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Resumen

Una de las preguntas centrales de la biologia es entender como se generan las especies. Esta
pregunta resulta interesante en el contexto de la microbiologia actual donde los avances tecnologicos
han permitido develar una alta diversidad de especies bacterianas y de genes asociados a cada especie.
Este hecho hace necesario una revision de conceptos y metodologias referentes a la delimitacion de
especies en bacterias, asi como una revision de los factores evolutivos que moldean la diversidad de
genes dentro de cada grupo. En este trabajo se utilizé una aproximacion de genémica comparada para
revisar y evaluar: i) cdmo se definen las especies bacterianas, con el fin de entender los limites de la
clasificacion taxonomica y el impacto que tiene en las mediciones de riqueza y abundancia, ii) los
factores evolutivos que moldean el pan-genoma y iii) la movilidad genética, a través de los
mecanismos asociados a la patogénesis. Estos puntos se abordaron estudiando aislados bacterianos
de la familia Vibrionaceae provenientes de Cuatro Ciénegas, Coahuila, un sitio que se caracteriza por
su alta diversidad microbiana y baja perturbacion humana. Nuestros resultados muestran que la
clasificacion tradicional basada en un valor de corte en un gen dado, no permite diferenciar especies
que han divergido recientemente y mantienen poca variacion dentro de su genoma, mientras que
conceptos basados en la evaluacidon de procesos evolutivos si lo logran en algunos casos. Por otro
lado, también observamos que Vibrionaceae dentro de Cuatro Ciénegas tiene un pan-genoma abierto,
lo que indica que existe una gran variacion genética y de especies; sin embargo, los linajes internos
dentro de Vibrionaceae tienen en su mayoria pan-genomas cerrados. Asi mismo, encontramos que
existen sefiales de elementos moviles, no obstante, no se encontraron integrones completos, ni islas
de patogenicidad, pero si una baja presencia de fagos con respecto a las secuencias CRISPR. Nuestros
resultados sugieren que entender a los grupos bacterianos a través del proceso evolutivo, puede
mejorar la identificacion de especies que han divergido recientemente. Sin embargo, existen muchos
casos donde la clasificacion tradicional tiene la resolucion suficiente para diferenciar grupos
taxonomicos como es el caso de la familia Vibrionaceae dentro de Cuatro Cienegas. Esta familia esta
conformada por muchos linajes cohesivos que mantienen pan-genomas cerrados, probablemente
asociados con la especializacion de cada linaje al ambiente. Esta especializacion se ve reflejada en la
probable erosion de elementos moviles como los integrones y en el mecanismo via secuencias

CRISPR asociado al contexto de la comunidad microbiana dentro de las pozas de Cuatro Cienegas.



Abstract

One of the central questions in biology is to understand how species are generated, and this is
especially interesting considering that as a result of technological advances it has been revealing a
high microbial diversity at species and gene level has been described. Recent facts show the need for
a revision of concepts and methods used to define bacteria species, as well as a revision of how
evolutionary forces shape gene diversity. In this work we used a comparative genomic perspective to
review and evaluate: i) how do we define bacteria species, which are the limits of taxonomy using
classical methods and which could be the alternatives and implications, ii) we also evaluate the impact
of the different evolutionary forces on pan-genome, which represents the gen level diversity of a
given taxonomic group; and iii) the mobile genetic elements through the evolution of pathogenesis.
We assessed those topics studying isolates of the Vibrionaceae family obtained from Cuatro Ciénegas
(CCB), Coahuila, a place well known for the high microbial diversity that it harbors and the little
human impact on their ponds. Our results show that classical methods to define a species do not allow
to delimit genetic groups that recently diverge and posses low genetic variation within its genome.
Furthermore, we also observed that Vibrionaceae within Cuatro Cienegas possesses open pan-
genomes, which suggests that this group possesses high genetic variation and high species richness.
Nevertheless, lineages within CCB Vibrionaceae posses closed pan-genomes. Regarding mobile
genetic elements, we found neither complete integrons mechanisms nor pathogenic islands, but we
did see a correlation between low phages presence and a high number of CRISPR sequences. Our
results suggest that understanding microbial groups through the evolutionary perspective may
separate groups that had recently diverge. Nevertheless, there are cases where classical methods have
the resolution to define taxonomic groups, as is the fact of CCB Vibrionaceae. This family is
conformed by several lineages highly specialized to the environment. This specialization is observed
in the loss of functional mobile genetic elements as is the case of integrons and the mechanisms of

CRISPR sequences related to the microbial community context within ponds in Cuatro Ciénegas.



Presentacion

El presente trabajo se centra en el andlisis gendmico de diferentes especies de la familia
Vibrionaceae aisladas de Cuatro Ciénegas, Coahuila (CCC). El objetivo general fue evaluar los
factores evolutivos que moldean a diversidad genética dentro de los linajes de Vibrionaceae en CCC,
tomando en cuenta la distribucion espacial de los aislados asi como su cercania con especies
patogenas de animales. Para este fin la presente tesis esta estructurada en diferentes secciones que
incluyen: una introduccion general, un capitulo sobre el concepto de especie en bacterias, dos
capitulos en formato de articulo, y un apartado de discusion y conclusiones generales. Finalmente se
incluye un apéndice donde se detalla la metodologia empleada en los andlisis presentados en el primer
capitulo.

En la introduccion se proporciona un panorama general de la diversidad bacteriana a nivel de
especie y a nivel gendmico. Asi mismo se describen las caracteristicas generales de los miembros de
la familia Vibrionaceae y del sitio de estudio. Se finaliza esta seccién son los objetivos generales y
particulares de la tesis.

Durante el primer capitulo se hace una revision del concepto de especie en bacterias, la cual
responde a la necesidad de definir grupos cohesivos que permitan la elaboracion de analisis de tipo
poblacional y se discute a detalle una propuesta para definir especies utilizando métodos evolutivos.

Los capitulos dos y tres constan cada uno de una introduccion, métodos, resultados y la discusion
de los mismos, que se relaciona con los objetivos particulares del presente trabajo. Los objetivos
particulares fueron: i) evaluar la diversidad a nivel de especie y genética de los miembros de la familia
Vibrionaceae en Pozas Rojas, CCC, y explicar dichos patrones a través de la teoria evolutiva y
ecologica, ii) entender la relacion de los linajes de Vibrionaceae en Pozas Rojas, CCC con los linajes
patdgenos a través de los genes asociados a la patogénesis y los mecanismos de transferencia
horizontal.

A continuacion se presenta una seccion de discusion y conclusiones generales tomadas de los
tres capitulos principales y relacionadas con los objetivos de este trabajo. Ademas, se incluye una
seccion de perspectivas en la que se realizan propuestas para estudios posteriores que permitan
continuar avanzando en la comprension de la distribucion de Vibrionaceae dentro de Cuatro Ciénegas
asi como en los procesos evolutivos detras de la diversidad genética.

Finalmente, se presenta un apéndice donde se detallan los métodos empleados en el capitulo uno.



Capitulo 1.

Introduccion



Una de las grandes preguntas en biologia es y sigue siendo ;Cdmo se generan las especies? En
este sentido, las especies son unidades evolutivas, las cuales basados en el concepto bioldgico de
especie (Mayr, 1942) se consideran grupos de individuos que intercambian material genético y
permanecen aislados de otros grupos. La interaccion de las diferentes fuerzas evolutivas mantendria
a estos grupos unidos o bien los separaria promoviendo la especiacion. La biologia evolutiva ha
interpretado la especiacion como un resultado de la seleccidn natural o de procesos aleatorios como
la deriva génica y fluctuaciones en el tamafio poblacional. Se han descrito al menos tres mecanismos
de especiacion: alopatrica, parapéatrica y simpatrica. En el primer caso, una misma poza génica
diverge debido a que una barrera fisica aisla las pozas génicas evitando el flujo genético (Mayr, 1963).
En el segundo caso, una fraccién de la poza génica se aisla del resto y por medio del aislamiento las
dos pozas génicas divergen. Por ultimo, en el caso de la especiacion simpétrica ninguna barrera fisica
impide el aislamiento, sin embargo, la divergencia ocurre por aislamiento reproductivo adaptativo;
es decir el flujo génico entre subpoblaciones de una misma poza génica es evitado por medio de la

adaptacion a otro nicho dentro de un mismo sito (Dieckmann & Doebeli, 1999).

Aparentemente la universalidad de estos conceptos se ve desafiada por los organismos asexuales
como las bacterias. En esta seccidn discutiré como se interpretan estos conceptos cuando intentamos
analizar la diversidad bacteriana, hablaré de la variabilidad genética que tienen las bacterias y su
implicacion; finalmente, introduciré al grupo bacteriano y al sitio de estudio con los que desarrollaré

las preguntas e hipétesis a lo largo de los siguientes capitulos.

1.1 Diversidad microbiana

Recientemente y derivado de las técnicas de secuenciacion masiva, se ha descrito una amplia
diversidad bacteriana, incluso se han descrito linajes nuevos de los que uUnicamente se tiene
conocimiento de ellos derivado de estudios metagendmicos (Hug et al., 2016). Por lo que, esto nos
lleva a la siguiente pregunta: (Como ha surgido toda esta diversidad? Al respecto hay al menos dos
modelos que nos permiten entender los procesos de especiacion en bacterias, estos modelos retoman
lo que se ha descrito en los macro-organismos, sin embargo consideran aspectos propios de la biologia
de los procariontes. Una diferencia fundamental entre los eucariontes y los procariontes es que la

recombinacion no esta ligada a la reproduccion. Durante finales del siglo pasado el paradigma de la



clonalidad de las bacterias fue ampliamente estudiado, la pregunta era: ;Qué tan clonales son las
bacterias? (Smith et al., 1993; Shapiro, 2016). La clonalidad hace referencia a una poblacion que
evoluciona a partir de mutaciones aleatorias en el genoma, es decir la ausencia de recombinacion. La
estructura génica de Escherichia coli a través del tiempo revelada por medio de Electroforesis de
Enzimas Multilocus (MLEE) (Selander & Levin, 1980) hizo pensar que los eventos de recombinacion
eran aislados en la naturaleza, por lo tanto los procariontes eran altamente clonales. Sin embargo ha
quedado establecido que la estructura genética de los procariontes es heterogénea siendo algunos

organismos altamente recombinantes y otros mas cercanos a la clonalidad (Shapiro, 2016).

Tomando en cuenta esta caracteristica fundamental, surge el modelo de especiacion de tipo clonal,
el cual esta plasmado en el modelo de ecotipo (Cohan, 2001; Cohan & Perry, 2007). En este modelo
la recombinacion es muy baja entre los individuos y la mutacion es entonces la principal fuente de
variacion dentro del ecotipo. Si algiin miembro de la poblacion adquiere un caracter que le dé ventaja
sobre el resto de los miembros, este individuo no intercambiara dicho caracter por medio de la
recombinacion, sino que desplazaria al resto de los individuos. Este modelo tiene a su vez un fuerte
componente ecoldgico, donde cada ecotipo ocupa un nicho especifico dentro del ambiente. Entonces,
en el caso de que algun individuo dentro del ecotipo adquiriera por mutacion un caracter que le
permitiera explorar un nuevo nicho se generaria un nuevo ecotipo. Ante la ausencia de recombinacion
estos ecotipos quedan aislados de su linaje parental, de esta forma los grupos pueden divergir al grado

de generar especies distintas (Bendall et al., 2016). En este caso la especiacion es instantanea.

El modelo alterno de especiacion seria el panmictico, donde la variacion que existe en un linaje
se puede generar por medio de mutacién o a través de la recombinacion. Las variantes que existen
dentro de este linaje se intercambian entre los miembros de la poblacién. En el caso de que un
individuo dentro de la poblacion adquiera un caracter que le permita invadir un nuevo nicho, la
recombinacion al homogeneizar la poblacién podria hacer que ese caracter se perdiera. En este
modelo, al igual que en la especiacion simpatica o alopatica, el aislamiento reproductivo o geografico
es necesario para que la divergencia ocurra (Cadillo-Quiroz et al., 2012; Shapiro et al., 2012; Cordero
& Polz, 2014). En este caso la divergencia entre linajes es lenta ya que la recombinacién homogeneiza

las pozas génicas a menos que la adaptacion las aislé.
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1.2 Gendmica microbiana.

Como se menciond anteriormente, en general los procariontes y los eucariontes difieren en su
mecanismo reproductivo. En la mayoria de los eucariontes, el intercambio genético esta ligado
directamente a la reproduccion a traves de la meiosis la cual se lleva a cabo en algun estadio dentro
del ciclo de vida (Goondenough & Heitman., 2014; Speijer et al., 2015) de tal forma que estos
mecanismos previenen la insercion de material genético no homdélogo (Mira et al., 2010). Por otro
lado, para los procariontes la recombinacion no esta asociada a la reproduccién y se pueden definir
dos mecanismos de recombinacion, la recombinacién homoéloga y la transferencia horizontal de genes
(THG). La primera hace referencia al intercambio de secuencias homologas via RecA entre dos
bacterias, mientras que la transferencia horizontal se refiere a la incorporacion de material genético
homologo o no homdlogo a través de mecanismos como la transformacion, transduccion o
conjugacion (Lawrence & Retchless, 2009). Esto se traduce en una dindmica gendmica menos
astringente (Doolittle, 1999; Koonin et al., 2001; Ragan, 2001; Georgiades & Raoult, 2010). Por lo

tanto, bacterias de la misma especie pueden variar en cuanto a su contenido génico (Miraet al., 2010).

A pesar de que esta variacion genética en los genomas bacterianos se conoce desde el inicio de
la biologia molecular en los afios 70°s y se hizo més evidente al mapear los genomas con técnicas
tales como la electroforesis de campos pulsados (Bergthorsson & Ochman, 1998), la genémica
comparada abri6 un panorama insospechado (Welch, 2002; Mira et al., 2010). Un estudio de
gendmica comparada de E. coli donde se analizaron diferentes serotipos demostr6 que al aumentar el
nimero de genomas aumentaba la cantidad de genes no compartidos por todos (Welch, 2002)
existiendo una parte del genoma constante y otra parte muy variable. Esto llevo a la postulacién de la
hipétesis del pan-genoma, que es el repertorio genético que tiene un grupo taxonémico (p.ej. especie,
género). Por lo tanto, una sola bacteria no contiene todo el repertorio genético de una especie, sino

mas bien contiene una fraccion del pan-genoma.

Derivado de esas observaciones el pan-genoma se puede dividir en: core, accesorio y unico. El
core genoma constituye el set de genes que se comparten por todos los individuos dentro de un grupo
taxondmico, mientras que los genes accesorios se refiere al repertorio de genes que esta presente en

maés de un aislado pero no en todos; finalmente los genes Gnicos son los que solo se encuentran en un
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aislado. Se ha propuesto que los genes accesorios juegan un papel fundamental en la adaptacién de

los grupos y posiblemente se asocian a la divergencia de los mismos (Mclnerney et al., 2017).

1.2.1 ¢Los eucariontes también tienen pan-genomas?

De manera préactica, una diferencia entre los eucariontes y procariontes es que existen pocos
genomas aun en las bases de datos para poder definir propiamente un pan-genoma en eucariontes,
respecto a como se ha hecho en bacterias, sin embargo se han descrito algunos (Golicz et al., 2015),
como es el pan-genoma de la especie humana (Li et al., 2009). Por otro lado, se ha descrito una amplia
variacion a nivel gendmico en las especies varias especies, un ejemplo son dos especies del género
Muntiacus, donde la especie nativa de china (Muntiacus reevesi) posee cuarenta y seis cromosomas
en ambos sexos Y la especie hindu (Muntiacus muntjak vaginalis) posee seis y siete cromosomas en
hembras y machos, respectivamente (Zhou et al., 2006; Tsipouri et al., 2008). Esto indica que los
genomas en eucariontes pueden ser muy variables, lo que sugiere gue existen pan-genomas, sin
embargo, el origen de esta variacion parece estar dado méas que nada por duplicaciones cromosémicas

y no por transferencia horizontal de genes (Lynch & Conery., 2003; Ku et al., 2015).

En los siguientes capitulos se explorara el pan-genoma de Vibrionaceae en el Valle de Cuatro
Ciénegas, en Coahuila con el objetivo de encontrar cdmo es la dindmica evolutiva de este grupo

microbiano.

1.3 Historia natural de la familia Vibrionaceae

1.3.1 Aspectos historicos

Los humanos hemos coevolucionado con las bacterias, sin embargo se empezaron a estudiar estos
organismos hasta principios/mediados del siglo XIX, las principales razones giran en torno al
contexto histdrico que se vivia en ese momento y que estaba relacionado con la teoria de la generacion
espontanea, refutada por Louis Pasteur en este periodo. Sin duda los estudios de Louis Pasteur como
los relacionados con la fermentacion abrieron el camino de la microbiologia actual “fermentation is

a result of life without air” (Pasteur., 1879). La primera especie de Vibrio se caracterizé utilizando
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microscopia en 1854 por Filippo Pacini, quien estudio los brotes de célera que se dieron en la region
de Florencia, Italia. Durante el mismo tiempo se estudio la epidemiologia de colera en varias ciudades
de Inglaterra y se determiné que el agua contaminada era una posible causa de la enfermedad. Treinta
afios después Robert Koch y su equipo, siguieron un brote de colera en India, a partir de estos estudios
lograron obtener cultivos puros de Vibrio cholerae y definir que este organismo era la causa de la
enfermedad. Robert Koch y su grupo hicieron otro gran descubrimiento, encontraron que otras formas
de Vibrio se encuentran de manera ubicua en cuerpos acuéticos y muchos de ellos no son patdgenos
humanos. A finales de 1880 Martinus Beijerinck aislo por primera vez organismos no patdgenos de
este grupo: V. fischeri, V. splendidus, y Photobacterium phosphoreum son un ejemplo (Thompson et

al., 2004; Al-saari et al., 2015).

1.3.2 Taxonomia y caracteristicas generales

De acuerdo con el manual de Bergey's los aislados de Vibrionaceae pertenecen a las
Gammaproteobacteria, son Gram negativos, tienen un flagelo polar, son mesofilos,
quimiorganotrofos y presentan fermentacion facultativa. En la octava edicién de este manual se
propuso la formacién de la familia Vibrionaceae (Veron, 1965), esta primer clasificacion incluia los
géneros Aeromonas, Plesiomonas, Beneckea, Lucibacterium, Photobacterium y Vibrio propuestos un
afio antes (Thompson et al., 2004), sin embargo, el género Aeromonas fue removido dadas sus
caracteristicas en cuanto a contenido de GC (Baumann & Schubert, 1984; Colwell et al., 1986). De
al igual que el género Pleisiomonas basados en datos de 5S rRNA (MacDonell & Colwell, 1985).
Mientras que el género Beneckea y Lucibacterium fueron desechados y reclasificados como Vibrio.
Luciferarium contenia una sola especie Luciferarium harveyi (Vibrio harveyi; Buchanan & Gibbons,
1974)Baumman et al., 1980). Actualmente la familia Vibrionaceae esta constituida por alrededor de
150 especies distribuidas en siete géneros distintos: Aliivibrio, Echinomonas, Enterovibrio,
Grimontia, Photobacterium, Salinivibrio y Vibrio. Sin embargo, aln existen controversias alrededor

de este tema (Boyd et al., 2015; Al-saari et al., 2015).

