIbB wNo wOo wOv wDi wBm wBn wLs wCle
wMel A 1000 777 893 939 70.5 758 72 728 79 721 75.1 733 570
wMelPop A 1000 953 936 926 762 77 78 721 73 %y 72 576
wRec A 1000 90.6 94.0 754 720 730 709 T2 743 752 576
wAu A 100.0 647 756 708 724 708 712 743 734 570
wDwi A 1000 754 705 734 720 79 744 726 570
wUni A 1000 745 735 73.7 138 733 736 58.6
A 1000 67.1 65.1 66.1 619 69.5 564
A 1000 98.0 979 956 720 571
A o oss s [N 59
A 1000 907 69 559
N 1000 1 | 569
A 1000 562
A 100.0
B 0o 1000 %7 G i s S
B 1000 844 676 815 708 685 582 630 56.6
B 1000 86.3 80 68.6 675 56.7 619 552
B 1000 772 688 675 563 613 550
B 1000 698 68.0 S8.1 619 576
B 1000 834 615 660 611
B 1000 596 626 586
B 1000 590 545
B 1000 (1389
B 1000
c 1000 96.1 292
c 1000 290
c 1000
D 1000 698 365
D 1000 387
D 1000
F 100.0
4 Values <70% are shaded.
Table 3
Average nucleotide identity (ANI) percentage values between Wolbachia strains.
ANI’ percentages for strain
Strain Supergroup wMel wMelPop wRec wAu  wDwi  wUni wGmm  wAna wRi  wSuzi wSim  wHa  wDacA wPip wPip_Mol wPip_Pel wPip_JHB wBoll-b wVitB wDacB  wDi  wAIbB  wNo wOo wOv wDi wBm wBn wls wCle
wMel A 1000 1000 9.6 99.6 994 979 913 978 97.7 979 9717 950
wMelPop A 1000 996 99.6 994 979 974 975 978 977 978 97.6 949
wRec A 1000 99.6 9.5 979 974 975 976 97.6 976 978 949
VAu A W0 w9 w0 w4 w4 w6 o6 977 o | 948
wDwi A 1000 978 972 972 915 974 917 975 s
wUni A 1000 9716 91.7 976 97.6 976 915 950
wGmm A 1000 969 969 96.9 969 970 946
wAna A 1000 99 99.9 998 917 94.7
o A 1000 00 w9 o7 [Nean
wSuzi A 1000 9.9 977 9.7
wSim A 1000 975 948
wHa A 100.0 948
wDacA A 1000
wPip B 1000 1000 9.9 999 99.1 974 973 958 963 953
wPip_Mol B 100.0 9.8 9.8 99.0 972 972 957 96.1 952
wPip_Pel B 1000 999 989 972 97.1 956 96.1 95.1
wPip_JHB B 1000 989 97.1 912 95.6 96.1 952
wBoll-b B 1000 912 971 957 96.2 953
VitB B w00 oss [88a| s> |95
wDacB B 1000 955 96.1 954
wDi B 100.0 954 948
wAIbB B 1000 953
wNo B 1000
wOo C 1000 994 86.1
wOv c 1000 1860
wDi C 1000
wBm D 1000 963 888
wEn D 1000 U888
wls D 100.0
wCle P w0

2 Values <96% are shaded.

Dirofilaria immitis and wLs in supergroups C and D, respectively
(Tables 2 and 3). In these cases, both strains occupied periph-
eral positions within their supergroups (Fig. 1). Also, in silico DDH
and ANI values supported the differentiation of these strains from
other members of their respective supergroups supporting that
they belong to different species.

Cospeciation between nematodes and Wolbachia is reflected
in the fact that more distantly related nematodes [32], also have
more distantly related Wolbachia. In supergroup D, Wolbachia from
related nematode genera Brugia and Wuchereria are more closely

related to each other than to Wolbachia from the more distant
genus Litomosoides (Fig. 1, Tables 2 and 3). It is worth noting that
Wolbachia infecting Brugia and Wuchereria are at the borderline
for species definition by in silico DDH. Similarly, in supergroup C,
Wolbachia from two species of Onchocerca are related but showed
very low in silico DDH and ANI values to the endosymbiont of D.
immitis (Fig. 1, Tables 2 and 3). Taken together, these data seem to
indicate that each nematode genus harbors a different Wolbachia
species. Nevertheless, the presence of supergroup F Wolbachia in
both nematodes and insects, and its loss in some filarial species in

¥
[ §
I i
i I
! i
Strain  wPipMol  wPipPel wOo
Supergroup B A C D F

Fig. 2. Synteny between complete genomes of Wolbachia strains. Sequence blocks oriented in the same or inverted directions are shown in dark or light green, respectively.
(For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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the onchocercids, contravene the idea of cospeciation in general
[33].

Genome synteny

Structural genome comparisons in other bacteria like rhizo-
bia have shown that chromosome synteny is very well conserved
within a species and less maintained between different species
[39,77]. Synteny was used as a further criterion to distinguish
Wolbachia species. It has been observed that levels of genome syn-
teny are higher within than between Wolbachia supergroups [30],
as it is evidenced in Fig. 2 for ten finished genomes. Wolbachia
genomes have high levels of repetitive DNA and mobile genetic
elements that lead to DNA rearrangements that diminish synteny
even between related strains [30,35,52,102]. Genome rearrange-
ments in other organisms represent recombination barriers and
could lead to genetic isolation [ 76]. Strain wNo showing significant
divergence by in silico DDH and ANI values is less syntenic with
its supergroup siblings. It would be worth investigating if a specia-
tion process could start within a supergroup by Wolbachia strains
developing novel genomic rearrangements, as discussed previously
[30].

Conclusions

We showed here that Wolbachia supergroups represent distinct
evolutionary lineages based on phylogenomics, G + C content, ANI,
insilico DDH and synteny. Our results support the previous proposal
that Wolbachia from different supergroups should be considered as
genetically distinct clades not only from implications related to host
confinement and their biology [72], but on the basis of molecular
evidence [30,53,78]. Furthermore, we found heterogeneity within
supergroups. The more divergent strains within each supergroup
were recovered as outliers in the phylogenomic analyses. Not all
strains, however, seem to have accumulated enough nucleotide
sequence differences to show ANI values lower than 95-96%, used
to delineate different species, with other distant strains in their
supergroups (Table 3). Nevertheless, within a supergroup signif-
icant genome content differences were evidenced by low in silico
DDH (less than 70%) and genome synteny among supergroup mem-
bers was not always high. Thus, our novel analyses indicate that
different species may occur inside a supergroup. Consequently,
supergroups would have a supraspecific status.

Given the evidence reviewed and presented here, the name W.
pipientis (Hertig 1936) [43], should be applied only to supergroup B
strains. As Wolbachia are still uncultivable, the proper designation
for supergroup B strains should be ‘Candidatus Wolbachia pipien-
tis’. In order to distinguish the different species within Wolbachia,
we propose the designation ‘Candidatus Wolbachia bourtzisii’ for
strains in supergroup A, ‘Candidatus Wolbachia onchocercicola’
for endosymbionts of genus Onchocerca in supergroup C, ‘Can-
didatus Wolbachia blaxterii’ for endosymbionts of D. immitis in
supergroup C, ‘Candidatus Wolbachia brugii’ for endosymbionts of
nematodes from Brugia and Wuchereria species in supergroup D,
‘Candidatus Wolbachia taylorii’ for endosymbionts of nematodes
from Litomosoides species in supergroup D, ‘Candidatus Wolbachia
collembola’ for endosymbionts of Collembola arthropods in super-
group E and ‘Candidatus Wolbachia multihospitis’ for Wolbachia
strains hosted by nematodes and arthropods in supergroup F.

Description of ‘Candidatus Wolbachia bourtzisii’

‘Candidatus Wolbachia bourtzisii’ (bourt.zi’si.i. N.L. gen. n.
bourtzisii, of Bourtzis, in honor of Kostas Bourtzis, as a recognition

for his studies on Wolbachia and other bacteria associated with
arthropods).

The description of the species ‘Candidatus Wolbachia bourtzisii’
is based on the studies reported by Louis and Nigro [62], Sacchi et al.
[82], Texeira et al. [94], and Zhukova and Kiseleva [105]. Cell size
is 0.5 wm in D. simulans, and 0.5-1.0 wm in D. melanogaster. Cells
are roundish and less frequently rod shaped and are surrounded
by three enveloping membranes. The first is the plasmatic mem-
brane and the second represents the outer part of the cell wall. The
third one, closely related to the cytoplasm of the host cell, forms a
vacuole for each single microorganism. Ribosomes and nucleic acid
fibrils are observed in the cytoplasm. In D. melanogaster individual
bacterial cells are distributed throughout the host cell cytoplasm,
occasionally occurring as small groups. Bacteria occur in the ovari-
oles in high numbers and in germline cells like cytocytes, oogonia,
oocytes and nurse cells.

The percentage of apoptotic cells in germaria are increased in
D. melanogaster infected with wMelPop. Tetracycline treatments
accelerated the time to death in D. melanogaster infected with
Drosophila C virus (DCV) as the bacteria confer resistance to DCV
by interfering with virus proliferation. The DNA G+C content is
between 35.0 and 38.4 mol% as calculated from genomic sequences.
Most strains exhibit a DNA G + C content of 35.2 mol%.

Description of ‘Candidatus Wolbachia onchocercicola’

‘Candidatus Wolbachia onchocercicola’ [on.cho.cer.ci’co.la. N.L.
fem. n. Onchocerca a filarial nematode genus; L. suffix — cola (from
L. masc. or fem. n. incola), a dweller, an inhabitant; N.L. fem. n.
onchocercicola, a dweller of Onchocercal.

The description of the species ‘Candidatus Wolbachia onchocer-
cicola’ is based on the studies reported by Determan et al. [27],
Egyed et al. [31], Horeauf et al. [46], Kozek and Marroquin [55],
and Langworthy et al. [59]. Cell size is 0.3 up to 0.8 wm in diam-
eter and 1.5 up to 1.8 wm in length. Cells are generally round or
spherical shaped. Bacteria are located in the cytoplasm surrounded
by a membrane-bound vacuole. In Onchocerca lupi each vacuole
contains only one bacterium surrounded by a double membrane.
In contrast, in Onchocerca volvulus they often form clusters and
in Onchocerca ochengi some of them contain up to seven bacte-
ria. Wolbachia live in the subcutaneous and connective tissues of
their hosts, usually enclosed in fibrous cysts or nodules. In adults
and larvae bacterial cells occur in the lateral cords, and in germinal
tissues in females. Depletion of the endosymbiont by oxytetracy-
cline in O. ochengi results in the death of adults and microfilaria.
Also, there is a decline in the quantity of embryos and an increase
in the proportion of embryos showing abnormal morphology. In
0. volvulus doxycycline treatment blocks embryogenesis. The DNA
G+ C content is 32.1 mol% as calculated from genomic sequences.

Description of ‘Candidatus Wolbachia blaxteri’

‘Candidatus Wolbachia blaxteri’ (blax’ter.i. N.L. gen. n. blaxteri,
of Blaxter, in honor of Mark Blaxter, in recognition of his molecular
studies on nematodes and their associated Wolbachia symbionts).

The description of the species ‘Candidatus Wolbachia baxteri’ is
based on the studies reported by Kozek [55,56], McLaren et al., [64],
and Sironi et al. [90]. Cell size is 0.3-1.0 wm in diameter and 4.5 um
in length. Cells are spherical or ovoid shaped. Bacteria are contained
in an individual membrane-bounded host vacuole. Some bacterial
cells have condensations of dense material within their cytoplasm.
In D. immitis bacteria occur in the reproductive tract mainly in the
ovary and the proximal region of the uterus, and are also found in
oocytes and in all embryonic stages of microfilariae developing in
the uterus. In lateral cords of adults, they occur as clusters that can
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fill most of the hypodermal tissue. Often they appear to surround
the hypodermal nuclei. In embryos, five to ten bacteria per host
cell are found. Also, bacteria are abundant in oogonia, eggs and
early dividing embryos. Treatment with tetracycline blocks embryo
development. The DNAG + C content is 32.7 mol% as calculated from
genomic sequences.

Description of ‘Candidatus Wolbachia brugii’

‘Candidatus Wolbachia brugii’ (bru’gi.i. N.L. gen. n. brugii, of Brug,
named afterS. L. Brug, a Dutch parasitologist who first described the
filarial nematode Brugia malayi, a model for the study of Wolbachia-
nematode relationships).

The description of the species ‘Candidatus Wolbachia brugii’ is
based on the studies reported by Fischer et al. [34], and Land-
mann et al. [57,58], and Taylor et al. [92]. Cell size is 0.5 wm up to
1 pwm. Cells are spherical or have an elongated shape and are sur-
rounded with a double membrane. Bacteria are contained within
membrane-bound vacuoles. In Brugia malayi clusters of bacteria are
detected in microfilaria. In larvae L2, bacterial cells are detected in
the hypodermis and in L3 and L4 larvae in the cells of lateral chord,
in high numbers. In adult female worms, bacteria are commonly
found in the lateral hypodermal cords, in hypodermis, and close to
or inside the ovaries. Bacteria are also seen in the cells surrounding
the basal lamina of the oviduct. In adult male worms, microfilariae,
and third-stage larvae bacteria are detected in the lateral cord, but
in lower numbers compared with females and dispersed in focal
groups or as individual bacteria. They are also detected in testis and
the border of vas deferens. In Wuchereria bancrofti bacteria show a
similar distribution as in B. malayi, in small clusters or as a single
bacterium.

Tetracycline treatments dramatically reduce the endosymbiont
population in female adults of B. malayi. Pyknotic nuclei are
observed throughout the ovaries and uteri in the female germline.
Microfilaria resulting from a completed embryogenesis after antibi-
otic treatments, showed defects as abnormal muscle quadrants.
Apoptotic nuclei are detected in the ovaries of treated females and
become more numerous as the uteri is filled with embryos. The
DNAG + Ccontent is between 34.0 and 34.2 mol% as calculated from
genomic sequences.

Description of ‘Candidatus Wolbachia taylori’

‘Candidatus Wolbachia taylori’ (tay’lo.ri. N.L. gen. n. taylori, of
Taylor, in honor of Mark J. Taylor, in recognition of his studies on
the role of Wolbachia—nematode symbiosis in human diseases and
his search for treatments).