Una caracteristica particular de Vibrionaceae es la presencia de dos cromosomas, que contrasta
con lo que se ha visto en familias cercanas como Aeromonadaceae y Plesiomonaceae, que solo tienen

un cromosoma (Okada et al., 2005). Aunque el contenido de guanina-citosina (GC) es muy similar
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en ambos cromosomas, el tamafio varia considerablemente; en general el cromosoma 1 oscila entre
los 3 a 4 Mpb, mientras que el cromosoma 2 mide entre 1-2 Mpb (Okada et al., 2005). Una de las
razones para no ser considerado un plasmido es que posee genes esenciales y que se replica junto con
el cromosoma 1, mientras que los plasmidos se pueden replicar mas veces (Hwan & Chattoraj, 2014).
Utilizando métodos gendémicos se ha encontrado que si bien en el cromosoma 2 hay
genes "housekeeping™ también hay muchas proteinas hipotéticas (Dikow & Smith, 2013), asi mismo
se ha visto que la tasa de sustitucién es méas alta en el cromosoma 2, lo que indica que este Gltimo
evoluciona mas rapido (Cooper et al., 2010). La hipotesis mas fuerte respecto al origen del
cromosoma 2 es que un mega-plasmido fue capturando genes esenciales convirtiéndose en un
cromosoma en si mismo, es por esto que se ha propuesto que el ancestro de todos los Vibrionaceae
adquirié un plasmido que se mantiene hasta ahora, esta hipdtesis se basa en que los origenes de

replicacion en el cromosoma 2 son similares a los encontrados en los plasmidos (Heidelberg, 2000).

1.3.3 Habitat y papel ecologico

Los miembros de la familia Vibrionaceae se encuentran generalmente en ambientes acuéaticos
tanto marinos como de agua dulce (Thompson et al., 2004). Sin embargo se han encontrado en
ambientes extremos, como en el océano artico donde las temperaturas son cercanas a cero, asi como
en las profundidades del océano (Kahlke & Thorvaldsen, 2012). Muchos de los miembros de esta
familia se asocian a animales acuaticos, como los corales y peces (Boyd et al., 2015). Un ejemplo de
esta asociacion es Aliivibrio fischeri quien produce luminiscencia en Euprymna scolopes (Ruby &
Lee, 1998). Sin embargo, hay muchos casos donde los miembros de la familia son patdégenos, como
es el caso de Vibrio cholerae. Su metabolismo es igualmente versatil, es heter6trofo y parece ser que
tiene un papel importante en la liberacion al ambiente de aminoacidos que obtiene a partir de la
degradacion de la pared de quitina de algunos crustaceos en los océanos, asi mismo, se ha visto
pueden participar en el ciclo del nitrégeno (Urdaci et al., 1988; Thompson et al., 2004; Takemura et

al., 2014).
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1.4 Cuatro Ciénegas. Un modelo para estudiar la evolucion microbiana.

El proyecto desarrollado en esta tesis forma parte del esfuerzo que se ha venido haciendo por
mas de diez afios para entender la diversidad microbiana dentro del sistema acuatico de Cuatro
Ciénegas (Souza et al., 2006). Este sitio estuvo conformado por cuatro grandes lagunas de las cuales
en la actualidad solo quedan algunos rios, pozas y manantiales. Durante la década de los 60’s se
clasificaron los sistemas acuaticos dentro de Cuatro Ciénegas en siete grupos: Churince,
Becerra/Garabatal, Rio Mesquites, Rio Puente Chiquito, Tio Candido/Escobeda, Santa Tecla y Rio
Salado/Rio Grande (Minckle, 1969). El Valle de Cuatro Ciénegas se encuentra ubicado dentro del
desierto Chihuahuense en el estado de Coahuila. Dada su importancia en el afio de 1994 se establecid
el Area de Proteccion de Flora y Fauna de Cuatro Ciénegas. Este sitio a demas es considerado
prioritario para la conservacion por la Comision Nacional para el Conocimiento y Uso de la

Biodiversidad (CONABIO) y Wold Wild life (WWF; Souza et al., 2006).

El humedal del valle de Cuatro Ciénegas ha sido reportado como una de las regiones con mas
endemismos en Norteamérica (Stein et al., 2000). Se han reportado al menos 70 especies endémicas,
9 reptiles, 10 peces, 13 moluscos, 7 crustaceos, 4 escorpiones, 3 insectos y 26 plantas de diferentes
familias (Desert Fishes Council Web, 2015). Aunado a esto, se ha reportado una gran diversidad de
bacterias dentro de los sistemas acuéticos del valle de Cuatro Ciénegas (Souza et al., 2006; Escalante
etal., 2008; Bonilla-Rosso et al., 2012; Peimbert et al., 2012), esta diversidad parece estar relacionada

con la escases de nutrientes, principalmente fésforo y el aislamiento del sitio.

1.4.1 Caracteristicas generales del valle de Cuatro Ciénegas.

El valle de Cuatro Ciénegas se ubica en la zona centro del estado de Coahuila, México (26° 59°
N, 102° 04* W), a una altitud promedio de 740 metros sobre el nivel del mar (Figura 1). El valle se
encuentra rodeado al norte por la Sierra de la Madera, al sur con la Sierra de San Marcos Yy al oeste
con la Sierra de la Fragua (Minckley, 1969). El clima de la region es arido con una presipitacion anual
menor a los 200 mm (Muller, 1947) y una evaporacion mayor a los 2,000 mm/afio (Johannesson et
al., 2004). La temperatura oscila entre los 44 °C en verano a 0 °C en invierno (Minckley, 1969). El

acuifero se encuentra en la region hidrolégica Rio Bravo-Conchos, cuenca Presa Falcon-Rio Salado
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y Subcuenca Rio Salado-Nadadores. El valle tiene una densidad de 12 a 15 pozas por kilometro
cuadrado, estos cuerpos de agua oscilan de varios centimetros de diametro hasta aproximadamente 1
kilometro de longitud y de menos de 1 metro hasta mas de 10 metros de profundidad (Minckley,
1969). En cuanto a las caracteristicas fisicoquimicas del agua, estos cuerpos se caracterizan por
mantener un pH cercano a la neutralidad (6.9-7.7), las aguas son duras y contienen gran cantidad de
sales de calcio y magnesio. Sin embargo se destaca la escases de fosforo dentro de los cuerpos de

agua (Souza et al., 2006; Souza et al., 2012).

Se sugiere que una fraccion del agua subterranea proviene de la precipitacion sobre las montafias
circundantes (Johannesson et al., 2004) las cuales al infiltrarse adquieren una gran cantidad de
minerales. El agua regresa a la superficie al entrar en contacto con el magma que se bajo la Sierra de

San Marcos y Pinos (Wolver and Diehl, 2011).

1.4.2 Sistema hidrolégico Los Hundidos.

El presente trabajo se desarrolld con aislados obtenidos del sistema acuatico Los Hundidos
durante Marzo de 2013. Este sistema esta conformado por al menos nueve pozas, estas pozas son
consideradas pozas de desecacion donde el nivel del agua se reduce draméaticamente durante el verano
y se incrementa en el invierno (Rebollar et al., 2012). El agua que alimenta estas pozas proviene de
un rio subterrdaneo que emerge por diversos sumideros y conforman las pozas. Este sistema es
conocido también como pozas rojas, debido al color de las mismas. La temperatura del agua de estas
pozas fluctta entre los 10 °C y 60 °C, con una fluctuacién méaxima diaria de 15 °C durante el invierno
y 45 °C en verano (Peimbert et al., 2012). El agua es acida (pH 5.5), sin embargo ha sido clasificado

un sitio hipersalino con una concentracion ionica tnica (Rebollar et al., 2012).
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1.4.3 Intercambio genético. Transferencia horizontal en bacterias de Cuatro Ciénegas.

Una de las preguntas que se ha buscado entender es como podemos explicar la diversidad de
especies microbianas en los sistemas acuaticos de Cuatro Ciénegas. Los elementos hasta el afio 2012
eran los siguientes: Alta diversidad beta (Escalante et al., 2008), altos niveles de clonalidad en los
aislados bacterianos de los géneros Pseudomonas, Exiguobacterium y Bacillus (Escalante, 2008;
Rebollar et al., 2012; Avitia et al., 2014), genomas pequefios Bacillus coahuilensis y escasez de
nutrientes, principalmente fosforo. Estos elementos llevaron a la formulacion de una hipotesis donde
la seleccidn natural se encuentra detras de la diversificacion siendo la falta de nutrientes la principal
presion selectiva, esto se ve reflejado en los genomas reducidos y en la alta clonalidad. En este sentido
los eventos de transferencia horizontal de genes (THG) serian evitados debido al costo energético de
replicar genomas mas grandes. En este escenario, el DNA libre en lugar de ser una fuente de
informacidn genética se emplea como una fuente de nutrientes (Souza et al., 2012). Recientemente
el uso de DNA por las bacterias de Cuatro Ciénegas como fuente de energia ha sido demostrado

(Tapia-Torres et al., 2015).

Derivado de este modelo, es posible interpretar que la transferencia horizontal no juega un papel
importante en la evolucidn de las bacterias en Cuatro Ciénegas, sin embargo esto no es del todo cierto.
El genoma de Bacillus coahuilensis muestra varios eventos de THG como lo son la adquisicién de
los genes sqdl1 y sqdX asociados a la sintesis sulfolipidos en la membrana, asi como genes asociados
a la produccién de rodopsinas, ambos probablemente adquiridos de una cianobacteria (Alcaraz et al.,

2008).

(Clonalidad es sindnimo de ausencia de THG? la respuesta seria “No necesariamente”. Pensemos
por ejemplo en una bacteria pandémica, dicha bacteria intercambia genes via THG de manera
frecuente. En alguno de esos eventos, adquiere un grupo de genes que le permite infectar con mayor
eficacia a un hospedero, la bacteria se divide y se propaga rapidamente entre los diferentes hospederos
y se mantiene de esta forma durante cierto tiempo. Bajo dicho escenario la estructura poblacional que

se esperaria seria de tipo clonal.
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Para realmente elucidar el impacto de la THG y los altos niveles de clonalidad, debemos empezar
con hacernos ciertas preguntas. Primero, qué tan frecuentes son los eventos de THG y los que se han
encontrado qué tan antiguos son. El éxito de un evento de THG va a estar asociado con el coeficiente
de seleccidn del gen sujeto a dicho evento. Por lo que, es posible que en las bacterias de Cuatro
Ciénegas existan muchos eventos de transferencia horizontal, pero ninguno de ellos sea exitoso y por
lo tanto no logramos observarlos. Sin embargo, siguiendo la hipotesis basada en la presion selectiva
guiada por la falta de fésforo, ésta sugeriria que la THG se evita por el gasto energético que implica,
sin embargo habra casos donde el costo energético sea costeable en el sentido de que aumentaria la

adecuacion de cierto grupo bacteriano, como puede ser el caso de Bacillus coahuilensis.
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Capitulo 2.

El concepto adaptativo de especie

19



En la siguiente seccion se hace una revision sobre el concepto de especie. Esta seccion se justifica
en el marco de esta tesis pues uno de sus objetivos es entender la diversidad a nivel intrapoblacional.
Para que este objetivo se cumpla es necesario definir con claridad las unidades poblacionales y por
ende las especies. Durante el siguiente capitulo se discutiran los principales problemas alrededor de
la definicidn de una especie bacteriana y se abordan nuevas aproximaciones para hacer frente a este

reto valiéndose de la informacidn gendmica disponible.

2.1 El concepto de especie microbiano.

¢ Como se define en microbiologia una especie? Esto es en realidad importante ya que las especies
representan grupos genéticos cohesivos que comparten una misma historia evolutiva, por lo que si se
pretende hacer un estudio de la evolucion de algin grupo es necesario tener clara la unidad con la que

se esta trabajando.

Como se mencion® anteriormente, las bacterias tienen caracteristicas inherentes a su biologia que
presuntamente no les permiten encajar en el concepto biologico de especie, por lo que los
microbi6logos han tenido que desarrollar estrategias basadas principalmente en las caracteristicas

primero morfoldgicas, luego bioquimicas y ahora gendmicas, para definir estos grupos.

La forma de definir especies més utilizada hasta ahora se basa en la similitud de la secuencia del
gen 16S rRNA, donde se considera que dos organismos forman parte de la misma especie si presentan
al menos el 97% de identidad en esa secuencia. Este criterio es analogo a un porcentaje de hibridacion
DNA-DNA igual o mayor al 70%, que hasta el momento ha resultado la técnica més certera pero

metodoldgicamente inviable para definir una especie (Wayne el al., 1987; Ogilvie & Hirsch, 2012).

El problema al que se han enfrentado los microbidlogos es la variacion genética que existe dentro
de las especies que se han definido utilizando este método. Por este motivo han surgido metodologias
mas exactas que consideran esta variacion, un ejemplo de ello es el multilocus sequence typing
(MLST) que se basa en la secuenciacion de varios genes donde se recupera mayor diversidad genética,

lo que permite identificar con mayor precision grupos genéticos (Woodford & Johnson 2004).
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Utilizando la informacion genémica disponible se han descrito algunos métodos que se basan en
la teoria evolutiva para distinguir especies. Un método que se ha comprobado que es certero para
diferenciar especies esta basado en la cuantificacion del flujo génico a través de homoplasias, este
método se ha propuesto es universal pues se ha probado en eucariontes y procariontes (Bobay &
Ochman, 2017). Por otro lado, se ha propuesto que la adaptacion local es la responsable de la
diversidad microbiana (Friedman et al., 2013; Shapiro et al., 2012). En este sentido se ha propuesto
que es posible definir especies utilizando métodos basados en pruebas clasicas de seleccién, uno de
ellos es el concepto adaptativo de especie (Vos, 2011). De manera general, este concepto plantea el
uso de la prueba de McDonald-Kreitman (MK; 1991) en datos gendmicos para definir especies. Esta
prueba originalmente se planted para identificar sefiales de seleccion utilizando un set de datos de dos
especies distintas. En este caso particular, se plantea el uso de dicha prueba partiendo del hecho de
no saber de forma explicita que dos grupos son especies diferentes, como en la prueba original.
Entonces dos grupos aparentemente divergentes solo se pueden considerar como especies distintas si
se identifican eventos de seleccién asociados, que seria observable a partir de la aplicacion de esta

prueba (Figura 2; Eyre-Walker & Charlesworth; 2006; Vos et al., 2013).

Concretamente, la prueba se basa en el indice de neutralidad. De esta manera, cuando dos grupos
bacterianos divergen a través de procesos neutrales las diferencias fijadas entre éstos grupos se espera
que se vean reflejadas en la frecuencia de los polimorfismos sinbnomos y no sinbnimos dentro de

ellos, tal como se expresa en el indice de neutralidad (NI):

NI=(Pn/Dn)/(Ps/Ds)

Donde NI es el indice de neutralidad, Pn y Ps son los polimorfismos no sinénimos y sinénimos
dentro de los grupos, y Dn y Ds son los polimorfismos no sinbnimos y sindénimos entre los grupos,
respectivamente. Cuando NI=1, no hay diferencias entre el patron de las substituciones sinénimas y
no sinonimas, entonces los grupos divergen de manera neutral. Cuando NI<1 se asume que las
diferencias fijadas estan bajo seleccion. Finalmente cuando NI >1 las diferencias entre especies estan
dadas por mutaciones sinonimas mas frecuentemente de lo esperado. En este caso especifico, dos
grupos se pueden clasificar como especies distintas cuando la prueba de MK da un valor mayor a uno

para el indice de neutralidad y como una sola especie cuando el valor es menor a uno. Cuando el
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indice de neutralidad es menor a uno, las diferencias fijadas entre los grupos estaran dadas por

diferencias no sindnimas, asumiendo seleccion positiva (Vos, 2011).

Estas ideas resultan interesantes, sin embargo valdria la pena considerar que en la propuesta
original solo se considera comparar regiones homologas entre dos grupos bacterianos, seria pertinente
tomar en cuenta el resto de la variacion genética no homologa, donde probablemente existen genes
adaptativos y ver el comportamiento de la prueba asi como evaluar el impacto en la definicion de

especies (Mclnerney et al., 2017).

2.2 La taxonomia de Vibrionaceae frente al concepto adaptativo de especie.

Una forma de determinar qué tan importante es la recombinacién en un linaje bacteriano es
utilizando secuencias de DNA y determinar la proporcion de variacion genética que entra por
recombinacion y mutacién, a través de la relacion de probabilidades de que un polimorfismo dado se
explique por recombinacién o mutacién (r/m; Didelot & Falush, 2007). Utilizando esta aproximacion
se ha calculado r/m para diferentes bacterias con habitats igualmente diversos (Vos & Didelot, 2009).
Vibrio parahaemolyticus y Vibrio vulnificus tienen unos de los niveles més altos de r/m, siendo los
valores 39.8 y 26.7 respectivamente. La recombinacion en términos generales es una fuerza cohesiva
pues mantiene los linajes unidos al intercambiar material genético evitando en todo caso la
diversificacion. Se ha observado en algunas poblaciones de Vibrio cyclitrophicus que la
diversificacion es posible debido a la fijacion diferencial en dos grupos de bacterias de ciertos loci
que aumentan la adecuacion, creando un balance entre la intensidad de la seleccion y la
recombinacion, la cual se evita para no perder la combinacion genémica adaptativa (Shapiro et al.,

2012).
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Para probar la universalidad del concepto adaptativo de especie, se calcularon las proporciones

de cambios sindnimos y no sindnimos entre grupos de bacterias que han sido descritas como especies

distintas utilizando otros métodos dentro de la familia Vibrionaceae. Para el analisis, se eligieron

especies cercanas como es el caso de Vibrio cholerae y Vibrio mimicus; Vibrio ordalii y Vibrio

anguillarum, quienes son consideradas como especies diferentes, pero que durante la historia han

sido clasificadas como la misma especie (Figura 2). En el analisis se incluyd también a Vibrio

cyclitrophicus especificamente los genomas de los aislados que estan en proceso de diversificacion

reciente (Shapiro et al., 2012).
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Figura 1.Reconstruccion filogenética de
Vibrionaceae. Los marcadores utilizados
fueron los genes 16S rRNA, rpoA, pyrH,
y recA, el método de reconstruccion fue-
neighbor-joining con 1000 réplicas
(Thompson et al., 2005).
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Se tomaron cinco genomas de cada una de las cuatro especies a analizar, para generar de esta
forma set de datos poblacionales (Tabla 1). Los grupos de genomas fueron alineados mediante el
programa Mugsy (Angiuoli & Salzberg, 2011), y a través de ventanas moviles se calcul6 el indice

de neutralidad (Apéndice 1, Tabla 2).

Tabla 1. Genomas utilizados junto con el nimero de proyecto de NCBI.