The description of the species ‘Candidatus Wolbachia taylori’
is based on the studies reported by Chagas-Moutinho et al. [19],
and Horeauf et al. [45]. Cell size is approximately1 pum and round
shaped. Cells present a reduced cell wall and not a typical septum
during cell division. Cells are surrounded by a host-derived vacuo-
lar membrane. In Litomosoides chagasfilhoi, bacterial cells occur in
regions of the hypoderm, in the oocytes, early-stage embryos and
complete developed intrauterine microfilariae close to the cell host
nucleus. In other filarial tissues, bacteria are found in intracellular
vacuoles associated to the nuclear envelope. They are also observed
in proximity to the endoplasmic reticulum. TEM suggested a single
bacterium per vacuole.

Depletion by tetracycline results in infertility by blocking female
worm development and early embryogenesis in Litomosoides sig-
modontis. The DNA G+ C content is 32.1 mol% as calculated from
genomic sequences.
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Description of ‘Candidatus Wolbachia collembolicola’

’Candidatus Wolbachia collembolicola’ [col.lem.bo.li’co.la. N.L. n.
pl. Collembola a lineage of hexapods; L. suffix - cola (from L. masc. or
fem. n. incola), a dweller, an inhabitant; N.L. fem. n. collembolicola,
a dweller of Collembolal.

The description of the species ‘Candidatus Wolbachia
collembolicola’ is based on the studies reported by Czarnet-
zki and Tebbe [23], Pike and Kingcombe [73], Timmermans and
Ellers [95], and Vandekerckhove et al. [97]. Cells detected in
hexapod species of the order Collembola. Cell size is 0.2 wum up
to 1.4 wm. Cells are pleomorphic from curved to almost hairpin-
shaped. Cell wall lacks detectable peptidoglycan layer. Periplasmic
space is of around 5-15 nm. Cells are surrounded by a host-derived
vacuolar membrane. DNA filaments are visible in a rather diffuse
network dispersed throughout the cell and interspersed with ribo-
somes. Cells occur in aggregations and are found mostly in close
association with the rough endoplasmic reticulum in the ovaries.
Fat bodies and interstitial cells as detected by TEM techniques or
restricted to the ovary and brain as detected by FISH techniques.

Infection is obligatory for host offspring survival. The endosym-
biont is sensitive to high-dose of rifampicin and heat treatments.
High-dose tetracycline treatment is inefficient for removing cell
infections. Bacteria obligate role early in the parthenogenetic devel-
opmental process includes egg hatching.

Description of ‘Candidatus Wolbachia multihospitum’

‘Candidatus Wolbachia multihospitis’ (mul.ti.hos’pi.tum. L. adj.
multus many, numerous; L. n. hospes -itis, he who entertains a
stranger, a host; N.L. gen. pl. n. multihospitum of numerous hosts,
referring to the occurrence of the bacterium on various species of
arthropods and nematodes).

The description of ‘Candidatus Wolbachia multihospitis’ is based
on the studies reported by Ferri et al. [33], Hosokawa et al. [47], and
Lefoulon et al. [60]. In Cimex lectularius cell size is 0.5 up to 1.2 pm.
Cells are rod-shaped. In males, bacterial cells are located in the
testis-associated bacteriome, whereas in females they are located
in bacteriomes and ovaries. Cells are also detected in the nutritive
cord and developing oocytes. In the nematode Madathamugadia
hiepei, they are detected in young and late embryos. In adult females
they are observed in the ovaries and the intestinal wall. In contrast
with other nematodes they are absent in the hypodermal lateral
chord. In Cercopithifilaria japonica and Mansonella perforata bacte-
ria are located in the epithelial somatic gonad and in the intestinal
wall.

Elimination of the endosymbiont by rifampicin treatments in
C. lectularius resulted in deformed developing eggs, reduction in
the adult emergence rate and prolonged nymphal period. The DNA
G+ C content is 36.3 mol% as calculated from genomic sequences.
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Articulo:

Bolanos LM, Servin-Garciduefias LE, Martinez-Romero E. 2015. Arthropod-Spiroplasma

relationship in the genomic era. FEMS Microbiol. Ecol. 91:1-8.

En el articulo se presenta una revision sobre el género Spiroplasma en base a las
caracteristicas de los genomas disponibles para distintas especies de artrépodos. En este
trabajo también se presenta un andlisis filogenomico del género Spiroplasma. Los datos

obtenidos se presentan en detalle en el articulo de revision.
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ABSTRACT

The genus Spiroplasma comprises wall-less, low-GC bacteria that establish pathogenic, mutualistic and commensal
symbiotic associations with arthropods and plants. This review focuses on the symbiotic relationships between Spiroplasma
bacteria and arthropod hosts in the context of the available genomic sequences. Spiroplasma genomes are reduced and
some contain highly repetitive plectrovirus-related sequences. Spiroplasma’s diversity in viral invasion susceptibility,
virulence factors, substrate utilization, genome dynamics and symbiotic associations with arthropods make this bacterial
genus a biological model that provides insights about the evolutionary traits that shape bacterial symbiotic relationships

with eukaryotes.

Key words: Spiroplasma; symbiosis; comparative genomics

INTRODUCTION

The Spiroplasma genus consists of cell-wall-less, helical, low-GC
bacteria belonging to the class Mollicutes. Spiroplasmas are de-
scribed as facultative anaerobes that exhibit a wide range of
growth temperatures between 5 and 41°C (Konai et al., 1996).
These bacteria establish symbiotic associations mainly with
arthropods. Associations with dipteran and coleopteran insect
orders are frequent and have been largely reported (Wedincamp
et al., 1996). Other insect orders where spiroplasmas have been
isolated are Hemiptera, Homoptera, Hymenoptera, Lepidoptera
and Odonata (Hackett and Clark 1989; Hackett et al., 1990; Watan-
abe et al., 2014). Also, spiroplasmas have been isolated from
non-insect arthropods and plants (Davis, Lee and Worley 1981;
Saillard et al., 1987; Wang et al., 2004; Goodacre et al., 2006).

The majority of Spiroplasma species described as insect sym-
bionts have no effect on the hosts and are considered as com-
mensal bacteria (Gasparich 2010). In some hosts like shrimp
(Nunan et al.,, 2004), honeybees (Clark 1977), and mosquitoes
(Phillips and Humphery-Smith 1995), spiroplasmas have been
characterized as pathogens. Pathogenicity is related to the ca-
pacity to cross the midgut lumen barrier, hemolymph invasion
and therefore colonization of other host tissues, that lead in
some cases to host death (Nunan et al., 2005).

A significant effect on hosts like Drosophila (Williamson et al.,
1999) and other insects (Tabata et al., 2011) is the male-killing
phenotype, where maternally inherited Spiroplasma kill host
male offspring in early stages of development.

Spiroplasma as mutualistic symbionts can be found in
Drosophila and aphids providing host protection against
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Table 1. General features of the sequenced Spiroplasma genomes.