Genero Especie Nombre en las bases de datos BioProject -
NCBI
Vibrio cholerae Vibrio_cholerae_O1 116059 uid195203 PRINA76257
cholerae Vibrio_cholerae_O1 2010EL_1792 uid190214 PRINA190214
cholerae Vibrio_cholerae_ 01 116063 uid195205 PRINA195205
cholerae Vibrio_cholerae_O1 2010EL_1798 uid190213 PRINA190213
cholerae Vibrio_cholerae_O1 2010EL_1786 uid78933 PRINA78933
Vibrio cholerae Vibrio_cholerae. HC _02A1 uid181562 PRINA181562
cholerae Vibrio_cholerae. HC_06A1 uid180002 PRJINA180002
cholerae Vibrio_cholerae. HC 17A2 uid181734 PRINA181734
cholerae Vibrio_cholerae. HC 02C1 uid181733 PRINA181733
cholerae Vibrio_cholerae. HC 17A1 uid181723 PRINA181723
Vibrio cholerae Vibrio_cholerae_HE_09 uid181560 PRINA181560
cholerae Vibrio_cholerae HE 25 uid180835 PRJINA180835
cholerae Vibrio_cholerae_ HE_45 uid180836 PRJINA180836
cholerae Vibrio_cholerae_ HE_16 uid181808 PRINA181808
cholerae Vibrio_cholerae HE_40 uid181731 PRINA181731
Vibrio cholerae Vibrio_cholerae_V51 uid54329 PRINA54329
cholerae Vibrio_cholerae_ VC1761 uid190521 PRINA190521
cholerae Vibrio_cholerae_VC4370 uid190522 PRINA190522
cholerae Vibrio_cholerae V52 uid54331 PRINA54331
cholerae Vibrio_cholerae_ VC35_uid190520 PRINA190520
Vibrio cholerae Vibrio_cholerae_CP1030_3 uid181789 PRINA181789
cholerae Vibrio_cholerae_ CP1032 5 uid180826 PRJINA180826
cholerae Vibrio_cholerae_ CP1033 6 uid180427 PRINA180427
cholerae Vibrio_cholerae_ CP1035 8 uid181722 PRINA181722
cholerae Vibrio_cholerae_CP1037_10_ uid181790 PRINA181790
Vibrio anguillarum  Listonella_anguillarum_M3 PRINA211964
anguillarum  Vibrio_anguillarum_775 PRINAG8057
anguillarum  Vibrio_anguillarum_96F PRINA200507
anguillarum  Vibrio_anguillarum_NB10_serovar_O1 PRJEB5701
anguillarum  Vibrio_anguillarum_RV22 PRINA200508
Vibrio mimicus Vibrio_mimicus_CAIM_602_uid189221 PRINA189221
mimicus Vibrio_mimicus_MB_451 uid41415 PRINA41415
mimicus Vibrio_mimicus_SX_4 uid182021 PRINA182021
mimicus Vibrio_mimicus_VM223 uid41409 PRINA41409
mimicus Vibrio_mimicus_VM573 uid56013 PRINA56013
Vibrio cyclitrophicus = Vibrio_cyclitrophicus_1F111 uid200006 PRJINA200006
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cyclitrophicus  Vibrio_cyclitrophicus_1F175_uid200021 PRINA200021

cyclitrophicus = Vibrio_cyclitrophicus_1F273_uid200022 PRINA200022
cyclitrophicus = Vibrio_cyclitrophicus_1F289 uid200023 PRINA200023
cyclitrophicus = Vibrio_cyclitrophicus_1F53 uid200019 PRIJNA200019
Vibrio cyclitrophicus = Vibrio_cyclitrophicus_ZF170_uid200031 PRINA200031
cyclitrophicus = Vibrio_cyclitrophicus_ZF205_uid200033 PRINA200033
cyclitrophicus = Vibrio_cyclitrophicus_ZF207_uid200032 PRINA200032
cyclitrophicus = Vibrio_cyclitrophicus_ZF255 uid200034 PRINA200034
cyclitrophicus = Vibrio_cyclitrophicus_ZF264 uid200035 PRINA200035

Vibrio cholerae y Vibrio mimicus, son especies muy similares bioquimicamente y esta es una de
las razones por las que V. mimicus posee ese nombre, a nivel de secuencia del gen 16S rRNA son
también muy parecidas (i.e. difieren en 6 de 1456 nucleétidos) (Chun et al, 1999). A demas, la
ecologia y patologia de estos grupos es analoga. Por un lado, las dos especies se distribuyen en
ambientes de agua dulce y estuarinos, ademas de que ambas han sido aislada de pacientes con diarrea
(Davis et al., 1981). Algunos genes de virulencia compartidos entre estas dos especies se encuentran
asociados con bacteriofagos u otros elementos moviles, lo que refleja la importancia de la THG en
este grupo (Thompson et al., 2006).

En el caso de Vibrio cholerae y Vibrio mimicus, solo en dos de los cinco casos probados se logro
diferenciar a las dos especies. Las cepas V. cholerae O1, CP y V5 VC no se lograron diferenciar de
V. mimicus. Estas tres cepas pertenecen a aislados patdgenos, mientras que no todas las cepas de V.
mimicus son patégenas, como es el caso de V. mimicus VM223 que fue aislada de un bivalvo (Hasan
et al., 2010). Sin embargo, estos dos grupos poseen el elemento CTX que codifica para la toxina (CT)
de V. cholerae que tiene origen en un bacteriéfago (Wang et al., 2011), lo que puede estar
influenciando este resultado.

Por otro lado, cuando contrastamos las cepas V. cholerae HC y HE encontramos que V. cholerae
y V. mimicus si se diferencian basados en el indice de neutralidad. Estas dos cepas de V. cholerae
fueron obtenidas de un brote en Haiti en 2010. El escenario previo al brote fue un terremoto en enero
de 2010, seguido de un verano muy caliente; y después del primer diagndstico de cdlera, un huracan
paso por la zona (Figura 3; Hasan et al., 2012). Sin embargo, se ha demostrado que el inicio del brote
estuvo relacionado con la presencia de la Organizacion Mundial de la Salud en la zona, pues las cepas
de V. cholerae encontradas son cercanas a las cepas Asiaticas (Enserink, 2011; Lantagne et al., 2013;
Robbins, 2014). En dado caso nuestros resultados indican que se trata de una cepa bien diferenciada

respecto a V. mimicus.
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En estudios recientes se ha reportado esta dificultad para delimitar claramente algunas cepas de
V. cholerae y V. mimicus (Bobay & Ochman, 2017), estos casos seria necesario revisarlos dada la
importancia de estas especies en la salud humana.

Finalmente, nuestros resultados indican que éste método falla al delimitar estos grupos en ciertos
casos, sin embargo, probablemente si no se hubiera seccionado el grupo de Vibrio cholerae y se
hubieran tomado todos los genomas como una sola poblacion, si se hubieran diferenciado, esto indica

que estos grupos se comportan como ecotipos que pertenecen a una unidad mayor que es la especie.

Tabla 2. Resultados de las pruebas hechas con ventanas moviles y el indice de neutralidad.

Par de especies comparadas Numero de NUumero de = Sitiossin  Total de  Especie
eventos donde eventos variacion = puntos S
NI mayor a1 donde NI analizado = distinta
menor a 1 S s segun
NI
Vibrio cholerae  Vibrio mimicus 324 308 0 632
CP
Vibrio cholerae = Vibrio mimicus 333 317 0 650
01
Vibrio cholerae  Vibrio mimicus 331 345 0 681 &
HE
Vibrio cholerae = Vibrio mimicus 308 330 0 638 *
HC
Vibrio cholerae  Vibrio mimicus 284 274 0 558
V5 _VC
V. ordalii V. 122 110 0 232
anguillarum
Vibrio Vibrio 52 49 64 165
cyclitrophicus cyclitrophicus
1F ZF

Al igual que las especies anteriores, V. ordalii y V. anguillarum son muy similares y fueron
consideradas una sola especie hasta la descripcion formal en los ochentas (Schiewe & Crosa 1981);
sin embargo, recientemente se ha documentado la existencia de cepas de V. anguillarum que son
indistinguibles de V. ordalii (Thompson et al., 2006). La proporcién del indice de neutralidad en las
muestras analizadas de V. ordalii y V. anguillarum son mayores a uno a lo largo del genoma, lo que

indica que bajo el concepto adaptativo de especie son la misma unidad evolutiva (Figura 4).

Las cepas de V. cyclitrophicus analizadas provienen de un muestreo que supone un proceso de

divergencia temprana. En el analisis se observd mayor proporcion de valores iguales a cero para el
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indice de neutralidad, lo que indica neutralidad. Este resultado es congruente con los analisis previos
(Shapiro et al., 2012) donde observan que la divergencia se da en pocas regiones y no a través de
barridos selectivos en todo el genoma, lo que explicaria los niveles de neutralidad. Sin embargo, si se
descarta la proporcion del genoma que es neutral, la proporcion del indice de neutralidad que es mayor

a uno es mas alta que la que es menor a uno, por lo que deben de ser consideradas la misma especie.

En sintesis, los clados que son mas cercanos entre si, V. cholerae y V. mimicus; V. ordalii y V.
anguillarum; y V. cyclitrophicus (1F y ZF) no fueron reconocidos como especie, utilizando el
concepto adaptativo de especie. Una posibilidad para explicar este patrén es que lo que diferencia a
estas especies se encuentra en el genoma flexible, informacion que queda excluida en este tipo de
andlisis. Dentro de esta posibilidad se asumiria que la mayor parte de las adaptaciones llegan a través
de THG, por lo que las diferencias entre grupos no serian evidentes. Esto toma importancia para este
caso especifico debido las altas tasas de recombinacion reportadas para el género (Mazel, 2006). Otra
posibilidad radica en la cantidad de genomas analizados. Recientemente se ha descrito que Vibrio
parahaemolyticus tiene una estructura poblacional global, este escenario indicaria que habria que
muestrear la mayor parte de la variacion para tener un resultado certero. La proporcion de cambios
sindnimos y no sinénimos tendria que ser evaluada junto con aspectos demograficos, para poder

validar estas inferencias y no sea el reflejo que cambios en el tamafio efectivo de las poblaciones.

El concepto de especie es la consecuencia de entender el proceso evolutivo, que es la ventaja del
concepto adaptativo de especie. Este concepto solo diferencia como especies distintas a grupos
bacterianos que tienen alta variacion a lo largo del genoma, por lo que grupos que estén en proceso
de divergencia temprana (Shapiro et al., 2012) se seguirian considerando como la misma especie. La
teoria y algunas evidencias de organismos de vida libre indican que para los micro-organismos la
divergencia a partir de la adaptacion es mas comun que los procesos neutrales (Cadillo-Quiroz et al.,
2012; Shapiro et al., 2012; Cordero & Polz, 2014). Sin embargo, seria interesante incorporar otros
elementos como el tamafio efectivo, esto para poder probar si es posible identificar especies en grupos

que estuvieran sujetos a cuellos de botella.
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Figura 2. indice de neutralidad a lo largo del genoma para
el grupo de datos de Vibrio cholerae y Vibrio mimicus. En
esta figura cada uno de los incisos representa un grupo de
datos (a — e), los puntos azules representan los valores que
son mayores a uno para el indice de neutralidad, los rojos
los menores y los puntos verdes representan el total de
observaciones en el grupo de datos. El alineamiento
gendmico esté dividido en ventanas deslizantes de 1000 pbs
cada 500 pbs.
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Figura 3.in dice de neutralidad a lo largo del genoma. @) Vibrio ordalii y Vibrio anguillarum, b) Vibrio
cyclitrophicus 1F y Vibrio cyclitrophicus ZF. Los puntos azules representan los valores que son mayores a
uno para el indice de neutralidad, los rojos los menores, los puntos verdes representan el total de observa-
ciones en el grupo de datos y finalmente, la marca naranja indica el nimero de observaciones no incluidas.
El alineamiento gendmico estéd dividido en ventanas deslizantes de 1000 pbs cada 500 pbs.
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Capitulo 3.

Vibrionaceae en Cuatro Ciénegas
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En el capitulo anterior se discutio la forma en la que se define una especie y las nuevas propuestas
basadas en conceptos evolutivos guiadas por la informacion gendmica disponible. La definicion de
una especie es clave pues es la unidad operativa que se utiliza en los analisis ecoldgicos, y en el caso
de los analisis evolutivos es la unidad de donde se distinguen poblaciones. En este sentido es necesario

tener claro como se define la unidad que trabajamos con el fin de llegar a conclusiones certeras.

En este capitulo emplearemos los diferentes conceptos discutidos en los capitulos anteriores y
los aplicaremos a un grupo particular de aislados de la familia Vibrionaceae obtenidos de Cuatro
Ciénegas. Empezaremos desde una perspectiva ecoldgica hasta una perspectiva evolutiva, por lo que
este capitulo esta dividido en dos partes, en una primer parte hablaremos de la diversidad a nivel de
especie en un contexto ecologico, seguido de un segundo apartado donde se analizan los procesos
microevolutivos dentro de los linajes de la familia Vibrionaceae con énfasis particular en el

pangenoma.
3.1 Diversidad de la familia Vibrionaceae dentro del Valle de Cuatro Ciénegas.

Durante mas de diez afios de estudio de la diversidad de Cuatro Ciénegas, no fue hasta 2012 que

se empezaron a recuperar en cultivos miembros de la familia Vibrionaceae. En esta tesis presentamos

el primer reporte de Vibrio como género dominante a nivel de cultivo en el sistema acuatico Los

Hundidos dentro del valle de Cuatro Ciénegas (Figura 5).
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Figura 5. Sistema de flujo pozas rojas. Se observa un mapa de la Republica Mexicana, indicando

donde se encuentra Cuatro Ciénegas y dentro el sistema de pozas rojas.

Los estudios de diversidad a nivel comunidades sefialan que los tapetes microbianos del sistema
acuatico de Los Hundidos estan dominados por bacterias del género Pseudomonas, a la vez que se
resalta como el sitio con mayor desbalance estequiométrico 157N:1P dentro del valle (Bonilla-Rosso
etal., 2012; Peimbert et al., 2012). Partiendo de dichos antecedentes y tomando en cuenta que lo que
se refleja en los estudios metagendmicos no necesariamente se refleja a nivel de cultivo, el presente
estudio inicio con el objetivo de generar una coleccién de aislados cultivables que permitiera hacer
experimentos que ayudaran a corroborar hipotesis planteadas en los estudios previos. Sin embargo,
durante los muestreos exploratorios durante los afios 2011 y 2012, no se logré la recuperacion de
cepas del género Pseudomonasa pesar de que se utilizaron medios especificos, como lo fue el medio
Pseudomonas isolation agar (PIA). En estos medios se recuperaron consistentemente los géneros
Aeromonas, Halomonas y Vibrio. Dada esta eventualidad se explor6 la diversidad del genero Vibrio

a mayor profundidad.

Para el afio 2013 se hizo un muestro especifico para recuperar Vibrio, en este muestreo se utilizo
un medios especificos para Vibrio, Thiosulfate-citrate-bile salts-sucrose agar (TCBS) y PIA donde
previamente habian crecido los aislados. Asi mismo se tomaron muestras ambientales para determinar

parametros fisicoquimicos. Adicionalmente, se realizaron mediciones de las concentraciones de
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nutrientes en el sitio, observandose un aumento respecto a los previamente reportados (Tabla 3;
Bonilla-Rosso et al., 2012; Peimbert et al., 2012). En 2010 se tiene registrada la presencia de un
huracén en las costas del Golfo de México, este evento fue de tal magnitud que impacto la zona donde
se encuentra Cuatro Cienegas, inundando el sistema acuatico de Los Hundidos. El impacto en la
diversidad a nivel de la comunidad bacteriana es desconocido, sin embargo se observé un
enriquecimiento de nutrientes en las pozas (Tabla 3). Esto sugiere que la comunidad pudo haber
sufrido un cambio donde el incremento de nutrientes permitiera que miembros poco abundantes de la
comunidad en condiciones normales se volvieran abundantes, algo asi como el surgimiento de la
biosfera rara (Sogin et al., 2006). Sin embargo, existe la posibilidad de que sean miembros nuevos
que llegaron con el arrastre de las lluvias. Ambas posibilidades podrian ser una explicacion al hecho

de no poder encontrar Pseudomonas y si Vibrio a nivel de bacterias cultivables.
Patrones similares se han observado en afios recientes en otro sistema acuatico Illamado Churince.
Donde a raiz de la perdida de agua se ha observado la disminucién de Pseudomonas en cultivo y el

aumento de Vibrio, en este caso aislados de Vibrio cholerae.

Tabla3. Relacion de C:N:P en las pozas rojas en el tiempo.

Afio de muestreo Tipo de muestra Relacion C:N:P
2008 Tapete microbiano 15820:157:1
2013 Agua 350:9:1

2013 Sedimento 258:21:1

Observamos que la distribucién de los nutrientes no era homogénea entre las dos interfaces
muestreadas dentro de las pozas. Un analisis de componentes principales, mostro dos grupos
principales asociados a la procedencia de la muestra, agua o sedimento (Figura 6). Los valores de
nutrientes en la interfaz del agua presentan mayor dispersion y son mas altos que en los sedimentos.
Dadas estas caracteristicas se definieron dos categorias para los analisis posteriores alto y bajo, que

correlaciona con la interfaz agua y sedimento.
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Figura 6. Andlisis de componentes principales de las variables de nutrientes.

En total se obtuvieron 183 aislados, de los cuales solo 101 pertenecen a la familia Vibrionaceae.
La identificacion fue hecha atreves de la secuenciacion parcial del gen 16S rRNA. Los linajes que se
recuperaron eran cercanos a V. cholerae, V. alginolitucus, V. parahaemoliticus, V. anguillarum y
Photobacterium. Con esta informacion se hicieron los primeros analisis referentes a la distribucion
de estos organismos dentro del sistema acuético Los Hundidos. Lo primero que quisimos saber con
estos datos fue si la distribucion de los linajes descritos de Vibrionaceae era aleatoria o0 si su
distribucion era dependiente de algin componente geografico o ambiental. Para contestarnos esta
pregunta, hicimos un analisis que infiere ecotipos, AdaptML (Hunt et al., 2008) este programa
permite predecir ecotipos a partir de la informacion genética y ambiental. Se utilizaron como variables
la distancia de las pozas, las concentraciones de nutrientes y el ambiente de donde se obtuvo la
muestra (agua/sedimento; Figura 7). Lo que observamos fue que los linajes se estructuran segun la

interfaz agua o sedimento, en la mayoria de los casos. Sin embargo, también observamos que el clado

34



mas grande y abundante, que se conforma por miembros filogenéticamente cercanos a V. anguillarum,
es generalista pues no esta asociado especificamente a ninguno de los ambientes (agua/sedimento).
Es decir dos estrategias ecoldgicas distintas dentro de los linajes de Vibrionaceae en los Hundidos,

generalistas y especialistas.

Para el género Exiguobacterium se observo un patrén similar de asociacion de filogrupos al
ambiente agua o sedimento dentro del valle de Cuatro Ciénegas. Se ha propuesto que un ambiente
como el agua representa habitats menos estructurados donde la distribucion de los recursos es
homogénea debido a las corrientes, mientras que los sedimentos son ambientes estructurados donde
la distribucion de los recursos es heterogénea (Rebollar et al., 2012). Por lo que, en el caso de
Vibrionaceae probablemente la distribucion que encontramos relacionada con los linajes tiene que

ver con la estructura de los ambientes.
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Figura 7. AdaptML. En el panel a) se muestra una filogenia construida con maxima verosimilitud,
los puntos internos sefialan los hébitats inferidos por el programa, el primer circulo interno indica
agua (gris) y sedimento (negro), el segundo circulo indica concentraciones de nutrientes altas (rojo)
y bajas (amarillo), el ultimo circulo indica el nimero de poza donde fueron aislados. El panel b) indica

el cddigo de color y el panel ¢) indica la proporcion de cada variable ambiental en cada habitat

predicho.
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3.2 Articulo 1. (En preparacion). Insights on the role of recombination and effective

population size in pan-genome. Lessons from Vibrionaceae within an endangered oasis.

En el siguiente apartado se retoman los analisis y las conclusiones de la seccion anterior para
contestar preguntas alrededor de los procesos evolutivos que moldean los linajes de Vibrionaceae en
Cuatro Ciénegas. Cuando nos referimos a procesos evolutivos estamos hablando de la influencia de

la seleccion natural, la deriva génica, la mutacion y el flujo genético.

En esta segunda parte, se utiliza informacion obtenida de la secuenciacion masiva de 42 aislados
del género Vibrio y Photobacterium, derivados de los analisis anteriores. El criterio de seleccion de
aislados se baso en su distribucién en los dos ambientes, agua y sedimento, asi como su filiacion en
los diferentes clados. Este analiss se llevd a cabo para entender si los estilos de vida generalistas o
especialistas tienen una influencia en la diversidad genética y si éstos se ven reflejados en el
comportamiento de los procesos evolutivos. Los andlisis propios referentes a este apartado se detallan

en el articulo que se presenta a continuacion.

37



Articulo 1. (En preparacién). Insights on the role of recombination and effective population

size in pan-genome. Lessons from Vibrionaceae within an endangered oasis.
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!Departamento de Ecologia Evolutiva, Instituto de Ecologia, Universidad Nacional ~ Auténoma de
Meéxico, Ciudad Universitaria, 04510, Ciudad de México, México.

2 Department of Cell and Systems Biology, University of Toronto, Toronto, Ontario, Canada

3 Centre for the Analysis of Genome Evolution and Function, University of Toronto, Toronto, Ontario,
Canada.

Abstract 275 words

Prokaryotes have a wide range of genetic variation as has been shown in pan-genome studies.
Nevertheless, the evolutionary forces that shape this genetic diversity have not been explored in detail.
For instance, recombination may contribute to substantialy to pan-genome adding new variation
through horizontal gene transfer; nevertheless, it can also act as a homogenizing force within the
population. On the other hand, populations with large effective population sizes commonly have large
accessory genomes. In this work, we explore the role of recombination and effective population size
on the pan-genome of 42 Vibrionaceae bacterial strains isolated from an oligotrophic lagoon within
Cuatro Cienegas, Mexico, a relatively isolated aquatic ecosystem surrounded by deserts and high
mountains. We identified six clades within our strains, mostly defined by their isolation environment,
except clade Il identified as a generalist clade. Clade 11 showed the lower r/m value, 0.88, while clade
IV showed the higher r/m value, 7.94. Despite its high r/m values, clade IV show a small Ne with a
median value of 383,067, while clade Il1 has the higher Ne with an amount of 15,018,880. Pan-genome
metrics show that only clade Il has open pan-genome, this particular clade was composed of at least
three sub-clades with the lowest r/m and Ne values. Our results show that not always sizeable effective
population sizes are correlated with open pan-genome and we suggest that the demographic history
of populations, such as recent adaptive radiation could affect this correlation. We have shown that
bacteria that habit extreme environments can show sizeable effective population sizes, which suggest
that evolution by natural selection could be the driving force, also affecting the evolution of their pan-

genome.
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Introduction

Comparative genomics analyses have shown a wide range of genomic variation within bacteria
at different phylogenetic levels. This variety could be explained by the ecological characteristics of
each bacterial group (Lapierre & Gogarten, 2009; Collins & Higgs, 2012; Gordienko et al., 2013; Zhi
etal., 2017). Nevertheless, the evolutionary mechanisms and dynamics that regulate the genome size,
number of genes and diversity within each gene are still poorly understood. Tettelin et al. (2005) first
described the pan-genome concept, showing that gene content among bacteria of the same species
could be very variable. A closed pan-genome was defined as when the analyzes of new genomes of
a bacterial species do not reveal new genes for the genetic pool of a species, while in an open pan-
genome, every newly sequenced genome increases the total genetic pool (Tettelin et al., 2005). It has
been proposed that evolution by natural selection would be the most plausible explanation to the pan-
genome (Mclnerney et al. 2017). If genetic drift were driving gene fixation, prokaryotic genomes
would accumulate in times more and more genes tending to become as large as eukaryotic genomes,
but instead, they remain in the range (Konstantinidis and Tiedje 2004). As well, empirical genome
analyses have demonstrated that prokaryotic genomes are biased towards deletion of DNA if there
are no selective pressures to maintain a given gene (Kuo and Ochman, 2009; Morris et al., 2012; Mas

etal., 2016).

Recently it has been shown that large effective population sizes in bacteria tend to be correlated
with a large accessory genome (Andreani et al., 2017). Nevertheless, the effect of other evolutionary
forces, such as recombination on the shape of pan-genome has not been assessed. Recombination is
one of the most critical evolutionary forces in bacteria evolution because it can introduce entirely new
genetic material by horizontal gene transfer (HGT), or new alleles by homologous recombination
within populations. Furthermore, recombination can homogenize populations, keeping cohesive
groups (Souza et al., 1992; Smith et al., 1993; Souza & Eguiarte, 1997), and as a result slowing down

diversification (Lawrence and Ochman, 1998).

Depending on the impact of recombination within bacteria population, we can describe two main
microevolutionary models. In one hand, bacteria with low levels of recombination would follow the
classical ecotype model (Cohan; 2001), where recombination between populations is uncommon, and
mutations are the primary sources of diversity. This process is dominated by the intense natural

selection that reduces all genetic variation in a process sometimes called clonal interferences or
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periodic selection (Atwood et al., 1951; Guttman & Dykhuizen, 1994; Cohan; 2001; Cohan & Perry,
2007; Koeppel et al., 2008). On the other hand, in bacteria with high levels of recombination, the
gene association brakes, and natural selection increases the frequencies of linked-loci to fixation,
while the rest of the genome may remain the same. Diversification in this situation occurs by the
decreasing of genetic exchange mediated by selection (Cadillo-Quiroz et al., 2012; Shapiro et al.,

2012; Cordero & Polz, 2014).

From a genomic perspective, we could expect that bacteria with high homologous recombination
and low HGT to show mainly closed pan-genome, whereas lineages with lower homologs
recombination and higher HGT would have sizeable open pan-genomes. Hence, for a proper
understanding of bacterial evolution and their pan-genome, it is necessary to describe if there is a
correlation between natural selection, recombination rates and effective population size with pan-

genome sizes.

To explore those ideas, we chose bacteria isolates from the Cuatro Cienegas Basin (CCB), a
unique oasis in the Chihuahuan desert. It is composed of several aquatic systems with high microbial
diversity and a particular stoichiometric condition, where phosphorous is extremely limited leading
to a significant imbalance of nutrients (C:N:P) (Elser et al., 2005; Tapia-Torres et al., 2015; Valdivia-
Anistro et al., 2016). Recent population genetic studies of bacteria isolated from this extremely
oligotrophic site show low levels of recombination in different lineages such as Exiguobacterium,
Bacillus, and Pseudomonas (Escalante, 2008; Rebollar et al., 2012; Avitia et al., 2014). We proposed
that nutrient constraints in this environment work as an ecological filter, reducing recombination due
to the cost of replicating new DNA (Souza et al., 2008; Souza et al., 2012). As well, the metabolic
co-dependence between neighbors builds strong community cohesion, apparently inhibiting efficient
migration into the bacterial populations of CCB (Espinosa-Asuar et al., 2015; Pajares et al., 2016).
As a result, we have suggested that mutation and natural selection, but no recombination, are the

primary evolutionary forces shaping microbial diversity within CCB.

We used Vibrionaceae isolated from CCB to explore the role of the different evolutionary forces
that shape the pan-genome. We decided to use these bacteria group given that most of the species
within Vibrionaceae present high recombination rates along with large effective population sizes in
the oceans (Vos & Didelot, 2009; Cui et al., 2015). Based on those facts, we drive two hypothesis on

the pan-genome behavior of CCB Vibrionaceae. In a null model, recombination is as high as has been
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shown for other Vibrionaceae species in the oceans, which would be reflected as an open pan-genome.
On an alternative model, based on previous population genetics studies, we could expect low
recombination rates probably due to the high P limitation (Escalante, 2008; Rebollar et al., 2012;
Avitia et al., 2014) which would lead to closed pan-genome. To explore these hypotheses, we
performed comparative genomics analyses of 42 Vibrionaceae isolated from Cuatro Cienegas to
examine the role of recombination and effective population size in its diversity. Our results show that
recombination in CCB Vibrionaceae is lower than in the sea respect to what has been observed with
MLST (Vos & Didelot, 2009) but in the range with the analysis of whole genome sequence we
performed. Recombination among Ne values found to support the idea of evolution by natural
selection, probably related to the site particular stoichiometric unbalance, leading, in general, to
ecological specialization reflected in a close pan-genome pattern. However, the pan-genome of the
nonspecialized clade is not closed, probably due to both subsampling and actual diversification

process within of this particular population in our site.
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Methods

Site description

We analyzed isolates from a particular site within CCB named Pozas Rojas, because of the color
of the water. This aquatic system has been described as hypersaline in summer (Rebollar et al., 2012),
with high fluctuations in temperature from winter to summer (around 1-60 °C; Peimbert et al., 2012).
This site is composed of several small ponds that surround a bigger lagoon in a region named Los
Hundidos (LH, Peimbert et al., 2012; Rebollar et al., 2012). The ponds are small but permanent and
are separated from each other by ca. 90 meters along an arch around a larger lagoon. However, during
summer 2010 this system was flooded by hurricane Alex, merging most of the ponds into a single
bigger lagoon, until autumn 2011 when the water receded, leaving the moon shaped array of small

red ponds in the same place (Figure 1).
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Figura 1. Sample site. Sampling sites are signal in red; a map is also show, which indicates

location of Cuatro Ciénegas.
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Sample collection and strains isolation.

Water and sediment samples were collected in duplicate from nine ponds (locally called pozas)
located in Los Hundidos during March 2013 and stored at 4 °C until processing. Sediment was
collected for nutrient analysis in 50 ml Falcon tubes and covered with aluminum foil before storage.
Water was collected for nutrient quantification in 1 liter volumes and stored in the dark at 4 °C.
Analyses were performed at the Instituto de Investigaciones en Ecosistemas y Sustentabilidad,

UNAM, in Morelia, Mexico.

Cultivable strains were isolated in PIA (Pseudomonas isolation agar) and TCBS (Thiosulfate
Citrate Bile Sucrose Agar) as previously described (Vazquez-Rosas-Landa et al., 2017), obtaining a

total of 183 isolates.
Environmental variables measurement.

For nutrient quantification, sediment samples were dried while water samples were filtered
through a Millipore 0.42 um filter. Total carbon (TC) and inorganic carbon (IC) were determined by
combustion and colorimetric detection (Huffman, 1977), using a full carbon analyzer (UIC model
CM5012, Chicago, USA). Total organic carbon (OC) was calculated as the difference between TC
and IC. For total N (TN) and total P (TP) determination, samples were acid digested with H2SOa,
H20,, K2SO4 and CuSO4 at 360°C. Soil N was determined by the macro-Kjeldahl method (Bremmer,
1996), while P was determined by the molybdate colorimetric method following ascorbic acid
reduction (Murphy & Riley, 1962). The N and P forms analyzed were determined colorimetrically in

a Bran-Luebbe Auto analyzer 3 (Norderstedt, Germany).

To explore the relationship between biogeochemical variables, ponds, and environment, we
performed a principal component analysis, and based on this we conducted Student t-tests to analyze
if there were differences between water and sediment in biogeochemical variables. All these analyses

were performed using R (R core team) and the psych package (Gricelle, 2001; Jollife, 2002).
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DNA Extraction and PCR Amplification of 16S rRNA.

For the 183 isolates obtained, DNA extraction was performed as described by Aljanabi &
Martinez (1997). 16S rRNA genes were amplified using universal primers 27F (5'-AGA GTT TGA
TCC TGG CTC AG-3') and 1492R (5'-GGT TAC CTT GTT ACG ACT T-3') (Lane, 1991). All
reactions were carried out in an Applied Biosystems Veriti 96 Well Thermal cycler (California, USA)
using an Amplificasa DNA polymerase (BioTecMol, Mexico) with the following program: 94°C for
5 min, followed by 30 cycles consisting of 94°C for 1 min, 50°C for 30 s, 72°C for 1 min and 72°C
for 5 min. Polymerase chain reaction (PCR) amplification products were electrophoresed on 1%
agarose gels. Sanger sequencing was performed at the University of Washington High-Throughput

Genomics Center.
Phylogenetic analysis of 16S rRNA sequences.

Partial 16S rRNA gene sequences were alignment, and quality control were performed with
Mothur (Schloss et al., 2009) and Clustalw (Larkin et al., 2007), and the alignments were manually
revised. Genera level identification of the strains was made using the classifier tool (Wang et al.,
2007) from the Ribosomal Database Project (RDP) Release 10, update 30 (Cole et al., 2009). Blastn
searches were performed against Refseq_rna database from NCBI to select reference sequences. A
total of 101 sequences were identified as a member of the Vibrionaceae family and were selected for

subsequent analyses.

A maximum likelihood phylogenetic reconstruction was obtained with PhyML version 3.0
(Guidon et al., 2010) under the HKY+1+G substitution model estimated with jModelTest 2 (Darriba
et al., 2012). The degree of support for the branches was determined with 1,000 bootstrap iterations.

A Halomonas strain isolated from the same sampling was included as an outgroup.
Environmental association of phylogroups.

To test whether the community of cultivable strains was structured based on environmental
variables, we performed an AdaptML analysis (Hunt et al., 2008). A total of 101 isolates belonging
to Vibrioneaceae and a Halomonas strain as outgroup were selected. Three categorical environmental
variables were tested: pond of isolation, high and low nutrient concentrations, variables chosen from

the PCA analysis described above, and the two sampled environments (water and sediment).
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Genome sequencing, assembly, and annotation.

We selected 39 Vibrio isolates and 3 Photobacterium for whole-genome sequencing. DNA
extractions were performed with the kit DNeasy Blood and Tissue (Qiagen). Quality and DNA
concentration was estimated using a NanoDrop Lite (Thermo scientific). Sequencing was performed
with Illumina MiSeq 2x250 technology, with insert libraries of 650 bps and an expected coverage of
ca. 10x per genome. For the strain V15 _P4S5T153, a second library was designed, this library was
sequenced using the Jr 454 Roche technology. Sequencing was performed at the LANGEBIO,

México.

Genomes assembly was performed with Newbler (Roche/ 454 Life Sciences). For scaffolding
process we used SSPACE (Boetzer, 2001), gaps were closed using GapFiller (Nadalin, 2012) and
final error correction was performed with iCORN (Otto et al., 2010). Coding sequences were inferred
with Prodigal 2.0 (Hyatt et al., 2010) implemented in PROKKA software (Seemann, 2014). Each

genome was annotated using InterProScan 5 (Jones et al., 2014) with the databases enabled by default.
Pangenome analysis

For the comparative genomics analysis, we used 42 strains of Vibrionaceae obtained from nine
ponds in Pozas Rojas, following AdaptML results. Of these, 39 isolates belonging to the genera Vibrio,
and three strains belong to Photobacterium (Vazquez-Rosas-Landa et al., 2017). For comparison we
also included genomes from fives reference Vibrio strains: Vibrio alginolyticus NBRC 15630 ATCC
17749, V. anguillarum 775, V. furnissii NCTC 11218, V. parahaemolyticus BB220OP and V.
metschnikovii CIP 69 14 (Supplementary table 1). Ortholog gene families were predicted from all 47
genomes using the DeNoGAP comparative genomics pipeline (Thakur & Guttman, 2016). As
required by DeNoGAP to minimize false positive prediction of orthologs, we assigned
Photobacterium genomes as outgroup. The completely sequenced genome of V. anguillarum strain

775 was used as seed reference (Supplementary table 1).

Following the prediction of ortholog families, we constructed a phylogenetic profile based on
presence and absence of gene families across the genomes. This information was then used to classify
ortholog families as the core, accessory and unique. Since most of the genomes in our dataset are not
completely sequenced, we designate core ortholog families as those present in at least 95% of the
genomes, to avoid the impact of missing genes due to sequencing or assembly artifacts. The accessory

ortholog families were designated as those that were present in at least two genomes, but in less than
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95% of the genomes. From the phylogenetic profile inferred with DeNoGAP, we extracted the core,
flexible and unique genes per clade excluding references. With this information, the package
Micropan (Snipen & Liland, 2015) within R was used to infer the open or closed nature of each

pangenome dataset, following the heaps law proposed by Tettelin et al. (2008).

Core proteins were aligned using Kalign (Lassmann et al., 2009) to infer organism phylogeny.
The resulting alignments of individual ortholog families were concatenated using a custom Perl script.
A maximum likelihood phylogenetic tree was constructed based on concatenated alignment using
FastTree program (Price et al., 2010). Six clades were defined from the estimated phylogeny (Figure

2).
Genetic diversity parameters.

We calculated for each coding domain sequence (CDS) on each clade, Pi, Theta and Tajima’s D
using BioPerl and the PopGen module (Stajich, 2005), implemented in an in-house script. For each
clade, each CDS family was aligned using MUSCLE (Edgar, 2004) with the codon-alignment option
performed in TranslatorX (Abascal et al., 2010). All the alignments were further improved by
removing sequences with a large number of gaps using the MaxAlign program (Gouveia-Oliveira et

al., 2007).
Recombination analysis of orthologues genes.

Of the total ortholog families in the Vibrio pangenome, we only used ortholog families found in
at least three genomes for recombination analysis. Genetic recombination was examined on each CDS
alignment by using inference of pairwise recombination sites, obtained with GENECONV (Sawyer,
1989) and by the identification of putative recombinant sequences through breakpoints using GARD
(Kosakovsky et al., 2006). A whole-genome alignment for the 47 analyzed genomes was performed
with MAUVE (Darling et al., 2010). The resulting alignment was used as input for Gubbins (Croucher
et al., 2014) using RAXML (Stamatakis, 2014) and default parameters. Additionally, whole genome
alignments were performed for each clade, excluding references, with progressive MAUVE (Darling
et al., 2010). Each clade alignment was used as input for ClonalFrameML (Didelot & Wilson, 2015).
Ancestral recombination events were inferred with the use of fastGEAR (Mostowy et al., 2017) with

15 iterations. The whole genome alignment previously obtained with Mauve was used as input.
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Clustering analysis of clade 11

Clade 1l is the most abundant lineage within Pozas Rojas. Recombination analysis showed that
there are internal groups of recombination within this clade. To further explore the genetic structure
of Clade Il, the isolates were classified using a cluster analysis. For cluster analysis, we used Nei
(1978) genetic distance and neighbor joining. Genomes with distance less of 0.001 were grouped and
proved with a discriminant analysis of principal component analysis of the genetic variation, using
the adegenet library in R (Jombart & Ahmed, 2011). For this study, we use 20 components and 3

discriminant functions.

Effective population size estimation

We followed an ABC framework approach to estimate the posterior distribution of effective
population size (Ne) of each of the six clades. According to the previous clustering and recombination
analysis, for clades I, Il1I, 1V, V and V1 we simulated a single population while for clade 11 we
simulated three populations that diverged from an ancestral population. Simulations were performed
using Fastsimcoal2 (Excoffier & Foll, 2011; Excoffier et al., 2013). For each clade we simulated
DNA sequences having a similar length equal to the number of nucleotides in the given clade, as well
as a sample size equal to the number of sequences sampled for each clade. We assumed no
recombination within the genome and used the Escherichia coli mutation rate of 2.2x1071° mutations
per nucleotide per generation (Lee et al., 2012). We ran between two and four simulations for each
clade. For the initial runs, we generated 100,000 replicates extracting Ne values from a prior
distribution that ranged from 100,000 to 20,000,000 individuals, having a log-uniform distribution.
For clade Il, we also estimated the time of divergence of each sub-clade, by setting the prior
distribution of time ranging from 1,000-4,000,000 generations. After a first run, we narrowed the
prior ranges based on those simulations that had similar summary statistics compared to the observed

data and performed another 100,000 simulations using the narrowed priors.