S. chryso- S. syrphy- S. melli- S. melli- S. dimi- S. taiwa- S. culici- S. sabau-
picola dicola S. citri ferum ferum nutum nense S. apis cola diense
DF-1 EA-1 GlI3-3X IPMB4A KC3 CUAS-1T cr-1T B31T AES-1T Ar-1343T
Arthropod Chrysops sp. E. arbustorum  C. haema- Apis- A. Mellifera  Culex- C. tritaeni- A. Mellifera  Aedes- stricticus/
host toceps Mellifera annulus orhynchus sollicitans A. vexans
Symbiotic Commensal ~ Commensal  Commensal* Pathogenic Pathogenic ~Commensal Pathogenic Pathogenic Pathogenic ~Commensal
relationship
Genome 1123 322 1107 344 1525 756 1098 846 1260 174 945 296 1075 140 1160 554 1175131 1075 953
Size (bp)
Chromo- 1 1 39 24 4 1 1 1 1 1
somal contigs
G+C 28.8 29.2 25.9 27.5 27 25.5 23.9 28.3 26.4 30.2
content (%)
TRNA operon 1 1 1 1 1 1 1 1 2
tRNA 29 29 29 29 29 29 29 29 30
Number of 0 0 7 4 0 1 0 0 0
plasmids
Protein- 1009 1006 1170 920 858 991 997 1071 924

coding genes

*Commensal: insect is used only as a vector to infect plants.

parasitoid wasps (Xie, Vilchez and Mateos 2010), nematodes
(Jaenike et al., 2010; Cockburn et al., 2013) and fungal pathogens
(Lukasik et al., 2013). Spiroplasma kunkelii increases the survival
rate of the leafhooper Dalbulus maidis during cold and dry
periods when the leafhopper’s host plant is not accessible
(Ebbert and Nault 1994).

Spiroplasma symbiotic associations with arthropods can be
considered as biological model systems to study molecular
mechanisms and evolutionary traits that shape contrasting
bacterial-host interactions.

In this review, we will focus on arthropod-associated Spiro-
plasma species with complete genome sequences, the biological
implications of harboring this bacteria and the information that
genomic sequences provide towards understanding of symbiotic
relationships between arthropods and spiroplasmas.

GENERAL FEATURES OF Spiroplasma GENOMES

It was not until 2010 that the first draft genome sequence of
S. citri became available (Carle et al., 2010). Currently, there
are 10 genomes deposited in either draft or complete assem-
bly in the NCBI genome database. Four sequenced strains are
associated with mosquitoes. Spiroplasma culicicola AES-1 and
S. taiwanense CT-1T are known pathogens that produce tissue
damage and increased mortality in their respective mosquito
host (Humphery-Smith et al., 1991). Infections by the sequenced
strains of S. sabaudiense Ar-1343 and S. diminutum CUAS-17 show
no significant effects on mosquitoes and are considered com-
mensal bacteria (Abalain-Colloc et al., 1987; Williamson et al.,
1996). Three other Spiroplasma genomes correspond to honeybee
pathogens, including two S. melliferum strains and one strain of
S. apis (Bové et al., 1983). Further, S. chrysopicola DF-1 and S. syr-
phydicola EA-1 strains are considered commensals of the deerfly
Chrysops sp. (Whitcomb et al., 1997) and the syrphyd fly Eristalis
arbustorum (Whitcomb et al., 1996), respectively. Finally, the se-
quenced strain of S. citri Gl13-3X is the causal agent of citrus stub-
born disease in plants and is transmitted by leafhoppers that
feed from phloem nutrients. In this case, the insect host actas a
vector of the plant pathogen (Bové et al., 2003). It is important to
highlight that no genome sequences for mutalistic Spiroplasma
genomes have been published or released to public repositories.

Spiroplasma genome features are summarized in Table 1.
Their genome size ranges from 780 to 2220 kb. This range of
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genome sizes is wider than those of other mollicutes such as
Mycoplasma (Carle et al., 1995). G + C content of the sequenced
genomes ranges from 23.9% of S. taiwanense CT-1T to 30.2% of
S. sabaudiense Ar-1343. All the sequenced genomes have one
rRNA operon and 29 tRNA genes, except S. sabaudiense, which
has two complete and identical rRNA operons and 30 tRNA
genes with an extra copy of tRNA-Ser gene. Only few spiroplas-
mas have plasmids. Spiroplasma citri Gl13-3X has seven plasmids,
the largest being pSci6 (35.3 kb) and the shortest pSciA (7.8 kb)
(Saillard et al., 2008). Spiroplasma melliferum IPMB4A has four plas-
mids of 4.7, 5.6, 9.86 and 14.45 kb (Alexeev et al., 2011). Spiro-
plasma taiwanense CT-1T has only one plasmid of approximately
11 kb (Gasparich and Hackett 1994).

Spiroplasmas have small genomes with large variations in
gene content. For example, in the Citri-Chrysopicola-Mirum, the
two strains of S. melliferum share 864 genes representing 78.4%
of the total genes. If this comparison is made with more phylo-
genetically distant species like S. citri, the amount of common
genes decreases to 51.7% of the total genes (Lo et al., 2013a). In
the Apis clade, S. diminitum and S. taiwanense share 59% of their
genes. Comparisons between genomes of different clades re-
sulted in lower values of common genes. Spiroplasma melliferum
shares 38.84% of its genes with S. diminitum and only 34.5% with
S. taiwanense (Lo et al., 2013b). Recently, it has been proposed
that ‘a prokaryotic genus can be defined as a group of species
with all pairwise percentage of conserved proteins values higher
than 50%’ (Qin et al., 2014). In this context, the above-mentioned
set of common genes between the S. melliferum strains and
S. citri is on the borderline limit, even when they belong to the
Citri-Chrysopicola-Mirum clade. Furthermore, the shared genes
between spiroplasmas of different clades are lower than the
proposed threshold which belong to the same genus. Reduced
genome size is a common feature in spiroplasmas, but gene con-
servation seems to depend on host selective pressures.

Spiroplasma GENOME SEQUENCES AND THEIR
PHYLOGENOMIC RELATIONSHIPS

The Entomoplasmatales order is composed of four clades:
Mycoides-Entomoplasmataceae, Apis, Citri-Chrysopicola-
Mirum and Ixodetis. Mycoplasma, Mesoplasma and Entomoplasma
genera are restricted to Mycoides-Entomoplasmataceae clade.
Spiroplasma species are distributed in the other three clades.
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Figure 1. Topology of a phylogenomic analysis showing the predicted evolutionary relationships of sequenced Spiroplasma strains within the Mollicutes. The tree
was reconstructed with PhyloPhlAn using a multisequence alignment of 388 conserved proteins. PhyloPhlAn performs individual alignments from each protein set
recovered from the Mollicutes input genomes. PhyloPhlAn then concatenates the most discriminative positions in each protein alignment into a single long sequence
to reconstruct a phylogenetic tree using FastTree. Spiroplasma strains are shown in bold in the tree. Accession numbers are indicated for all sequenced genomes.
Mollicutes groups are indicated in the tree. Two Bacillus strains were used as outgroup. Numbers at the branch points represent SH-like local support values (based on
1000 resamples). The scale bar represents the estimated number of amino acid changes per site for a unit of branch length.

Based on the 16S rRNA gene phylogeny, the genus Spiroplasma
is not monophyletic (Gasparich 2002).

Spiroplasma strains with available genome sequences corre-
spond to representative members from the Citri-Chrysopicola-
Mirum and Apis clades. No Spiroplasma genome from the
Ixodetis clade is yet available. A phylogenomic approach using
multiple amino acid markers (Segata et al.,, 2013) clearly dis-
tinguishes the Citri-Chrysopicola-Mirum clade from the Apis
clade, which seems to share a common ancestor with the
Entomoplasma/Mesoplasma and Mycoplasma groups (Fig. 1).