To compare simulated and observed data based on summary statistics we used the ape and pegas
libraries in R to estimate the number of polymorphic sites and the entire genomes Tajima’s D. Also
we obtained 1000 slide windows to estimate the Tajima’s D along the genomes, as well as the mean
and standard deviation of Tajima’s D. Tajima’s D is commonly used to estimate demographic changes

in populations. Based on the summary statistics, we used the abc function in the ABC package to
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calculate the distribution of the Ne parameter based on a 0.05 % threshold distance between the
simulated and observed data. For each clade, we report the median and the 95% interval confidence
of Ne. For clade Il we further report the average and 95% interval confidence of the number of

generations since each sub-clade diverged from an ancestral clade.

Selection and enrichment analysis

We analyzed for signatures of positive selection among ortholog families found in at least three
genomes using FUBAR program. We accounted for recombination breakpoints in the ortholog
families while calculating positively selected sites based on GARD results (Kosakovsky et al., 2006).
We considered any site to be positively selected if it showed P-value < 0.05. To identify over-
represented functions among genes with positive selection signals, we performed enrichment analyses

with Fisher test implemented in R package and the InterProScan 5 annotation results.
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Results

Biodiversity of Vibrionaceae in Pozas Rojas.

Before the hurricane Alex in summer 2010, the Pozas Rojas aquatic system had the stronger
stoichiometric nutrient unbalance of the valley, with a ratio of C:N:P 15820:157:1 in sediments
(Peimbert et al., 2012). After the drainage of the storm nutrient conditions became richer since at the
time of the sampling the average nutrient ratio of C:N:P was 350:9:1 for water and 258:21:1 for

sediment greatly reducing the stoichiometric unbalance for P, and limiting N.

The diversity analysis with the 16S rRNA gene found seven different Vibrionaceae lineages,
most of which were closely related to V. cholerae, V. alginolyticus, V. parahaemolyticus, V. ordalii,
V. anguillarum, V. metschnikovii and Photobacterium (Supplementary figure 1). Two of these
lineages were not closely related to any genera within databases. Looking for a relationship between
environmental variables and Vibrionaceae lineages, we performed an AdaptML analysis (Hunt et al.,
2008). We found that lineages are structured according to their environment --water or sediment, --
showing two ecological strategies: most clades were specialist either to water or to sediment, while

the most abundant lineage had a generalist ecology (Supplementary figure 2).

Pan-genome analysis of CCB Vibrioneaceae and lineages description.

From previous results, we select for sequencing 42 isolates that were found in water or sediment.
The pan-genome analysis of 39 CCB Vibrio, 3 CCB Photobacterium, and 5 Vibrio references strains
is composed of 20,121 orthologous gene families (Supplementary table 1). The genes that were
present in at least 95% of the genomes conformed the core genome, which for this sample is composed
of 1,254 genes, including reference genomes. The accessory genome is conformed of genes that were
found in 2 to 44 genomes, 14,072 genes follow these criteria. The rest 4,795 genes were identified to

be present only in one strain.

Core phylogeny was made with 1,254 genes (Figure 2). With this information, we identified the
same six lineages observed with 16S rRNA gene (Supplementary figure 2) and a seventh clade, which
is represented by a unique strain of marine Vibrio furnissii sp. Nov. 4 strain (NCTC 11218) (Lux et

al., 2011). In general, long branches were observed between coexisting lineages from CCB. In
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particular, reference strain V. anguillarum 775 isolated from a Coho salmon (Naka et al., 2011)
clusters within the large generalist clade I, while reference strain V. metschnikovii CP 69-14, which
has been isolated in aquatic systems, is basal to clade I1l. Basal to clade VI, are reference strains V.
parahaemoliticus BB22OP a pre-pandemic strain (Xu et al., 2015) associated with seafood-borne
gastroenteritis in humans and V. alginolyticus NBRC 15630 = ATCC 17749, an aquatic organism
which in some cases can cause bacteremia. Clade 4 members are exclusive to CCB, given that there
is no closely related strain sequenced on databases (Supplementary figure 3), same is the case for
clades V and I, the last being closely related to Photobacterium. For each of the six defined clades
with CCB strains, a classification of core, accessory and unique ortholog families was performed

(Table 1).

Table 1. Pan-genome metrics of each clade. First column show the number of genomes used for the analysis,

next there are the general metrics of pan-genome and last columns show the heaps values obtained.

Group clade Ngmber of.CCB genomes Pan-genome metrics Heaps law parameters
included in each clade Core | Flexible | Unique [ Total number of genes| Intercept value] _Alpha

Clade 1 3 3617 346 603 4566 692.8508 1.1293

Clade 2 22 1746 5770 1745 9261 244.2096 0.7913

Clade 3 5 2672 718 324 3714 658.0634 1.6625

Clade 4 5 2055 1445 180 3680 2726.7580 2.0000

Clade 5 4 2853 1660 1332 5845 1196.2571 1.3109

Clade 6 3 2448 3476 1028 4992 3295.5770 2.0000
Vibrionaceae all clades | 47 [ 1254 14072 4795 20121 [ 2263.7472 0.6621
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Figure 2. Core gene phylogeny. Phylogenetic reconstruction of core genes. Circles represent different lineages

and numbers represent the name of the lineage.
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With this information, we used the Heaps law as proposed by Tettelin et al. (2008) to classify
pan-genome of each clade as closed or open. The Heaps law model is fitted to the number of new
gene clusters observed when genomes are ordered randomly. The model has two parameters: an
intercept and a decay parameter called alpha: if alpha >1.0 the pan-genome is closed, if alpha <1.0 it
is open. For the whole dataset, we observed an open pan-genome, with an alpha of 0.6621. Clade 11
has an alpha of 0.7913 and therefore it is considered an open pan-genome. The rest of the clades

display a closed pan-genome pattern, suggesting that new genomes do not add more genes to the pan-

genome in these clades (Table 1).
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Genetic diversity parameters

We further decided to explore the genetic diversity within two sections of the pan-genome, core
and flexible genes in each clade, to study whether any section had more genetic diversity and if it was
constant over the clades (Table 2). In the case the core and flexible genes, clade IV had the lowest
average diversity (average n= 8.08x10™* and 1.48 x1073, average 0w = 5.21x10™* and 9.15x10%,
respectively), while clade VI showed the highest average diversity (average m = 0.034 and 0.044,
average Ow = 0.027 and 0.035 respectively). As expected, flexible genes were always more diverse

than core genes.

Table 2. Genetic diversity parameters. First panel shows nucleotide diversity and polymorphic sites for core

genes within each clade, second panel show the same type of information for flexible genes within each clade.

Core genes
Group clade T ow Polimorphic sites

Average Sd (+/-) Average Sd (+/-) Average Sd (+/-)
Clade 1 0.0187 0.0489 0.0150 0.0393 32.2651 63.1413
Clade 2 0.0120 0.0177 0.0096 0.0101 51.6971 57.2944
Clade 3 0.0046 0.0157 0.0040 0.0089 13.6781 28.3986
Clade 4 0.0008 0.0102 0.0005 0.0057 1.9260 22.2293
Clade 5 0.0078 0.0334 0.0059 0.0239 15.2702 53.6281
Clade 6 0.0339 0.0301 0.0270 0.0218 77.5680 79.6851

Flexible genes

Group clade T ow Polimorphic sites

Average Sd (+/-) Average Sd (+/-) Average Sd (+/-)
Clade 1 0.0189 0.0460 0.0151 0.0365 28.6580 62.7688
Clade 2 0.0162 0.0343 0.0127 0.0243 45.8390 115.3718
Clade 3 0.0065 0.0239 0.0058 0.0186 14.9526 49.2038
Clade 4 0.0015 0.0180 0.0009 0.0108 2.7446 32.2741
Clade 5 0.0099 0.0389 0.0078 0.0298 16.1830 68.3097
Clade 6 0.0436 0.0424 0.0352 0.0334 72.5932 92.6384
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Patterns of homologous recombination

Recombination is a process that can occur either within a bacterial species or among species. In
our case, we were interested in exploring the levels of recombination within each clade and among
them. To achieve these goals, we analyzed all coding domain sequences (CDS) that were found in at
least three genomes to infer homologous recombination with GENECONV (Sawyer, 1989). From
15,380 genes that fulfill these criteria, only 2,928 genes show a significant signal of recombination,

representing 14.5% of the pan-genome.

Our results show that there are more recombination events within clades than among clades,
including reference genomes (Figure 3a). Also, this analysis shows a sub-structure for clade 11, where
we were able to delimitate three major genetic groups based using Nei (1978) genetic distance. The
isolates that compose Sub-clade II-A are: V15 P4S5T153, V17 _P4S1T151, V20 P4S3T152 and
V25 P4S6T154, while, sub-clade 1I-D by the isolates: V04 _P4A5T148, V05 P4A8T149,
V06_P1A73T115, V14 P6S14T42, V18 P1SAT112 and V24 _P1S3T111; and the sub-clade II-G
composed by the isolates V02_P2A34T133, VO07_P2A8T137, V10 P2A27P122 and
V22 P2S10T140 (Figure 3b).One or two strains represented the other sub-clades.
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Figure 3. Patterns of recombination. Panel a) shows a heatmap of frequency of recombination events among

different strains; red colors indicate more recombination events within strains while blue events indicate few

recombination events. Panel b) shows clustering of Clade Il strains using Nei (1978) genetic distance, each color

represent a different genetic group.

54



Homologous recombination as a source of variation.

We evaluated the impact of homologous recombination and mutation within lineages estimating
r/m (Didelot & Wilson, 2015); this measure reflects the ratio of probabilities that a given
polymorphism is explained by recombination or by mutation (Rebollar et al., 2012). For this analysis,
we used whole genome alignment of each CCB clade, excluding references. Clades Il and VI display
the lowest r/m values, 0.88 and 1.13, respectively, while Clades I and 1V have the highest values in
our dataset, r/m 7.94 and 2.98, respectively (Table 3). We performed the same analysis on V.
parahaemolyticus, V.ordalii, V. anguillarum and P. leiognathi reference genomes (Supplementary
table 2), all isolated from marine environments, and their r/m estimate were higher than for clades |1
and 6 (2.84, 1.18, 5.46 and 1.64, respectively; Table 3). Values for these strains had been previously
estimated (Vos & Didelot., 2008), however, these values are greater than those estimated in this work.
This could be due to the different strategies employed, as previously they were estimated through a
multilocus approach in contrast to our whole genome approach. In the same way, these values could

be affected by the different sampling sizes for each estimate.

Table 3. Recombination vs mutation estimates. Values are presented for CCB clades but also for references

datasets. Rho/theta and r/m estimates are presented for each dataset.

Recombination vs mutation estimates

Group clade rho/theta r/m
Clado 1 0.3417 7.9406
Clado 2 0.1598 0.8826
Clado 3 0.1760 2.9646
Clado 4 0.4024 2.9816
Clado 5 0.2240 2.4465
Clado 6 0.3913 1.1332
P. leiognathi 0.2611 1.6417
V. anguillarum 0.3060 5.4628
V. ordalii 0.1381 1.1846
V. parahaemolyticus 0.4763 2.8421
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Gubbins analysis (Croucher et al., 2014) of whole genome alignment of 42 CCB Vibrionaceae

genomes and 5 references indicates that some recombination events are shared with references strains,

suggesting an ancient origin of the different lineages, before CCB diversification (Figure 4), while

other recombination events happened more recently and only among CCB strains. This result is in

line with what we found with fastGEAR (Mostowy et al., 2017) that indicates that 57.95 % of

recombination events are ancient while the rest were recent.
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Figure 4. Gubbins inference of recombination. In this image, we are observing a whole genome alignment of

reference strains and CCB strains. We are also observing a phylogenetic reconstruction. Red points indicates places

within the alignment that had signals of recombination, blue points represent points of recombination wich origin

was probably originated outside the alignment. Green boxed indicate some sites that are shared with references and

purple boxes indicate some sites that had signals of recombination only within CCB strains.
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Effective population size
According to ABC analyses, we found a wide range of effective population sizes (Table 4).

Clades I, 11l and V have larger effective population sizes, above 1,000,000, while Clade Il and
IV have smaller effective populations sizes, under 300,000 and 500,000, respectively. Also, we
looked for the origin of sub-clades within clade 11; we found that the in the most probably scenario
sub-clade A was originated 850,113 (645,865-1,789,357) generations ago, while sub-clade D was
originated 521,898 (210,418- 2,186,513) generations ago and sub-clade G was originated 550,158
(217,338 — 2,258,215) generations ago.

Table 4. Effective population sizes. Summary table of effective population sizes of CCB clades and

prokaryotic and eukaryotic references.

Group Clade | Median Range Environment Reference
Value Lower value | Larger value

Clade | 12,822,270 | 10,110,043 16,231,765 Sediment This work

Clade I

Sub-clade A | 55,938 34,079 392,104 Sediment This work

Sub-clade D | 20,849 2,795 218,603 Water-Sediment | This work

Sub-clade G | 29,791 6,174 226,658 Water-Sediment | This work

Clade 111 15,018,880 | 8,970,283 22,432,331 Water-Sediment | This work

Clade IV 383,067 345,564 427,557 Sediment This work

Clade V 9,594,874 5,894,074 12,914,770 Sediment This work

H. pylori 39,665,437 | - - - Sung et al., 2012

S. enterica 348,991,354 | - - - Sung et al., 2012

E. coli 179,600,000 | - - - Foster et al.,
2012

H. sapiens 20,348 - - - Sung et al., 2012

A. thaliana 266,769 - - - Gossmann et
al., 2012

C. elegans 3,998,701 - - - Denver et al.,
2004

T. brucei 5,332,244 - - - Sung et al., 2012
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Positive selection analyses

We performed a test on each coding sequence present in at least three genomes looking at the
dn/ds ratio for each site using FUBAR (Murrel et al., 2013). We found that from 15,380 genes
analyzed; only 367 had a significant signal of positive selection. Those genes are related to the
carbohydrates metabolism, transport proteins and signaling enzymes (Table 5) and 75% of these

genes were part of the flexible genome.

Table 5. Enrichment analysis of genes with signals of selection.

Highly represented functions among genes under seleccion Fisher test Significant
ABC transporter-like p-value = 0.2319
GNAT domain p-value = 0.2364
Glycosyl hydrolase, family 13, catalytic domain p-value = 0.0007128 *
Major facilitator superfamily p-value = 0.09123 *
ABC transporter type 1, transmembrane domain Metl-like  p-value = 0.5231
AMP-dependent synthetase/ligase p-value = 0.01116 *
Endonuclease/exonuclease/phosphatase p-value = 0.01239 *
HAD-like domain p-value = 0.04746
LysR, substrate-binding p-value = 0.4922
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Discussion

Pangenome of CCB Vibrionaceae.

In this study, we explored the role of different evolutionary forces in shaping the pan-genome of
bacteria isolated from CCB through a comparative genomics analysis of 42 Vibrionaceae isolates.
Pan-genome analysis showed 20,121 orthologues genes for the whole dataset including references

from which core genome was composed of 1254 orthologue genes.

The core genes phylogeny of the 42 strains of CCB Vibrionaceae revealed six main clades. Two
of these groups, clade IV and V, could be considered new species of Vibrio, given that they are not
related to any other Vibrio within databases. Besides, clades IV and V present long branches and a
notorious lack of recombination in between different Vibrio clades. Strains from Clade V1 are closely
related to pathogenic strains. Nevertheless, a recent study has shown that they do not harbor mobile

genetic elements related to pathogenesis (Vazquez-Rosas-Landa et al., 2017).

Heaps law estimation reveal an open pan-genome for the total sample of CCB Vibrionaceae.
Nevertheless, most of the CCB lineages have a close pan-genome, except the most abundant lineage,
clade Il that has an open pan-genome. We also observed that the Vibrionaceae clades within Pozas
Rojas were not distributed randomly: the clades were structured according to the isolation
environment, water or sediment. Our results are in agreement with what was observed for
Exigoubacterium isolated from this particular site (Rebollar et al., 2012). It has been proposed that
water column is a less structured environment, where nutrients are homogeneously distributed, while
sediments are structured environments, where resources are not homogenously distributed (Rebollar
et al., 2012). We observed that clade Il has a widespread distribution in CCB, and it is found both in
the water column and in the sediments. These features are an indication that these strains possess
mechanisms to cope with different environments and the wider pan-genome would explain the

adaptations to these.

A specialist organism would tend to lose genetic information, because of the selective pressure
against DNA accumulation (Kuo and Ochman, 2009) and then show close pan-genomes.
Nevertheless, this does not rule out that a specialist could also gain new genetic information that could

be relevant for the adaptation to its specific environment. In other words, two factors should be
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considered: the rate at which a recombination event occurred, and the effectiveness of each event that
would be dependent on the selection coefficient of a given event. Therefore, a specialized genome
could be full of HGT events but show closed pan-genomes due to the homogenizing effect of
recombination. Closed pan-genome have been described for bacterial groups like Bacillus anthracis
(Tettelin et al., 2008), that live in isolated niches with limited access to the global microbial gene
pool; something similar may happen in the specialized clades of CCB Vibrio, which are adapted to
either water or sediment. As discussed above, Clade Il is the most extensive and more generalist
Vibrio group in CCB and displays an open pan-genome. This type of pan-genomes has been
characterized for species such as Escherichia coli (Rasko et al., 2008) that live in multiple
environments of mixed microbial communities and have different mechanisms of exchanging genetic
material. In our case, this is paradoxical, since Clade Il is the clade with less recombination,
suggesting either a subsampling of this lineage in our study or, as our data shows, low recombination
rates are a consequence of the internal structure of this clade. Core genes were first described as
essential and flexible genes as dispensable (Tettelin et al., 2005).

Accordingly, our genetic diversity analysis shows that core genes are always less diverse than
flexible genes. Core genome is also a proxy of the variability within a phylogenetic group; small core
genomes (in relation to the complete pan-genome) would represent highly variable groups in total
genetic makeup.

A wide range of core genes has been calculated at a genus level, ranging from 522 to 2811 genes
in Streptococcus and Salmonella, respectively (Donati et al., 2010; Jacobsen et al., 2011), and for the
marine Prochlorococcus genus the core genome was calculated of 1273 genes using 12 strains
representing its major lineages (Kettler et al., 2007), close to what we found with the CCB
Vibrionaceae strains. Nevertheless, to put these values in context we would have to consider genome
size and the number of genomes analyzed. A small proportion of core vs. total genome size may
reflect a wide habitat diversity, while a large core vs. total genome proportion may characterize a
highly specialized specie. For instance, genome size of Prochlorococcus ranges between 1.6 Mbp
and 2.7 Mbp (Kettler et al., 2007), being the core a large proportion of the complete genome, while
for CCB Vibrionaceae the genome size is around 5 Mbp. Therefore, if we consider for
Prochlorococcus a genome of 2700 genes, core genome represents 47% of the whole genome, while
for our Vibrionaceae it would represent around 25%. While both groups of organisms are commonly

found in marine environments, they have different ecologies, as Prochlorococcus is the most
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abundant photosynthetic cell in the oligotrophic oceans, contributing substantially to global
photosynthesis, while marine Vibrionaceae species have a broad range of habitats, some free-living,
others are pathogenic to aquatic animals while others even are bioluminescent symbionts of marine
fishes and squids (Farmer et al., 1986; Wachsmuth et al., 1994), and some marine Vibrionaceae are
extremophiles that can live in extreme cold, salt or pressure (Bartlett et al., 2006). In the particular
case of CCB Vibrionaceae, the small percentage of the genome represented in the core suggests that

these strains occupy very diverse ecological niches within CCB.