Average Nucleotide Identity (ANI) and DNA-DNA Hy-
bridization (DDH) pairwise comparisons between Spiroplasma
genomes are congruent with the phylogenomic tree. ANI and
DDH values highlight the genomic divergence between the
Citri-Chrysopicola-Mirum clade from the Apis clade. Species
with highest ANI and DDH values are S. syrphidicola and

S. chrysopicola in the Apis clade and S. citri with both strains of
S. melliferum in the Citri-Chrysopicola-Mirum clade. Spiroplasma
sabaudiense has relatively low values compared with all other se-
quenced spiroplasmas, but is more closely related to the Apis
clade (Tables S1 and S2, Supporting Information). 16S rRNA gene
pairwise alignments also revealed striking differences between
both clades as they share approximately 90% sequence identity
over the entire marker gene (Table S3, Supporting Information).
It has been suggested that a cutoff of 94.9% =+ 0.4 should define
genus boundaries based on 16S rRNA gene sequence identities
(Yarza et al., 2008, 2010). The wide range of Spiroplasma identi-
ties has a minimum of 90.08% and a maximum of 99.67%, which
also supports the great divergence between the different species
in the genus. Even more revealing is the difference between
the highest identities of some Apis clade species against those
of the Citri-Chrysopicola-Mirum clade, similar to the observed
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ANI and DDH values. For example, both strains of S. melliferum
are 97.15% identical, and different Apis clade species such as
S. chrysopicola and S. syrphidicola, which are 99.67% identical.

PLECTROVIRAL SEQUENCES

One of the most striking features of some Spiroplasma genomes
is the presence of a great amount of plectroviral sequences. Plec-
troviruses are bacteriophages that infect exclusively cell-wall-
less bacteria. Genomes of plectroviruses are present in multiple
regions of bacterial genomes (Rakonjac 2012). The presence of
plectroviral sequences was detected since the first report of the
S. kunkelii 85 kb genomic sequence (Zhao et al., 2003). Plectrovi-
ral sequences have been found in other Spiroplasma genomes.
In S. citri, S. melliferum IPMB4A and S. melliferum KC3, repetitive
plectroviral sequences and proteins of viral origin were found
distributed all over their chromosome. The absence of plectro-
viral sequences in the genomes of the Chrysopicola and Apis
clades seems to indicate that susceptibility of viral invasions
may be restricted only to the Citri clade. Spiroplasma chrysopi-
cola and S. syrphidicola genomes do not have any trace of plec-
troviral sequences (protein-coding or non-coding) unlike the
Citri clade genomes. This may be in relation to the presence of
antiviral systems in these strains, such as clustered regularly in-
terspaced short palindromic repeats and type 1 and 2 restric-
tion/modification (R/M), which were found in S. syrphidicola and
S. chrysopilica, respectively (Ku et al., 2013). However, the type 1
R/M system is truncated in S. citri.

Ku et al. (2013) proposed a model for Spiroplasma evolution in
relation to viral susceptibility. Allegedly, the common ancestor
of Chrysipicola and Citri clades had an active antiviral system
or systems and therefore was resistant to the virus, similar to
S. chrysipicola and S. syrphiciola. The Chrysipicola clade diverged
and the ancestor of the Citri clade lost its antiviral system(s)
and began to accumulate viral fragments. The consequences of
these viral infections were the increase in genome sizes and
higher homologous recombination rates due to the copies of vi-
ral fragments, and even non-viral DNA acquisition. Concomi-
tantly, there should be a counterbalance of genomic acquisitions
with loss of old fragments as new viral sequences were inserted.
The rearrangement effect of the old fragments seems to be un-
traceable from the present distribution of the viral fragments.

Viruses can help to horizontally transfer virulence re-
lated genes among bacteria (Moore and Lindsay 2001). The
genomes susceptible to viral infections are those from Spiro-
plasma pathogenic to bees and plants from the Citri clade.
Pathogenicity genes were probably acquired by lateral transfer
mediated by virus; thus, a correlation of viral infections with
pathogenic lifestyle of spiroplasmas has been proposed (Ku et al.,
2013). Genome plasticity emerges from constant sequence ac-
quisitions and losses under strong selective pressures. This plas-
ticity may have led Spiroplasma to develop mechanisms that al-
low it to be undetected by the host immune system (Anbutsu
and Fukatsu 2010; Herren and Lemaitre 2011).

The recA gene is truncated in strains of S. citri and S. mel-
liferum MC3 (Marais, Bove and Renaudin 1996). RecA medi-
ates homologous recombination, essential for maintaining ge-
nomic integrity and generating genetic diversity (Chen, Yang
and Pavletich 2008). Spiroplasma melliferum IPMB4A genome lacks
the machineries for mismatch repair and homologous recombi-
nation, recA included (Lo et al., 2013a). The loss of a functional
RecA in these species seems to be a relatively recent event. It
is suggested that genome instability occurred before recA loss
(Ku et al., 2013).
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PATHOGENICITY FACTORS

Spiroplasma pathogenicity in arthropods has been correlated
with the ability of the bacteria to cross the epithelial gut lumen
barrier. After trespassing the gut tissue, bacteria infect other
host tissues via the hemolymph (Kwon, Wayadande and Fletcher
1999). To accomplish this task, pathogens need a set of molecu-
lar tools with different specialized functions. Genomic sequenc-
inghas provided insights into possible genes associated with the
gradual steps of host tissue invasion.

Chitin degradation genes including chitinase A (chiA) and a
putative chitin deacetylase were proposed to be used for the
first step of invasion, which is the permeabilization of bacte-
rial load through the epithelial barrier. The discovery of the pro-
tein product of chitin deacetylase gene in the S. melliferum KC3
proteome provides evidence that this gene is being expressed
(Alexeev et al., 2011). Chitin is a structural biopolymer of various
insect cuticles including the gut lumen (Merzendorfer and Zi-
moch 2003). Chitin degradation causes permeation of structural
components of the peritrophic matrix of the gut epithelium.
However, chiA and putative chitin deacetylase homologues are
found in commensal S. chrysopicola and S. syrphidicola, and not in
pathogenic S. taiwanense. Chitin is also present in the cell walls of
fungi; it remains to be elucidated if Spiroplasma chitinases could
have an effect on fungal gut microbiota, and consequently on
hosts.

Another proposed mechanism of transmissibility and in-
vasion of insect cells is receptor-mediated endocytosis (Ozbek
et al.,, 2003; Ammar et al., 2004). Spiralin has been proposed as
a protein for intestinal epithelium receptor recognition, along
with P89, P58, sc76 and P32 (Ye, Melcher and Fletcher 1997; Yu,
Wayadande and Fletcher 2000; Boutareaud et al., 2004; Killiny
et al., 2006). Spiralin genes are present among the sequenced
Citri-Chrysopicola-Mirum Spiroplasma genomes and the gene
products account for up to 30% of the total protein mass of
spiroplasmas (Wroblewski et al., 1977). Protein sequence pair-
wise comparisons between spiralins revealed low identities be-
tween species. The highest protein identity is 99% between both
strains of S. melliferum. Spiroplasma citri strain identities range
from 92.7 to 99% (Khanchezar et al., 2014) . The lowest identity
among the five sequenced species is 38% between S. chrysopi-
cola and both strains of S. melliferum. The highest interspecies
identity is 71% between S. citri and S. melliferum KC3. These val-
ues support that spiralin is a highly divergent protein (Foissac
etal., 1996; Meng et al., 2010). In vitro, spiralin binds glycoproteins
from its insect vector (Killiny, Castroviejo and Saillard 2005);
although it is not important for pathogenicity in plants, it is es-
sential for S. citri infection (Duret et al., 2003). Regularly, spiralin
is distributed along the cell. During adhesion of S. citri with Cir-
culifer haematoceps cells, spiralin relocates to the space of contact
and acts as an adhesin, which allow further internalization of
bacterial cells into the insect cell (Duret et al., 2014).