Pan-genome size, effective population size and recombination

It has been suggested that effective population size has a major impact on pan-genome
composition (Mclnerney et al., 2017), and recently, it has been reported that large Ne are correlated
with large accessory genomes (Andreani et al., 2017) which would be reflected into open pan-genome.
However, in our dataset, we found for Clade I, 11 and V, large Ne with closed pan-genome and high
recombination rates r/m within their clades, ranging from 2.44 to 7.94. This could suggest that these
clades are both highly successful in their environments explaining the higher Ne and are they tend to
prefer either water or sediment. In this case, the upper recombination rates within lineage keep the
cohesion of the lineage, since it is limited to its close relatives, but by increases effective population
sizes it also, increases the genetic diversity and hence, the opportunity of adaptation to arise.

In contrast, clade 1V has smaller effective population size, is a closed pan-genome and has high
recombination rates. We propose that for this particular clade we could be observing a demographic
effect, where this highly specialized lineage could be involved in an ongoing process of population
expansion after the perturbation of 2011.

Finally, the most abundant clade is also the most puzzling of our study. On the one hand, the
generalist clade 11 has lower recombination rates in their genes, but interestingly is the only lineage
that exhibits an open pan-genome. Besides, we also observed that this lineage is composed of several
sub-clades (A to J), which are differentiated from each other, but not enough as to be considered
different clades. All of the sub-clades have small Ne, which suggest that these sub-clades are in the
process of specialization. Therefore, our results indicate that large Ne are not always correlated with
open pan-genomes. We could explain this sub-clades by two hypothesis, one these sub-clades are the
result of a recent adaptive radiation process. Alternatively, this pattern is the result of subsampling,

where clade 11 is probably a representation of a much larger diversity. To discriminate between both
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hypothesis further sampling of Vibrio in the watershed is needed; however, this can prove to be
difficult due to the general desiccation of CCB wetland due to groundwater overexploitation for
agriculture (Souza et al., 2007, Wolaver 2013). The closing of the canals that are exporting the
superficial water 80km away from the basin could help this situation, policies are underway to make

this happens.

Genetic drift, natural selection and effective population size

Effective population size is a proxy to evaluate if natural selection or genetic drift are the primary
drivers of evolution within populations. On the one hand, large effective population sizes indicate
that natural selection could be driving the evolution of populations, while small effective population
sizes suggest that populations are subjected to stochastic processes known as genetic drift. Our results
suggest that Vibrionaceae within CCB have small effective population sizes if they are compared to
the Ne of bacteria such as S. enterica (Sung et al., 2012) and E. coli (Foster et al., 2012). In the case
of these bacteria, both have a broad distribution in all the planet and successful living strategies such
as pathogenic strains of vertebrates (Souza et al., 1999, Hidalgo-Vila et al., 2007, Ahmed &
Shimamoto, 2014). Also, these cosmopolitan bacteria have been reported to have high horizontal
gene transfer rates (Gogarten et al., 2002, Wiedenbeck & Cohan, 2011, Messerer et al., 2017). In
contrast, bacteria from CCB have been isolated from the oceans since the Oligocene (Moreno-Letelier
et al., 2012) and foreign DNA is used as food instead of as genetic information (Tapia-Torres et al.,
2015). These differences in lifestyle could be the explanation to this small Ne. Moreover, if we
compare these population sizes with those reported to some eukaryotes, will be considered to be in
the same range or higher for some clades. Therefore, what is happening within CCB Vibrionaceae,
genetic drift or natural selection? Even though CCB Vibrionaceae have small Ne when compared to
other bacteria, some clades have Ne values greater than those for eukaryotes, even all clade 1l sub-
clades present values comparable to multicellular eukaryotes such as H. sapiens and A. thaliana.

Given these results, it is possible that evolution of these populations is been driven by natural selection.

In CCB we have hypothesized that nutrient scarcity has played a significant role in the evolution
of bacteria by promoting low recombination rates and local adaptation (Souza et al., 2008; Souza et
al., 2012). Despite this reduced recombination rates, we found that 2% of the pan-genome have

signals of positive selection, which suggests adaptation within Vibrionaceae. Among the functions

62



within the genes under positive selection in the studied genome of Vibrionaceae in CCB, we detected
genes related to carbohydrates metabolism, transport polypeptides, intercellular signaling and AMP-
dependent enzymes related to quorum sensing and central metabolism. We believe that divergence
among Vibrionaceae clades can be related to these functions. In accordance with our data, it has been
proposed that pan-genomes in prokaryotes are maintained by natural selection and not by genetic
drift, given that we do not observe large genomes as in eukaryotes (Mclnerney et al. 2017). Our
results show that 75.3% of the genes with signals of selection are within the flexible genome, which
supports the idea that for Vibrionaceae within CCB, the pan-genome is also maintained by natural

selection.

Our data shows that even if recombination is lower compared to what has been reported,
Vibrionaceae from CCB posses wide variation at genetic diversity levels between core and flexible
genes, which suggest that evolution on this lineages do not occur as genome-wide sweeps mode, but

more like other Vibrio in the oceans (Shapiro et al., 2012)

From ecology and species diversity to pan-genomes.

Members of Vibrionaceae family are always present in the aquatic systems in CCB, but usually
at low abundance (Souza et al., 2006; Escalante et al., 2008; Bonilla-Rosso et al., 2012; Peimbert et
al., 2012). We observed an increase C:N:P ratio in relation to the pre-hurricane sampling in the
studied (Pozas Rojas) (Bonilla-Rosso et al., 2012; Peimbert et al., 2012), reducing the natural
stoichiometry imbalance. We consider that the increase of nutrients provoked a shift in the community
structure that increased the local abundance of Vibrio and Photobacterium, allowing us to cultivate
these clades, while the competitive advantage of other previous abundant bacterial groups, such as
Pseudomonas, that was previously very common (Peimbert et al., 2012) was drastically reduced.
Recently the effect on nutrients in microbial communities within CCB has been assessed through an
enrichment experiment (Lee et al., 2017), observing that Vibrio at water column were abundant when
nutrient stoichiometry remain un-enriched, while in sediments, Vibrio became abundant when
nutrient stoichiometry were similar to what has been observed in marine environments N:P equal to
16:1. The present study supports the idea that in general communities are susceptible to stoichiometric

variation.

63



Conclusion

Pan-genomes reflect, at least in part, the lifestyle of the organism. While open pan-genomes
suggest that a bacterial clade can live in a broad range of habitats, close pan-genomes are usually
associated with a highly specialized lifestyle. Recombination may or not favor open pan-genomes,
depending on the rates at which a new allele is included and the time it takes to spread on the
population, which is related to its selection coefficient. On the other hand, large effective population
sizes can be found associated to closed pan-genomes, apparently as the result of demographic process.
At CCB, despite the lower recombination rate detected compared with the values reported for related
marine Vibrio, selection apparently acts as the main evolutionary force shaping pan-genomes. In our
study we have shown that even in bacterial populations with smaller effective population sizes, we
are able to find strong signals of natural selection, discarding genetic drift as the main evolutionary

force of our lineages.
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4.1 Articulo 2. (Publicado). Comparative genomics of free-living Gammaproteobacteria:
pathogenesis-related genes or interaction-related genes?.

En este capitulo vamos se exploran dos cosas en relacion a los linajes de Vibrionaceae del valle
de Cuatro Ciénegas: i) su relacion con otros linajes de Vibrionaceae fuera del valle, esto a través del

estudio de los genes asociados a la patogenesis y ii) el impacto de la THG.

Como se mencion6 anteriormente muchos miembros de la familia Vibrionaceae son patogenos,
principalmente de animales, por otro lado, el valle de Cuatro Ciénegas es altamente diverso y sus
comunidades diferentes a las encontradas en cuerpos acuaticos contientales (Souza el al., 2006;
Bonilla-Rosso et al; 2012). Por lo que una pregunta que se desprende de estos hechos es si los linajes

de Vibrionaceae son patdgenos también y si lo son cuales son las implicaciones de estos hechos.

En el siguiente apartado se presenta un analisis de genomica comparada donde se busca entender

cudl es el papel de los genes asociados a la patogénesis en los genomas de los linajes del valle de

Cuatro Ciénegas.
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One sentence summary: Pathogenicity-related genes were found in a non-human-impacted ecosystem, which leads to the idea that these genes are not
necessarily involved in pathogenesis, but in interactions within microbial communities.
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ABSTRACT

Bacteria have numerous strategies to interact with themselves and with their environment, but genes associated with
these interactions are usually cataloged as pathogenic. To understand the role that these genes have not only in
pathogenesis but also in bacterial interactions, we compared the genomes of eight bacteria from human-impacted
environments with those of free-living bacteria from the Cuatro Ciénegas Basin (CCB), a relatively pristine oligotrophic site.
Fifty-one genomes from CCB bacteria, including Pseudomonas, Vibrio, Photobacterium and Aeromonas, were analyzed. We
found that the CCB strains had several virulence-related genes, 15 of which were common to all strains and were related to
flagella and chemotaxis. We also identified the presence of Type III and VI secretion systems, which leads us to propose that
these systems play an important role in interactions among bacterial communities beyond pathogenesis. None of the CCB
strains had pathogenicity islands, despite having genes associated with antibiotics. Integrons were rare, while CRISPR
elements were common. The idea that pathogenicity-related genes in many cases form part of a wider strategy used by
bacteria to interact with other organisms could help us to understand the role of pathogenicity-related elements in an
ecological and evolutionary framework leading toward a more inclusive One Health concept.

Keywords: comparative genomics; evolution; Gammaproteobacteria; one health; pathogenesis; secretion systems

INTRODUCTION cross-feeding, while others involve secretion of molecules into
the environment, as in the quorum-sensing response (Diggle
et al. 2007). Nevertheless, other mechanisms of interaction re-
quire direct contact between cells. Many of these strategies are
commonly considered as virulence elements, and their presence
is used to predict the bacterial potential for infection (Métoth
and Alizon 2014).

Interactions among microbes are key elements in the mainte-
nance of healthy ecosystems, given that microbes have fun-
damental roles in nutrient cycling (Makino and Cotner 2005;
Adams Krumins et al. 2009). There are several ways in which
these interactions occur, some of which might be related to
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An interesting perspective on how to understand these com-
plex interactions in an ecological context has been gained by
using model systems of bacteria such as Escherichia coli. In this
case, the pathogenic strains have different ecologies, ranging
from generalist and opportunistic strains to very specific forms
that cause disease, such as the uropathogenic strains that are
adapted to the particular conditions of the urogenital system
(Johnson 1991). We started to work on E. coli as a model to un-
derstand the evolution and ecology of wild (non-human) popu-
lations more than 20 years ago. We started by obtaining a collec-
tion of isolates different from E. coli of reference (ECOR; Ochman
and Selander 1984) since the idea was to look at isolates from
wild animals from different lineages and sites, in particular from
Mexico. We observed a vast diversity among wild strains com-
pared with human-related isolates, and we also found that plas-
mids and antibiotic resistance were more abundant in those
environments impacted by humans than in the wild. However,
even strains from whales in Antarctica were resistant to several
antibiotics (Souza et al. 1999). We also explored the evolution of
independent virulence factors by looking at the components of
the locus of enterocyte effacement (LEE) in our wild E. coli col-
lection from a range of animals (Sandners et al. 2001) and even
in human-related isolates (Castillo, Eguiarte and Souza 2005).
In particular, we analyzed the evolution of type 1 fimbria. This
system consists of an adhesion protein that allows E. coli to at-
tach to its host (Peek et al. 2001). Evidence for recombination was
found, allowing natural selection to fine-tune the outer part of
the proteins in response to the immune system, while the inter-
nal modules were much conserved. In summary, antibiotic resis-
tance and attachment proteins are present in non-pathogenic E.
coli strains; nevertheless, these genes are commonly associated
with pathogenicity.

We are particularly interested in the virulence elements that
are involved in a microbe’s interactions. It is possible to describe
two types of interactions, positive (such as mutualism) and neg-
ative (competence or predation), and while some interactions
require a direct contact between cells, others do not (Epstein
2003). The secretion systems are mechanisms that do require
contact among cells. In particular, Gram-negative bacteria pos-
sess six types of secretion systems (types I to VI), while other
bacterial groups have similar systems (Horn et al. 2004). Among
the functions described for the secretion system is a syringe-
like structure that is able to ‘inject’ biomolecules as complex as
DNA or as simple as a transduction signal through the cell en-
velope from one bacterial cell to another. Hence, these secretion
systems have a panoply of functions that go from conjugation to
killing the host cell (Koster, Bitter and Tommassen 2000; Kapitein
and Mogk 2013; Costa et al. 2015). The Type III secretion system
(T3SS) is considered of particular interest given that it medi-
ates interactions between bacteria and eukaryotic cells and is
essential for the establishment of infection for many pathogens,
such as Pseudomonas syringe and P. aeruginosa (Hauser 2009; Gazi
et al. 2012). However, T3SS is also essential for symbiotic mutu-
alism, as is the case for some rhizobia (Viprey et al. 1998; Marie,
Broughton and Deakin 2001; Marie et al. 2003; Yang et al. 2010;
Okazaki et al. 2013; Tampakaki 2014). The Type VI secretion sys-
tem (T6SS), as well as T3SS, seems to be widespread in nature, in
particular among Gram-negative bacteria such as the Proteobac-
teria. However, T6SS has been proposed to have evolved for con-
tact between prokaryotic cells (Bingle, Bailey and Pallen 2008).

Among the mechanisms employed by bacteria in a social
context that do not require contact between cells we can men-
tion antibiotics (Czaran et al. 2002; Parret and De Mot 2002; Riley

and Wertz 2002). The traditional clinical view has linked antibi-
otic production and resistance with virulence. Nevertheless, an-
tibiotics also play an important role within communities, and
are found in bacteria from natural sources (Riley and Gordon,
1999; Fajardo et al. 2008). In a microbial community context, an-
tibiotics can either inhibit growth or kill competitors. It has been
shown that resistant microorganisms tend to be more abun-
dant in human-impacted environments, which has been inter-
preted as the result of a human-mediated dispersal of these re-
sistance genes and resistant bacteria (Cristobal-Azkarate et al.
2014). This dispersion is commonly associated with mobile ge-
netic elements such as genomic islands, integrons and bacterio-
phages (Dobrindt et al. 2004; Hazen et al. 2010).

Integrons are gene-capturing elements that can host a wide
range of ‘cassettes’ that promote the spread of antibiotic resis-
tance genes or virulence factors (Cury et al. 2016). Such strategies
have been described in several genera of Gammaproteobacteria
such as E. coli (Salyers and Amabile-Cuevas 1997; Diaz-Mejia et al.
2008; Manyahi et al. 2017). In E. coli we observed that class 1 inte-
grons were much more abundant in human-associated strains
that in those from wild animals, suggesting a cost in expressing
resistance to several antibiotics. This cost pays off when the se-
lective pressure is high and regulation is tight. Probably this is
the case for the origin and evolution of a cassette-like structure
in human-associated strains. These genes are scattered along
the chromosome in E. coli from wild animals (Diaz-Mejia et al.
2008).

However, the role of mobile elements, as well as of antibiotic
synthesis and secretion systems, is complex; for example, not
all genomic islands are pathogenicity islands, and most plas-
mids are not related to pathogenesis (Dobrindt et al. 2004). In
some bacteria, such as Vibrio, integrons and the genes associ-
ated with them are usually relevant for their virulence (Mazel
et al. 1998). However, it is also possible that they play a differ-
ent role in non-pathogenic strains. On the other hand, phages
are considered as one of the most efficient mechanisms of hor-
izontal gene transfer (HGT; Jiang and Paul 1998; Canchaya et al.
2003; Weinbauer and Rassouldzadegan 2004; Moon et al. 2016).
Nevertheless, the great diversity of phages that has been de-
scribed in environments such as the ocean suggests that they
might play also a relevant role in microbial communities as
seed-banks for adaptive genes, which can potentially be ac-
quired by any member of the community (Fancello et al. 2011,
Modi et al. 2013; Subirats et al. 2016). Tightly associated to phages
are the clustered regularly interspersed short palindromic re-
peats (CRISPR) loci. CRISPRs are non-contiguous direct repeats
separated by small sequences called spacers and have been pro-
posed to confer immunity against foreign genetic elements such
as phages (Bland et al. 2007). For historical reasons, modern med-
ical training has considered human health mostly as unlinked
to ecosystems. Nevertheless, this idea has been changing since
the One Health concept started to become more entrenched
in public health policies when veterinary researchers, public
health specialists and medical doctors began to talk to one
other (http://www.onehealthinitiative.com). Recently we have
witnessed a rise in microbiome studies that show that microbes
are an essential element of our biology and health. Such micro-
biome studies have been an ‘eye opener’ in this aspect (Human
Microbiome Project Consortium 2012; Bik 2016). We believe that
to understand diseases and how to treat them, it is important
to consider that bacteria and viruses form part of complex com-
munities and that the elements related to virulence should be
placed in this context.
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Figure 1. Geographic location of the Cuatro Ciénegas Basin, Mexico. Small map shows regional localization of the basin. Two water systems were analyzed: (a) Churince

and (b) Los Hundidos.

As a result of this new philosophy, we believe that it is im-
portant to evaluate all these pathogenic elements in an ecolog-
ical context, so we can better understand their significance in
a natural context. Therefore, we analyzed the frequency of oc-
currence of genes associated to the different mechanisms of in-
teraction in strains from the Cuatro Ciénegas Basin (CCB), a hy-
drological system with little or no human activity, and in conse-
quence with few or no human pathogens. CCB is a relatively pris-
tine site where interactions among bacteria seem to be very im-
portant in structuring the communities (Souza et al. 2006, 2012b;
Peimbert et al. 2012; Pérez-Gutiérrez et al. 2013; Ponce-Soto et al.
2015; Rodriguez-Torres et al. 2017).

Moreover, CCB is an oasis system in the desert in the north-
east of Mexico, a veritable microbiological ‘lost world’, and a very
diverse site with many relict microorganisms (Moreno-Letelier
et al. 2011; Souza et al. 2012b). As a result of its extreme olig-
otrophy (P less than 0.5 uM; Elser et al. 2005), neither algae
nor human-related bacterial strains survive (Souza et al. 2006,
2012b). Escherichia coli, Salmonella and their phages have been
very uncommon during 17 years of microbial sampling in CCB
for ecological, genomic and metagenomic studies (Desnues et al.
2008; Bonilla-Rosso et al. 2012). Paradoxically, CCB is one of the
most biodiverse places in the world for microorganisms, due not
only to the abundance of microbial mats and stromatolites but
also to the high endemicity of its microbiota, as many lineages
are very different from their relatives elsewhere (Alcaraz et al.
2008; Desnues et al. 2008; Escalante et al. 2008). This endemic-
ity and diversity is enhanced by a high differentiation between
sites within CCB, even on a scale of meters (Lopez-Lozano et al.
2012, 2013; Espinosa-Asuar et al. 2015; Pajares et al. 2016; Lee et al.
2017). This differentiation is caused by a strong cohesion of each
local community due to metabolic complementarity (Rodriguez-
Torres et al. 2017), along with its large and diverse panoply of
antibiotics and toxins. These metabolites inhibit effective mi-
gration of newcomers (Pérez-Gutierrez et al. 2013; Aguirre-von-
Wobeser et al. 2014), as DNA of foreigners is a welcome source of
P for these bacterial communities (Tapia-Torres et al. 2016). CCB
is also unique in its macrobiota, in particular of endemic species
of reptiles, snails, mollusks and fish (Hershler 1984; Minckley
1984; Carson et al. 2012; Velez et al. 2016).