Once the intestinal lumen has been crossed, spiroplasmas
reach hemolymph, where they start to proliferate. It has been
suggested that proliferation is limited by the availability of nu-
trients, specifically hemolymph lipids (Herren et al., 2014).

Spiroplasma citri (Gaurivaud et al., 2000) and S. melliferum
(Chang and Chen 1983) can ferment trehalose, the main sugar
and carbon source in insect hemolymph. TreB is a transporter
involved in the uptake of trehalose and TreA is the enzyme that
converts trehalose-6P to glucose-6P. Both genes are present in
S. melliferum, S. citri and S. diminutum (non-pathogenic). Spiro-
plasma taiwanense lacks treA and treB, so it may have alternative
metabolic capacities to survive in its host hemolymph.



Genomic comparisons of pathogenic and commensal spiro-
plasmas of mosquitoes indicated that L-a-glycerophosphate
oxidase (GlpO) might be a virulence factor. GlpO converts
sn-glycerol 3-phosphate + O, to glycerone phosphate + H,0,
(Chang et al., 2014). Previously, it was found that GlpO plays a
central role in virulence of Mycoplasma mycoides due to the pro-
duction and translocation of H,0, into the host cell (Bischof,
Vilei and Frey 2009). In Spiroplasma, the two pathogenic species
S. culicicola and S. taiwanense share a copy of glpO, along with
the transporter genes ugpA, ugpC and ugpE, which allow the
sn-glycerol 3-phosphate uptake and a glycerol kinase for glyc-
erol phosphorylation (glpK) (Chang et al., 2014). In contrast, the
mosquito commensals S. diminutum and S. sabaudiense lack these
genes. Interestingly, glpO is conserved in the commensal species
S. chrysopicola and S. syrphidicola from deer flies and syrphid flies.
These two species also have an ugpA ortholog annotated as a hy-
pothetical protein, but no tissue damage in their hosts has been
reported.

COMPARATIVE GENOMICS AND METABOLISM

Spiroplasmas have some common biochemical characteristics
such as glucose fermentation, arginine hydrolysis and inability
to hydrolyze urea, and the majority require an external source
of sterols (Regassa and Gasparich 2006). Like other Mollicutes,
spiroplasmas have very limited biosynthetic capabilities (Petzel
and Hartman 1990) and are considered fastidious organisms due
to the complex nutritional requirements needed to grow in cul-
ture. They lack almost all of the genes required for amino acid
synthesis. In contrast, they conserve a set of genes that encode
transporters like the arginine/ornithine antiporter present in
S. sabaudiense, S. citri and S. syrphidicola among other amino acid
permeases. But the putative main system to acquire amino acids
from the media is the oligopeptide transport system, which is
conserved among all the Spiroplasma genomes (oppA, oppB, oppC,
oppD, oppF).

Other important conserved permeases among all the
genomes are those for the transport of glucose (ptsG) and
fructose (fruA). Besides the transporters, spiroplasmas have
the complete set of genes involved in glycolysis. Furthermore,
S. diminutum has genes for sucrose uptake (scrA), and its conver-
sion to glucose-6P (scrB) or fructose-6P (scrK). It is important to
note that the presence of genes does not necessarily mean that
they are expressed. Future transcriptomic analyses are required
to confirm the functionality of these genes.

Among the few common biosynthetic capabilities of
spiroplasmas are the non-mevalonate pathway for isopen-
tenyl pyrophospate synthesis and the pathway for nucleotide
biosynthesis. The non-mevalonate pathway for isopentenyl
pyrophospate (I-PP) is composed of seven genes (dxr, dxs, ispD,
ispE, ispF, ispG and ispH). This pathway takes as input pyruvate
to produce I-PP, a precursor for the biosynthesis of terpenes. For
numerous microbial pathogens, the non-mevalonate pathway
is the only source of terpenoids (Rohdich et al., 2002). However,
spiroplasmas have no annotated genes involved in the next
steps of terpenoid biosynthesis, but only the intermediate
uppS gene. This gene transforms farnesyl pyrophosphate into
undecaprenyl pyrophosphate. Spiroplasmas apparently lack
the enzyme that converts I-PP into farnesyl-PP: this missing
gene should link both pathways and challenges whether
the spiroplasmas can produce undecaprenyl pyrophosphate
terpene.
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SEX-RATIO DISTORTION MECHANISM

Spiroplasma is widely recognized because of the male-killing
phenotype induction in Drosophila flies. These bacteria are
vertically transmitted maternally and kill male eggs before
gastrulation (Counce and Poulson 1962). Several strains of
male-killing Spiroplasma have been isolated from different
species of Drosophila (Williamson and Poulson 1979; Pool, Wong
and Aquadro 2006), butterflies (Jiggins et al., 2000) and la-
dybird beetles (Tinsley and Majerus 2006), in addition to
other strains that do not express male-killing phenotype in
their hosts (Kageyama et al., 2006). The molecular mecha-
nisms underlying this phenotype have begun to be elucidated.
Recently, two mechanisms have been described: apoptosis-
dependent epidermal cell death and apoptosis-independent
neural malformation. Drosophila embryos infected with male-
killing spiroplasmas develop a remarkable neural malformation.
Additionally, Drosophila embryos with Spiroplasma show an up-
regulated, male-specific apoptotic pathway mainly targeted to
embryonic epithelial cells (Martin, Chong and Ferree 2013). The
two mechanisms seem to be independent because even if the
host apoptotic pathway is disrupted, the male-specific neural
malformation occurs (Harumoto, Anbutsu and Fukatsu 2014).

An important observation in the study of the male-
apoptosis-dependent epidermal cell death mechanism is that
Spiroplasma abundance is not the factor responsible for the
phenotype. The signal that triggers these effects on male em-
bryos should be Spiroplasma-derived factor(s) that act(s) selec-
tively. Unfortunately, currently there are no genomic sequences
of Spiroplasma isolated from Drosophila hosts. Transcriptomic
studies with male-killing and non-male-killing strains may un-
veil Spiroplasma factors produced in the presence of Drosophila
embryos.