In order to gain an understanding of the evolution and
ecology of pathogenicity in well-known ubiquitous bacteria,

we compared genomic elements commonly associated with
pathogenicity in lineages of Gammaproteobacteria, namely
Pseudomonas, Vibrio, Photobacterium and Aeromonas, from CCB
with their close relatives isolated from human-impacted en-
vironments. These genera have been cultivated consistently
in CCB in recent years (Rodriguez-Verdugo et al. 2012; Ponce-
Soto et al. 2015). Likewise, some members of these genera have
been characterized as pathogens of humans, animals and plants
(Rainey and Bailey 1996; Austin 2010; Grosso-Becerra et al. 2014;
Scully et al. 2016). Therefore, comparative genomic analysis us-
ing strains from CCB gives us an excellent opportunity to record
and rethink the different roles of genes typically associated with
pathogenicity in environmental strains.

METHODS
Data collection

Fifty-nine genomes in total were used for this analysis. Eight ref-
erence genomes were from four studied genera, Pseudomonas,
Aeromonas, Vibrio and Photobacterium (Supplementary Table S1).
Fifty-one genomes were obtained from isolates from two differ-
entaquatic systems within CCB, Churince and Pozas Rojas in Los
Hundidos system (Fig. 1). Four Pseudomonas and three Aeromonas
strains were isolated from the Churince aquatic system during
2011. We also analyzed P. cuatrocienegensis strain 21C1, an en-
demic species of CCB isolated in 2001 from the Churince system
(Escalante et al. 2009). Thirty-nine Vibrio, three Photobacterum and
one Aeromonas isolates were obtained from nine ponds in Pozas
Rojas within the Los Hundidos system of CCB (Fig. 1) during 2013.

All the samples were collected from water and sediment us-
ing sterile BD Falcon vials (BD Biosciences, San Jose, CA, USA).
The strains were obtained by plating 100 ul of each water sam-
ple or 100 .l of a 1:10 sediment dilution, prepared with 0.9% NaCl
solution. Strains were isolated from water and sediment using
Pseudomonas isolation agar (PIA) and thiosulfate citrate bile su-
crose (TCBS) agar. Strains were incubated on agar plates at room
temperature for 2 days, and then were kept at 4°C until isolation
in the laboratory. Each isolate was subjected to two rounds of
colony purification and then grown in liquid Luria-Bertani (LB)
medium. Cryotubes were stored with an aliquot of each strain
for future reference and cultivation.
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DNA extraction and sequencing

DNA was extracted overnight in liquid LB medium from each
strain using the DNeasy Blood and Tissue Kit (Qiagen, Hilden,
Germany). DNA quality and concentration were determined us-
ing a NanoDrop Lite spectrophotometer (Thermo Scientific). Pu-
rified DNA of Pseudomonas and Aeromonas strains was sent to
the J. Craig Venter Institute (JCVI) for library preparation and se-
quencing. The estimated coverage of these strains ranged from
21- to 63-fold. Vibrio and Photobacterium strains were sequenced
at Cinvestav-LANGEBIO, Mexico with an expected coverage of
10x per genome. All sequencing was performed with Illumina
MiSeq 2 x 250 technology, with insert libraries of 650 bps.

The quality of raw reads was analyzed using FASTQC
software (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/). A minimum quality value of 25 was set, and low
quality sequences were removed with fastq_quality_filter
from the FASTX-Toolkit (http://hannonlab.cshl.edu/
fastx_toolkit/index.html). After removing low quality se-
quences, adapter sequences were identified and removed using
TagCleaner (Schmieder et al. 2010). Genome assembly was
performed de novo with Newbler version 2.9 (Roche/454 Life
Sciences). For the scaffolding process SSPACE (Boetzer et al.
2011) was used, gaps were closed using GapFiller (Nadalin, Vezzi
and Policriti 2012) and final error correction was performed with
iCORN (Sanger Institute). DeconSeq (Schmieder and Edwards
2011) was used to identify and remove contaminant sequences
in the assembled genomes. Final assemblies were annotated
with PROKKA software (Seeman 2014) and the Pfam database
(Finn et al. 2014) using default parameters.

Virulence genes and core virulence phylogeny

To determine which of the so called virulence factors were
present in the 59 bacterial genomes (including reference and
CCB strains), we performed a BLASTp (Altschul et al. 1990) anal-
ysis against a curated database, the Virulence Factors Database
(VFDB; Chen et al. 2005; Chet et al. 2016). We considered as
valid hits the ones that exhibited 70% coverage and 70% iden-
tity against the query. With the selected genes, we conducted a
core analysis with the GET_-HOMOLOGUES package (Contreras-
Moreira and Vinuesa 2013), in order to establish a core of viru-
lence genes between all strains, and determine which were clade
or strain specific.

In order to analyze whether the core virulence genes fol-
lowed different evolutionary paths compared with the rest of
the genes, a maximum likelihood phylogenetic reconstruction
was performed with PhyML version 3.0 (Guindon et al. 2010) with
the LG amino acids substitution model. Statistical support was
determined with 1000 bootstrap replicates. Additionally, a 16S
rRNA phylogenetic reconstruction of all the analyzed bacteria
including reference and CCB strains was performed with PhyML
version 3.0 with the HKY+I+G substitution model and 1000 boot-
strap replicates.

Identification and phylogenetic reconstruction
of Type III and VI secretion system genes

Genes related to secretion systems were extracted from a
BLASTYp (Altschul et al. 1990) search performed against the VFDB
(Chen et al. 2005; Chet et al. 2016). Coding sequences for the
nine T3SS core proteins previously described (Gazi et al. 2012;
Tampakaki 2014) were retrieved from the analyzed genomes.
Sequences for additional reference strains were manually re-

trieved from the UniProt Database (UniProt Consortium 2017). A
protein alignment was performed with MUSCLE (Edgar 2004) for
each of the nine sequences and phylogenetic analyses were per-
formed with FastTree (Price, Dehal and Arkin 2010) using default
parameters.

Identification of antibiotic resistance genes

In order to identify the presence of antibiotic resistance genes
in all strains, a BLASTp search was performed against the Com-
prehensive Antibiotic Resistance Database (CARD; Jia et al. 2017).
We considered valid hits the ones that presented 70% coverage
and 70% similitude against the query.

Identification of mobile elements

A prediction of both genomic islands and pathogenicity islands
for all the CCB and reference genomes was performed with the
IslandViewer 3 server (Dhillon et al. 2015). As requested for Is-
landViewer predictions, the following available genomes were
selected as reference: Aeromonas veronii B565 for the Aeromonas
clade; P. aeruginosa PAO1 for the P. aeruginosa clade; P. fluorescens
SBW25 for the P. fluorescens clade; Vibrio anguillarum 775 for Vib-
rio clade II to V and Vibrio parahaemolyticus BB220P for Vibrio
clade VI; and Photobacterium profundum SS9 for the Photobacterium
clade. In the case of Vibrio and Photobacterium strains, predictions
were done in duplicate, one for each chromosome.

We identified the presence of the three integron classes
(complete integrons, CALIN and In0) in all genomes using the
program IntegronFinder (Cury et al. 2016). The prediction of
prophage sequences was done with PHASTER (Arndt et al. 2016).
CRISPR regions were predicted through the CRISRP recognition
tool (Bland et al. 2007). A database containing each spacer iden-
tified within the CRISPR regions was created. A BLASTn search
for each spacer was performed against the created database in
order to identify repeated spacers. Parameters for the programs
and homemade scripts used have been deposited in GitHub
(https://github.com/actevol/Comparative_genomics_of_virulence
_factors).

RESULTS
General genomic features of CCB strains

16S rRNA analysis showed that the Vibrio formed different sub-
clades (II-VI), related to reference strains V. anguillarum 775,
V. parahaemolyticus BB220P, V. alginolyticus NBRC 15630 and V.
metschnikovii CIP 69.14 (Fig. 2a). For Pseudomonas we defined two
clades, the P. aeruginosa clade and the P. fluorescens clade. In the
case of Aeromonas and Photobacterium we only had one clade for
each genus. This clustering was reflected in the genomic size,
which for Vibrio ranged from 3.2 to 5 Mb and for Pseudomonas
from 5.3 to 7.4 Mb, while a very narrow range was observed
for Photobacterium, from 4.54 to 4.57 Mb and for Aeromonas 4.5
to 4.7 Mb (Supplementary Table S1). When compared with the
GC content of references strains, most of the Vibrio and Photo-
bacterium clades were observed to be similar to the reference
strains. For Pseudomonas clades, we found that the endemic P.
cuatrocieneguensis 21C1 from the P. aeruginosa clade had 61% GC
content, which was lower than the rest of the clade, including
the reference strain (66.3-66.6%). Within Aeromonas our strain
A35_P exhibited a higher GC content (61.9%) than the rest of the
group including the reference strain, which had an average of
58.3-58.7% (Supplementary Table S1).
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Virulence factor survey

We analyzed the presence of virulence factor genes in the 51
strains from CCB and the eight reference genomes, some of
them pathogens, such as P. aeruginosa PAO1 and V. alguinolyticus
NBRC 15630, and others from human-impacted environments,
such as A. veronii B565 and P. fluorescens SBW25 (Supplementary
Table S1).

We found from 62 to 164 genes encoding virulence factors in
each strain of free-living CCB bacterium, while reference strains
ranged from 52 to 305 (Supplementary Table S2). We further
studied the presence of toxins, which may be related directly
to infections. We found that the genes ctx from V. cholerae and
trh and tdh from V. parahaemolyticus were not present in the CCB
strains, and neither were the exoSTUY toxin genes from P. aerugi-
nosa, while the toxin-coding gene aexT was present in Aeromonas
strains ANP5, ANNP30 and DNP9, and the toxin RTX gene was
present in Vibrio clade II reference strains V. anguillarum and
Aeromonas A35_P. Nevertheless, it is possible that CCB strains
possess other toxins that are not present in databases and for
that reason were not identified.

Evolution of virulence factor genes

To understand the degree of conservation of the virulence fac-
tors among Gammaproteobacteria, we described a ‘virulence
core’ set thatincluded all virulence genes present in all analyzed
strains. Fifteen genes were found to belong to this virulence
core. These genes were mostly related to flagella and chemotaxis
(Table 1).

When comparing the phylogenetic reconstruction of the 16S
rRNA with the virulence core phylogeny (Fig. 2b), we obtained
the same clades, with some exceptions within the Vibrio clades.
In the virulence core phylogeny, the V36_P2S2PM302 strain be-
longing to Vibrio clade V seems to be ancestral to Vibrio furnisii
and V. parahaemolyticus, which group within strains of clade IV,
while V28_P6534P95 splits completely from group IV to be ances-
tral to group III and V. metschnikovii.

Table 1. Virulence factor core genes.

Gene Function Category
flhA Flagellar biosynthesis protein Motility
flgB Flagellar basal body rod protein FlgB Motility
fliQ Flagellar biosynthesis protein Motility

fliR Flagellar biosynthesis protein Motility
htpB Hsp60, 60K heat shock protein HtpB Heat shock
cheW-2 Chemotaxis protein CheW Chemotaxis
flgl Flagellar P-ring protein precursor Motility

fliG Flagellar motor protein Motility
cheB Chemotaxis-specific methylesterase Chemotaxis
flhG Flagellar synthesis regulator FleN Motility
fliN Polar flagellar switch protein FLiN Motility
flgF Flagellar basal-body rod protein FIgF Motility
cheR Chemotaxis protein methyltransferase CheR Chemotaxis
fliE Flagellar hook-basal body protein Motility
fleR/flrC  Sigma-54-dependent response regulator Motility

To identify which genes were influenced by HGT events, in-
dividual phylogenies for each core gene were performed. This
analysis showed that gene flhA had a second copy. Some mem-
bers of the Aeromonas clade, as well as all strains from Photobac-
terium and Vibrio clades IV, V and VI and the reference strain of
V. parahemolyticus had this second copy of the gene related to
flagella formation (Supplementary Figure S1). The second copy
of this gene may represent a duplication event or an acquisition
by HGT among different lineages.

Secretion systems, a cell-cell communication
framework

To understand the importance of these complex bio-machines
in the bacteria inhabiting CCB, we looked for the described
core elements that composed T3SS (Gazi et al. 2012; Tam-
pakaki, 2014) in CCB strains. We found between 23 and 37 genes
related to this secretion system, which included regulators,
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structural and effector genes. For example, many Vibrio from
clade VI had genes with homology to T3SS1 from V. para-
haemolyticus, as well as Aeromonas strains ANNP30 and ANP5.
Both genera possess homologues to ExsA and PscC, a master reg-
ulator and a key protein in the formation of the injectisome,
respectively (Hauser 2009). The presence of these two genes
indicates that T3SS may be functional in CCB strains. Interest-
ingly, Aeromonas strain DNP9 possesses only four proteins of the
T3SS, but they are homologous to the T3SS2 of V. parahaemolyti-
cus and Sinorhizobium fredii NGR234, as is the case for strains
V08_P9A1T1 and V09_P4A23P171 of clade II (Suplementary Table
S3). Although T3SS is widely distributed among environmental
and pathogenic Pseudomonas strains, we found from one to four
genes related to T3SS among genomes of Pseudomonas from CCB
strains, which suggests that this system is incomplete and may
not be functional in these environmental strains (Supplemen-
tary Table S3).

A phylogenetic analysis of the core elements of T3SS showed
that these components have evolved in seven different groups
(Gazi et al. 2012; Tampakaki 2014). To test whether CCB strains
conform to a separate group, we performed a phylogenetic anal-
ysis using core genes of T3SS (Fig. 3). We found that Vibrio
clade VI, Aeromonas strains ANNP30 and ANP5 cluster within
the Ysc-T3SS family, which has been reported to confer resis-
tance to phagocytosis and trigger macrophage apoptosis (Gazi
et al. 2012). On the other hand, Aeromonas strain DNP9 and Vib-
rio clade II strains VO8_P9A1T1 and V09.P4A23P171 cluster to-
gether with the T3SS2 copy of V. parahaemolyticus among the
Rhizobiales T3SS family, which is dedicated to the intimate en-
dosymbiosis of nitrogen fixation in the roots of leguminous
plants. Genes of T3SS of CCB Pseudomonas form a cluster among
the Hrc-Hrp-T3SS family, which is present in plant pathogenic
bacteria of the genera Pseudomonas, Erwinia, Ralstonia and
Xanthomonas.

We also searched for components related to the type VI se-
cretion system (T6SS). As expected, we found that this system
was present in many of the CCB strains (Fig. 4). Based on anno-
tation, 12-22 genes were found to be associated to T6SS, among
Vibrio clade II strains, the P. fluorescens clade, strain ENNP23 of
the P. aeruginosa clade and most Aeromonas except A35_P, which
only possesses four related proteins. This could suggest that in
this particular environment, the interactions occurring among
bacteria are more important than those with eukaryotes (Sup-
plementary Table S4).

Antibiotic resistance

To estimate the potential of CCB strains for antibiotic resis-
tance, we performed a search against an antibiotic resistance
gene-curated database. This analysis showed different strate-
gies among the analyzed genera (Fig. 4; Supplementary Table S5).
Pseudomonas, in general, displayed a great abundance of mul-
tidrug efflux systems in both CCB and reference strains; nev-
ertheless, genes for resistance to g-lactam were only identi-
fied in the reference strain P. aeruginosa PAO1. In contrast, CCB
Aeromonas strains had a wide range of antibiotic resistances, in-
cluding B-lactamases, multidrug efflux systems, and resistance
to bacitracin, tetracycline and streptogramins. Vibrio and Photo-
bacterium lacked resistance genes for g-lactams, except for two
isolates closely related to V. parahaemolyticus from CCB. However,
in all of them, we observed the tet34 gene, which confers resis-
tance to oxytetracycline, as well as tetracycline, chlorampheni-
col and the multidrug efflux system.

Mobile elements, genomic and pathogenicity islands

We analyzed the presence of genomic islands (GIs) and
pathogenicity islands (PAIs) in our sample collection. The num-
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ber of predicted GIs ranged from 2 to 86 (Fig. 4). Interestingly,
only in the reference strains were there found both PAIs and
Gls (Fig. 4 and Supplementary Table S6). Genes that were rep-
resented in GlIs of CCB strains were mostly hypothetical; nev-
ertheless, we did find transposon-related genes, integrases and
some genes of phage components. In the case of Photobacterium
we found the genes csgBACEFG, involved in secretion of the ex-
tracellular matrix of biofilm. Also within this clade we found the
genes zraS and zraR, which are related to the response to zinc
and lead stress.

We searched for insertion sites as integrons in CCB and ref-
erence strains. CCB Vibrio strains contain the three types of pre-
viously defined integron elements: complete integrons, CALIN
and In0 (Cury et al. 2016). Nevertheless, only 25.6% of these iso-
lates possessed complete integrons, and attC sites were an order
of magnitude lower in CCB Vibrio than in the reference strains.
In the case of Pseudomonas, Aeromonas and Photobacterium, we ob-
served strains containing only CALIN-type integrons, i.e. they do
not contain integrases (Fig. 4; Supplementary Table S6).

Phages and CRISPRs

We analyzed lysogenic phages in our strains as these repre-
sent one of the most efficient mechanisms of HGT (Jiang and
Paul 1998; Weinbauer and Rassouldzadegan 2004; Moon et al.
2016). The presence of prophages was variable among the ana-
lyzed strains. No complete prophages were found in either CCB
Aeromonas or Vibrio clade IV strains. In contrast, the P. fluorescens
clade, Vibrio clade III and Vibrio clade V strains harbored at least
one complete prophage. It is of particular interest that these
‘dormant’ viruses were present in most of the reference strains,
except V. anguillarum and V. metschnikovii, in which only incom-
plete prophages were found. The number of prophages identi-
fied in the reference strains varied from one to three in Vibrio,
two for Pseudomonas and three in the case of Aeromonas (Fig. 4;
Supplementary Table S6).

Prediction analysis using the CRISPR recognition tool (Bland
et al. 2007) identified these elements in almost all analyzed
clades from the CCB, varying from one to six CRISPR regions
(Fig. 4; Supplementary Table S6). All the strains from the Vib-
rio clades III and IV and the P. fluorescens clade harbored CRISPR
regions. In contrast, Vibrio clades V and VI did not exhibit any
of these regions. Aeromonas, Photobacterium and Vibrio clade II
showed a variable presence of these elements. Except for the
reference strain V. metschnikovii CIP 69.14, none of the refer-
ence strains had CRISPR sequences. Each strain of the Pseu-
domonas, Aeromonas and Photobacterium clades harbored unique
sequence spacers, except for two spacers shared within the P. flu-
orescens clade. In the case of Vibrio, we found that most spacers
were shared between strains within each clade. This observation
could suggest that each clade has a unique history regarding its
phage protection system.