CONCLUSIONS

The presence of repetitive phage sequences hampered the com-
plete assembly of Spiroplasma genomes. Despite the difficul-
ties, Spiroplasma genome sequencing projects have elucidated
important information on metabolism, pathogenicity and
genome dynamics. Other biological aspects such as the molec-
ular male-killing mechanisms or the possible genes involved
in mutualistic symbiosis functions have not been revealed by
comparative genomics. Hypothetical proteins account for ap-
proximately 40% of the total protein coding genes and the ma-
jority of the species-specific genes across genome comparisons
are annotated as hypothetical. Species-specific genes could
be the most important elements to understand the intimate
and unique associations that Spiroplasma establishes with their
hosts. Ongoing Spiroplasma genome sequencing projects will en-
rich phylogenomic and comparative genome analyses. Parallel
studies of in vivo transcriptomic or proteomic analysis should
be done to understand the gene expression dynamics of Spiro-
plasma genes and proteins in the presence of the host. Further-
more, the creation of mutant banks from these strains could
help elucidate functions for novel, hypothetical or unknown an-
notated Spiroplasma genes.
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Conclusiones

En el estudio sobre la microbiota de las mariposas monarca encontramos comunidades
bacterianas que presentan una diversidad limitada. Una tnica especie bacteriana del género

Commensalibacter es dominante en los intestinos de las mariposas monarcas.

El genoma de bajo contenido de G+C de Commensalibacter papalotli MX01 se logrd
obtener gracias a que se pudo cultivar a la bacteria en el laboratorio. El genoma de la cepa
MXO01 es el mas pequefio entre la familia de las acetobacterias. Las propiedades del
genoma de C. papalotli podrian ser indicativas de que estdn ocurriendo procesos de

especializacion para adaptarse a las condiciones de los intestinos de las mariposas.

Es probable que C. papalotli tenga un papel importante en la defensa contra patdogenos
mediante la produccion de 4acidos organicos cuando se encuentran en estado de dormancia,
ademas de participar en la asimilacién de nutrientes para las mariposas mediante procesos

fermentativos. Estas conclusiones quedan pendientes por analizarse.

Las mariposas monarca tienen el potencial de convertirse en una especie atractiva para
estudiar interacciones moleculares entre bacterias e insectos debido a la baja diversidad que
presenta su microbiota, al cultivo de sus simbiontes principales y debido a la disponibilidad

del genoma parcial de las mariposas (Zhan et al., 2011).

Del anélisis de genomas de Wolbachia podemos concluir que los andlisis filogenomicos y
de comparacion de secuencias genomicas resolvieron la taxonomia de los supergrupos
principales. Los resultados obtenidos indican que los supergrupos de Wolbachia
representan linajes evolutivos diferentes. Ademas se encontrd evidencia de que algunos
supergrupos contienen suficiente heterogeneidad interna para ser considerados como
agrupaciones de mas de una especie. Una de las contribuciones mas relevantes de este

estudio fue la designacion de especies candidatas para distinguir a los linajes de Wolbachia.
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De andlisis comparativo de Spiroplasma podemos concluir que los genomas de este género
bacteriano se caracterizan por ser reducidos y por presentar secuencias repetidas
relacionadas a plectrovirus. Los proyectos de secuenciacion de genomas de Spiroplasma
han revelado informacion sobre sus potenciales metabolicos, factores de virulencia,
utilizacion de sustratos, la dindmica de sus genomas y las interacciones simbioticas con sus
hospederos. Los estudios filogenomicos y de gendmica comparativa ayudaran a

comprender mejor las interacciones simbidticas y la taxonomia del género Spiroplasma.

Perspectivas

Los resultados sobre la diversidad de la microbiota intestinal de las mariposas monarca se
pretenden publicar basados en los resultados de las libreria de clonas de genes ribosomales

y en el metagenoma.

Se desea realizar una caracterizacion detallada sobre las propiedades fenotipicas y
metabolicas de C. papalotli para publicar su descripcion formal. También se desean intentar
ensayos de inoculacion de C. papalotli en lineas de Drosophila para analizar fenotipos ya

que no se pueden mantener mariposas monarca en el laboratorio.

Es necesario hacer un estudio de gendmica comparativa entre los genomas de
Commensalibacter y de otras acetobacterias secuenciadas de vida libre. Los anélisis
comparativos podran ayudar a identificar a los genes que se han conservado y a los que se

han perdido durante la evolucion de Commensalibacter.

También es necesario realizar un analisis mas detallado para identificar las diferencias entre
los potenciales metabolicos de ambos genomas de Commensalibacter que pudieran ayudar
a identificar adaptaciones de acuerdo a las condiciones especificas de la microbiota

intestinal de las moscas Drosophila y de la mariposa monarca.

Se planea la secuenciacion de un segundo metagenoma intestinal de las mariposas monarca

utilizando técnicas de secuenciacion mas avanzadas que permitan generar ensambles de
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genomas bacterianos con una mejor resolucion. Ademas se planea realizar un estudio
transcriptomico para analizar con mas detalle las posibles funciones que tiene la microbiota

intestinal de las mariposas monarca.

Finalmente se desea analizar la diversidad del microbiota de mariposas monarca de otras
regiones geograficas y en diferentes etapas de su migracion anual para poder hacer

comparaciones a un nivel mas detallado.

Los analisis sobre el potencial metabolico de los genomas de Wolbachia y de otras
bacterias simbidticas recuperados del metagenoma de Dactylopius seran reportados por

Shamayim Tabita Ramirez-Puebla en su tesis doctoral.

La microbiota de especies de alacranes nativos de Morelos ha sido reportada por Luis

Bolanos (Bolafios et al., 2015) y sera parte de su tesis doctoral.
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Apéndice I - Resumen Capitulo I

Diversidad genomica de microorganismos extremofilos de Los Azufres

El presente estudio analiz6 la diversidad microbiana que reside en el campo geotérmico de
Los Azufres usando técnicas metagendmicas. La diversidad gendémica de los
microorganismos de Los Azufres no se habia estudiado hasta ahora. Se emplearon técnicas
de secuenciacion de ADN ambiental y andlisis bioinformaticos para revelar la diversidad
microbiana y para generar ensambles de genomas de microorganismos abundantes. En el
metagenoma de una solfatara 4cida se identificO a una comunidad integrada por arqueas
termoacidofilas. La poblacion mdas abundante corresponde a un género candidato del orden
Sulfolobales. Asimismo se descubrieron poblaciones de arqueas anaerobicas del orden
Thermoproteales. Con el metagenoma se reconstruyeron los genomas de estas poblaciones
de arqueas. También se recuperaron los genomas de los virus SMR1 y SMF1. Se descubrio6
que los sedimentos circundantes a la solfatara acida contienen ademads a una cepa nueva de
Sulfolobus acidocaldarius. Por otra parte, en un metagenoma de sedimentos termales se
identificé a una comunidad integrada en su mayoria por una microalga roja de la familia
Cyanidiaceae y por arqueas conocidas como ABC-plasmas del orden Thermoplasmatales.
Las secuencias metagendmicas permitieron el ensamble de los genomas de los organelos de
la microalga y el ensamble del genoma de una arquea enigmatica del filo Parvarchaeota.
También se identificaron secuencias metagendmicas que corresponden a linajes nuevos de
actinobacterias y de otras bacterias de los filos Chloroflexi y Thermotogae. Finalmente se
identificod que las comunidades microbianas de una laguna acida estan compuestas en su
mayoria por una poblaciéon de una microalga verde de la clase Trebouxiophyceae. El
genoma nuclear de la microalga verde se obtuvo parcialmente del metagenoma de la laguna
acida y los genomas de sus organelos se reconstruyeron por completo. En el metagenoma
de la laguna acida también se identificaron secuencias de bacterias acidofilas. Ademas se
obtuvo de células en cultivo, el primer genoma de bacterias del género Acidocella. En
conclusion, las manifestaciones termales de Los Azufres contienen comunidades
microbianas novedosas con diversidad limitada. Los microorganismos identificados poseen

atributos funcionales potenciales que son consistentes con las condiciones geoquimicas.
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Apéndice II - Resumen Capitulo 11

Diversidad genomica de rizobios de Phaseolus nativos de México

En el presente trabajo se analizd la diversidad genética de rizobios de especies
representativas del género Phaseolus. Phaseolus vulgaris ha sido por muchos afios la
especie modelo para estudiar interacciones moleculares entre Rhizobium y Phaseolus. La
diversidad genética y las interacciones moleculares de simbiontes de otras especies de
Phaseolus silvestres han recibido menor atencién. Mediante el cultivo y la identificacion
molecular de bacterias de los nédulos de especies de Phaseolus pertenecientes a distintos
grupos filogenéticos se identificod que la mayoria de las especies nodulan preferentemente
con cepas de Bradyrhizobium. Ademas se propuso un reemplazo de simbiontes de
Bradyrhizobium a Rhizobium en un grupo filogenético de Phaseolus. El reemplazo de
simbiontes pudo haber sido facilitado por la transferencia horizontal de los genes nodZ y
noll. de Bradyrhizobium a Rhizobium. Se encontr6 que la diversidad de estos genes en
Rhizobium es limitada y se sugirid su transferencia de Bradyrhizobium al plasmido
simbiotico del simbiovar phaseoli de Rhizobium etli y de otros simbiontes de P. vulgaris.
También se obtuvieron cultivos de rizobios aislados de plantas de Phaseolus silvestres para
realizar la secuenciacion de sus genomas con la finalidad de comprender mejor las bases
genéticas de su potencial simbiodtico. A partir de nddulos de Phaseolus albescens se
recuper?6 a la cepa CCGES510 que representa a un nuevo linaje de Rhizobium. Las relaciones
evolutivas de la cepa CCGES510 se clarificaron a partir de analisis filogenémicos. También
se obtuvo la secuencia gendémica de la cepa Bradyrhizobium sp. CCGE-LA001 que se aislo
de ndédulos de Phaseolus microcarpus. El genoma de la cepa CCGE-LAO1 es el primero
que se secuencia para un Bradyrhizobium que establece simbiosis con Phaseolus. Este
genoma reveld un repertorio amplio de genes simbidticos con secuencias novedosas.
Finalmente se realizd6 una revision taxonomica de la familia Rhizobiaceae basada en
métricas y pardmetros derivados de comparaciones de secuencias gendmicas. Se pudieron
identificar dos superclados dentro de la familia Rhizobiaceae que corresponden a los
géneros Rhizobium/Agrobacterium 'y Shinella/Ensifer. En conclusion, los resultados
obtenidos ayudaron a comprender mejor los mecanismos de especificidad simbidtica y las
bases genéticas de la interaccion entre rizobios y Phaseolus. Por otro lado, se comprobd
que las técnicas de filogenomica y de comparacion de secuencias gendmicas son Utiles para
resolver las relaciones evolutivas de los diferentes linajes de rizobios.
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Apéndice III - Resumen Capitulo 111

Diversidad genomica de simbiontes de insectos y artrépodos nativos de México

En este trabajo se planted descubrir la diversidad microbiana de insectos nativos de México
mediante enfoques genomicos y metagendomicos. Uno de las metas fue analizar la
microbiota de las mariposas monarca que habitan en los bosques de oyamel del occidente
de México durante el invierno. La microbiota de las mariposas monarca no se habia
analizado utilizando técnicas moleculares. Mediante censos de diversidad microbiana se
encontr6 que la microbiota de las mariposas monarca es de baja complejidad y que contiene
una poblacion abundante de bacterias del género Commensalibacter. Mediante técnicas de
cultivo fue posible aislar a la cepa Commensalibacter sp. MX01 que representa a una
especie nueva que fue nombrada como Commensalibacter papalotli. Se encontrd que el
genoma de la cepa MXO01 presenta bajo contenido de G+C y que representa el genoma mas
pequefio entre la familia de las acetobacterias. Las propiedades del genoma de la cepa
MXO01 podrian ser indicativas de que estan ocurriendo procesos de especializacion para
adaptarse a los micro nichos de los intestinos de las mariposas. Concluimos que las
mariposas monarca tienen el potencial de convertirse en una especie atractiva para estudiar
interacciones moleculares entre bacterias e insectos debido a la baja diversidad que presenta
su microbiota, al cultivo de sus simbiontes principales y debido a la disponibilidad del
genoma de las mariposas. Por otro lado, mediante enfoques metagendmicos se pudieron
reconstruir genomas de bacterias no cultivables del género Wolbachia de las cochinillas del
carmin que pertenecen a los supergrupos A y B. En una revision taxonémica del género
Wolbachia se encontré que los supergrupos representan a diferentes linajes evolutivos.
También se realizdO una revision de las caracteristicas gendmicas y de las relaciones
evolutivas del género Spiroplasma que incluye bacterias que son habitantes comunes de los
tejidos de insectos y artropodos. En conclusion, Las técnicas de filogendmica y de
comparacion de secuencias genomicas son Utiles para resolver las relaciones evolutivas de
bacterias simbidticas de insectos y artropodos. Finalmente, los estudios metagendmicos
permiten analizar la composicion y el potencial genético de las microbiotas de insectos y

artropodos sobrepasando las limitantes de cultivo de sus simbiontes.
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Apéndice IV - Técnicas de PCR

Se presentan los programas de PCR utilizados para la amplificacion de genes ribosomales y
de otros marcadores moleculares. Todas las reacciones de PCR se hicieron de manera
independiente para cada pareja de oligonucleotidos utilizados.

Los oligonucledtidos utilizados para la amplificacion de genes ribosomales para cada
dominio y de otros marcadores moleculares se presentan en la Tabla 2 del Capitulo 1.

Concentracién de soluciones para una reaccién de PCR de 20 pl.
oligonucledtido 1 0.2 ul

oligonucledtido 2 0.2 ul

solucién de Mg 0.6 ul

solucion de buffer 2.0 pl

solucion de dNTPs  0.16 pl

Taq polimerasa 0.1 ul

agua esterilizada 16.74 pl

Programa de PCR para la amplificacidén de genes ribosomales 16S rRNA de bacterias
1 ciclo 94 °C 3 minutos
35 ciclos 94 °C 45 segundos
57 °C 1 minuto
72 °C 2 minutos
1 ciclo 72 °C 7 minutos

Programa de PCR para la amplificacién de genes ribosomales 16S rRNA de arqueas
1 ciclo 94 °C 3 minutos
35 ciclos 94 °C 1 minuto
55 °C 2 minuto
72 °C 3 minutos
1 ciclo 72 °C 7 minutos

Programa de PCR para la amplificacidén de genes ribosomales 16S rRNA de eucariotas
1 ciclo 94 °C 3 minutos
35 ciclos 94 °C 1 minuto
52 °C 2 minuto
72 °C 3 minutos
1 ciclo 72 °C 10 minutos

Los programas de PCR de otros marcadores moleculares (arsenito oxidasa, ITS bacterianos
y genes de nitrogenasa) fueron utilizando las condiciones para la amplificacion de genes
ribosomales 16S rRNA de bacterias. Otros oligonucleotidos y condiciones de PCR
especiales se describen en los articulos publicados.
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