DISCUSSION

Probably since the early communities in the Achaean, bacteria
have evolved a wide range of genetic strategies to interact with
each other and with their environment (Bingle, Bailey and Pallen
2008; Schwarz et al. 2010; Riley and Wertz 2002; Morris et al. 2013).
Since these ancestral genes are present in all lineages, includ-
ing pathogens, there has been a historical confusion in the de-
scription of their role. This was due to our human-centric view
of microbes and to most of the knowledge we have on gene
function coming from the study of pathogenic strains associ-

ated with humans or plants of human interest. Therefore our
work of comparative genomic analysis seeks to gain insight into
the distribution of the so-called virulence/pathogenesis genes
among genomes from pathogenic strains, human-impacted
strains and strains from the extremely oligotrophic oasis of
CCB.

First, we identified virulence factors in genomes from strains
from CCB and from reference strains. We found a broad range
of virulence factors in CCB strains from different genera an-
alyzed in this study. The conservation of these genes in free-
living bacteria of a relatively pristine environment suggests that
they are not inherently related to pathogenicity, but they are
part of the adaptations of free-living microbes. For instance,
many virulence core genes are related to flagella formation and
chemotaxis, features that allow bacteria to move towards at-
tractants and away from repellents. In CCB these genes could
affect the microbial community dynamics, as these commu-
nities are in part assembled based on a metabolic codepen-
dence (Rodriguez-Torres et al. 2017), as well as by active chem-
ical warfare in the search for resources by destroying cheaters
and foreigners (Pérez-Gutierrez et al. 2013; Aguirre-von-Wobeser
et al. 2014; Ponce-Soto et al. 2015; Velez et al. 2016). The abil-
ity to sense the environment and move to optimal condi-
tions may therefore increase bacterial fitness in the harsh CCB
environments.

Interestingly, when we compared the 16S rRNA tree against
the virulence core phylogeny, we found a shift in the phyloge-
netic position for three Vibrio strains. These phylogenetic incon-
gruences may suggest early recombination events, which appar-
ently occurred before the diversification of both V. parahaemolyti-
cus and V. furnissii. Individual phylogenies of core genes showed
a second copy of the flagella gene flhA in V. parahaemolyticus (Sup-
plementary figure S1). This could represent either an HGT event
or more likely a duplication that occurred before the divergence
of these groups given the grouping of the sequences (Supple-
mentary figure S1).

Moreover, this duplicated flagellar gene has a homolog in
the T3SS (Gazi et al. 2012; Tampakaki 2014), making this story
even more complex and in need of further exploration. As pre-
viously stated, secretion systems are involved in the transport
of biomolecules through the cell envelope. Several studies have
shown that these secretion systems have evolved by horizon-
tal gene transfer events (Makino et al. 2003; Okada et al. 2010).
However, when we analyzed the T3SS core elements (Fig. 3), we
found that the seven evolutionary lineages of this system are
conserved and that CCB strains do not constitute a separate
group. Another probable horizontal gene transfer event is pro-
posed among Vibrio clade II and T3SS2 of V. parahaemolyticus as
well as with Aeromonas strain DNP9. This is particularly inter-
esting since recombination events seem to be rare and ancient
in CCB bacteria (Avitia et al. 2014). All the other recorded HGT
events, such as the acquisition of a rhodopsin gene and the abil-
ity to produce sulpholipids in Bacillus coahuilensis (Alcaraz et al.
2008), and the movement of genes for phosphorus mobilizations
in bacilli (Moreno-Letelier et al. 2011), are ancestral, adaptive and
very well trimmed. In contrast with Aeromonas and Vibrio, we did
not find most of the T3SS elements in Pseudomonas associated to
CCB even though we detected some components. This may sug-
gest that purifying selection has eroded the Type III secretion
system in most of the local strains (Fig. 4), or that there are un-
described homologs, since eukaryotes are not only present but
diverse and abundant as in the case of fungi (Velez et al. 2016).

Even though the Type VI secretion system is abundant in
nature and has been proposed to mediate interactions among



bacteria, we did not find this system complete in most of our
isolates from CCB (Fig. 4), suggesting that with the isolation of
this ecosystem for a very long time, the bacteria have evolved
the parallel T6SS whose homologies with those previously de-
scribed are not clear. Further research should be done with more
genomes as well as metagenomes for putative members of this
secretion system.

For example, we found several resistance genes in CCB iso-
lates and most of them involved the pump efflux system al-
though these genes did not always match the phenotype. For
the strains Pseudomonas 1D4, ENNP23, AP19 and AP42, and
Aeromonas ANP5, ANNP30 and DNP9, antibiotic resistance assays
were performed (Ponce-Soto et al. 2015). The genomic analysis
of genes associated with antibiotic production and resistance,
in particular g-lactams, aminoglycosides and tetracycline an-
tibiotics, were not always congruent with the resistance phe-
notypes, as some strains that were sensitive to a given antibi-
otic carry the resistance genes. It is possible that these genes
were not expressed under the growth conditions used for the
assays, or more likely, that they are induced only under antag-
onistic conditions. We hypothesize that this variability in sur-
vival strategies (and possible associated trade-off costs) leads to
an evolutionary dynamic based on competence and costs. This
type of interaction may also happen in human-impacted envi-
ronments, as is the case of A. veronii B565, which possess resis-
tance genes to several antibiotics and was isolate from the sed-
iment of an aquaculture pond (Li et al. 2011).

When we analyzed the presence of virulence factors among
the CCB strains, we found that these strains had individual
genes associated with virulence, such as toxin and antibiotic
production and resistance, but in none of the strains were these
different virulence genes contiguous (i.e. in tandem) in a cas-
sette configuration such as an integron or a pathogenicity is-
land. Our findings for CCB strains supports our previous ideas
that pathogenic strains restructure their genome in order to be
more efficient in expressing virulence genes together, in a cas-
sette as is the case of the LEE locus in E. coli (McDaniel et al. 1995;
Castillo, Eguiarte and Souza 2005).

Since several virulence factors and antibiotic resistance de-
terminants are shared among bacteria, we looked for common
markers of HGT/foreign DNA insertion. In contrast with what
has been found in the reference strains, few isolates from the
CCB contained mobile elements besides CRISPR sequences and
a few Vibrio integrons. Recently, it has been proposed that a neg-
ative correlation exists between the presence of CRISPR regions,
their spacers and the presence of horizontal transfer elements
such as insertion sequences (Garcia-Gutiérrez et al. 2015; She-
ludchenko et al. 2015). It seems that CRISPR spacers act as bar-
riers against mobile elements, by recognizing them as foreign
elements. Our study corroborates the negative correlation be-
tween the presence of CRISPR sequences and mobile elements
such as phages and integrons; in approximately 69% of the ana-
lyzed strains in which CRISPRs were present neither phages nor
integrons were observed (Fig. 4; Supplementary Table S6). Our
findings support the idea that the costs for extra DNA replica-
tion could be a counter-selection force against foreign DNA in-
corporation in this oligotrophic environment (Souza et al. 2008).

One Health and the ecology of pathogenicity

Bacteria have been evolving for almost 4 billion years and have
survived because they have evolved many genetic systems that
allow them to adjust to their changing environments including
the changing microbial neighborhood. Genes for mobility, sens-
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ing and transport systems have been cataloged as pathogenesis
and virulence related for historical reasons since they were first
discovered in pathogenic strains. However, our study shows that
they simply have a role in community structure either by signal-
ing membership or by repelling non-members of the microbial
market.

When referring to environmental bacteria, in this case
strains isolated from CCB, we cannot specifically make a dis-
tinction between environmental and pathogenic behavior since
bacterial coexistence entails both cooperation and competi-
tion. In these nutrient-limited communities, bacteria seem to
have evolved to recognize ‘members’ from ‘non-members’, since
membership would be essential for cost-effective ecological co-
operation (Werner et al. 2014). In a place as diverse in bacteria
as CCB, this membership appears to be particularly important,
since each member of the community has a role in nutrient cy-
cling and in the survival of the community (Peimbert et al. 2012).
We have even formed the hypothesis that when food is scarce,
HGT is rare and migration area is small (Souza et al. 2012a),
keeping the membership local and strict. The lessons of CCB
are clear and relevant: when anthropogenic influxes of nutrients
or contaminants perturb an ecosystem, the resulting microbial
communities are more likely to acquire genes by HGT to adapt
faster to new environments. In CCB this has been experimen-
tally shown as nutrient input changes the ecological dynamics
of bacterial communities (Lee et al. 2017); the effect is similar
to what happens when sewer-contaminated water goes through
the food chain to our gut. This has also been demonstrated by
the impressive and fast evolution of bacterial resistance to an-
tibiotics in several anthropogenic environments, in particular in
hospitals (Modi et al. 2013; Feugeas et al. 2016; Stalder and Top
2016). Additionally, recent studies have shown that the acquisi-
tion of integrons and resistance genes by microbiota of wild an-
imals is associated with this contamination (Power, Emery and
Gillings 2013; Cristobal-Azkarate et al. 2014), generating a con-
cern regarding the propagation of antibiotic resistances in the
environment, increasing the risk of cross infections among ani-
mals and humans in their transition zones.

The One Health concept aims to integrate concepts from
disciplines such as medicine, veterinary science and ecology,
among others, helping to eliminate the artificial barriers created
in the modern treatment of diseases, barriers to which microbes
are obviously indifferent. In this regard, our work contributes to
the understanding that the genes considered as pathogenic are
survival tools for bacteria in the environment. This work also
shows how disturbances in the environment will be reflected
in our health, directly by being exposed to contaminants, but
also more subtly by being exposed to a microbiome that has a
higher probability of acquiring virulence genes in cassettes such
as pathogenicity islands.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSPD online.
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El concepto de especie.

Como plantea Vos (2011), el concepto de especie debe reflejar procesos evolutivos.
Actualmente, no existe una forma practica que permita delimitar especies con sentido evolutivo, los
esfuerzos que se han hecho para entender la diversidad microbiana estan basados en métodos que
pueden llegar a ser considerados arbitrarios pero practicos (Achman & Wagner, 2008; Sogin et al.,
2006). La propuesta del concepto adaptativo de especie es atractiva pues busca explicar la diversidad
microbiana basada en evidencias de divergencia explicadas por la seleccion. En nuestro andlisis
observamos dos cosas principales respecto al uso de este concepto. La primera es meramente
conceptual, a pesar de que existen evidencias de adaptacion y divergencia asociada a la estructuracion
ambiental (Cadillo-Quiroz et al., 2012; Shapiro et al., 2012), consideramos que antes de aplicarlo de
manera recurrente se deberian de analizar un mayor nimero de grupos bacterianos, por ejemplo y
aprovechando la secuenciacion de tipo single-cell o metagendmica con alta cobertura (Bendall et al.,
2016), intentar probar este concepto con los miembros de la biosfera rara (Sogin et al., 2006), quienes
probablemente tienen tamafios efectivos bajos y quiz& entonces la deriva genética explique la
divergencia de los grupos. En dado caso, la aplicacion de este concepto, sin tomar en cuenta este tipo
de organismos u otros como los simbiontes o patogenos estrictos, nos llevaria a una mala
interpretacion de la diversidad y a un concepto no incluyente. En segundo, en este trabajo observamos
que el concepto adaptativo falla en dividir grupos que han divergido recientemente. Sin embargo,
estos grupos que han divergido recientemente podrian ser considerados ecotipos.

Los andlisis de recombinacion que se hicieron con los aislados de Vibrionaceae de Cuatro Ciénegas
y las cepas de referencia, mostraron que la mayor parte de los eventos de recombinacion se dan entre
ambos grupos y estos a su vez se consideran antiguos, ya que ocurren en las ramas internas de la
filogenia. Sin embargo, los clados que observamos dentro de Cuatro Ciénegas estan altamente
diferenciados. Esto nos sugiere que a pesar del aislamiento, existe una sefial evolutiva que marca
estos grupos y a pesar de que se diferencian, no llega la diferenciacion a ser tal que se puedan

considerar especies distintas.

Hasta el momento sigue sin existir un concepto de especie que sea incluyente con la diversidad de
organismos que existen, sin embargo, nuestros analisis muestran que hay especies bacterianas que
son muy antiguas y que comparten una historia de recombinacion, sin embargo estos linajes pueden
formar ecotipos, como seria el caso de los linajes de Vibrionaceae dentro de Cuatro Ciénegas. Estos

ecotipos pueden unirse en un grupo cohesivo y seguir formando parte del complejo que es la especie
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(Cui et al., 2015) o pueden seguir el proceso de divergencia hasta convertirse en unidades evolutivas

independientes.
De la diversidad de especies a la diversidad de genes.

Los estudios de diversidad microbiana donde se observa estructuracion asociada al ambiente
o al espacio geografico han inspirado trabajos de genomica de poblaciones, buscando las bases
geneticas de la diversificacion (Cadillo-Quiroz et al., 2012; Shapiro et al., 2012). En Cuatro Ciénegas
se ha estudiado la diversidad microbiana tanto a nivel de comunidades (Escalante et al., 2008;
Espinosa-Asuar et al., 2015; Pajares et al., 2016) como poblacional (Rebollar et al., 2012; Avitia et
al., 2014). En el caso de los estudios poblacionales, no se encontro estructura poblacional asociada al
ambiente o al espacio geografico en bacterias del genero Bacillus, sin embargo, si se encontrd un
patron de estructura en el género Exigobacterum, el cual estd asociado al ambiente de donde se
obtuvieron los aislados, agua o sedimento. Siguiendo estos antecedentes, buscamos si existian
patrones de estructuracion en los aislados de la familia Vibrionaceae y encontramos que los linajes

de este grupo se estructuran igual que los Exigobacterum, segun el ambiente, agua o sedimento.

Utilizando la informacion genémica, hicimos un andlisis de recombinacion para determinar si existia
un patréon de recombinacién asociado al ambiente. Por un lado esperabamos que todos los aislados
que fueran de agua recombinaran entre ellos con mayor frecuencia que con los aislados de los
sedimentos, lo que de manera gréafica se veria representado en dos grupos diferenciados. Sin embargo
lo que encontramos es que el patrén de recombinacidén nos muestra grupos asociados a los clados, es
decir seis grupos que recombinan frecuentemente dentro de cada uno. Lo que sugiere que estos clados

son antiguos y no existe un patron de recombinacién que este dado por el ambiente.

Descartando el ambiente, empezamos a analizar la variacion genética, desde el punto de vista del
contenido genético, y observamos que existe una alta variabilidad de genes a nivel de familia, pero
baja dentro de cada clado, lo que nos sugiere especializacion dentro de cada grupo. Esta variabilidad
a nivel de genes es la descripcion del pan-genoma donde siguiendo la propuesta de Tettelin y
colaboradores (2008) llegamos a clasificar el pan-genoma de la familia Vibrionaceae como abierto,

lo que indica que hay una gran diversidad genética dentro del grupo.

Ahora {Como podemaos explicar este patron de diversidad genética a nivel de familia y el hermetismo
a nivel de clado? Para tratar de entender el comportamiento del pan-genoma se midio la tasa de
recombinacion a través del parametro de r/m (Vos & Didelot, 2009) y el tamafio efectivo de las
poblaciones utilizando métodos ABC (Excoffier & Foll, 2011; Excoffier et al., 2013). La literatura
sugiere que los tamarios efectivos grandes estan correlacionados con una mayor cantidad de genes
accesorios (Andreani et al., 2017). Nosotros encontramos que 3 de nuestros clados tienen tamafios
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efectivos grandes, pero pan-genomas cerrados. A su vez, contrastamos nuestros resultados con el
patron de recombinacién. El intercambio genético puede a su vez afectar el tamafio del pan-genoma
aumentandolo cuando se trata de eventos de transferencia horizontal o bien homogenizando la
poblacidn, llevando a un patrén de pan-genoma cerrado. La mayoria de nuestros clados tienen valores
de recombinacién que se pueden considerar medios si se compara con, por ejemplo, con Pelagibacter
ubique que tiene un valor de 63.1 0 Vibrio parahaemolyticus que tiene un valor de 39.8 en los océanos (\Vos
& Didelot, 2009). En Cuatro Ciénegas se ha propuesto que la tasa de recombinacion es baja, debido
a la existencia de una presion de seleccion en contra de la adquisicion de material genético, pues
implica un gasto energético y en un lugar con pocos recursos como Cuatro Ciénegas, se evitaria. Bajo
este escenario seria necesario considerar la tasa de adquisicion de genes nuevos, que seria baja en el
modelo de Cuatro Ciénegas Yy la tasa de fijacién que seria dependiente de la tasa de recombinacion
para esparcir el alelo y el coeficiente de seleccion del mismo. Por lo que los pan-genomas cerrados

en Cuatro Ciénegas pueden ser el resultado de escasos eventos de recombinacion.

Los procariontes tienen una gran diversidad genética sin embargo, la forma en la que las fuerzas
evolutivas explican este patron aun no es clara. Hasta ahora parece que la seleccién promueve la
diversidad de contenido genético por medio de la THG. Nosotros proponemos que las tasas de

recombinacion regulan el tamafio del pan-genoma.
Patogenos en Cuatro Ciénegas

Los miembros de la familia Vibrionaceae tienen un amplio rango de distribucion y estilos de
vida, muchos de ellos son patdgenos de humanos u otros organismos acuaticos (Farmer et al., 1986;
Wachsmuth et al., 1994). Dadas estas caracteristicas y debido a que los clados 2 y 6 estan relacionados
con grupos de Vibrio patdgenos decidimos buscar los elementos que se asocian a la patogénesis en
los aislados de Cuatro Ciénegas. Nuestro sitio de estudio se caracteriza por poseer bajos niveles de
nutrientes, y una alta diversidad de microorganismos con una alta afinidad con microorganismos
marinos (Souza et al., 2012), los modelos indican que las pozas de Cuatro Ciénegas son
reminiscencias del mar antiguo (Moreno-Letelier et al., 2012). Por lo que, partimos de la idea de que
los elementos asociados a la patogénesis no debian de estar presentes en organismos que han estado
aislados, sin embargo, encontramos que muchos de estos elementos si estan presentes, lo que nos hizo

replantearnos el papel de estos elementos en la biologia del organismo.

Los elementos que encontramos mas representados en los genomas de Cuatro Cienegas fueron los
sistemas de secesion, proteinas asociadas a la formacion del flagelo y a la quimiotaxis. Los sistemas
de secrecién son estructuras que le permiten a los patdgenos transferir toxinas de una célula a otra,

en algunos casos transmiten ADN como es el caso de los sistemas de secrecion tipo IV (Koster et al.,
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2000; Kapitein and Mogk, 2013; Costa et al., 2015). Nuestros datos muestran que los genes que
conforman estos sistemas de secrecion han pasado por diversos eventos de recombinacion y
probablemente de duplicaciones, que no solo forman parte de la familia Vibrionaceae si no que se
comparten con otras Gammaproteobacteria. Por lo que se trata de familias génicas que son muy
antiguas y que han venido evolucionando dentro de este grupo. La propuesta es que su funcion
principal va mas alla de la patogénesis, que son vias de contacto entre células que les permiten
intercambiar no solo toxinas si no también sefiales u otros metabolitos que les permiten a los

organismos coexistir dentro de una comunidad.

Por otro lado, se hizo la busqueda de eleméntenos moviles como las islas de patogenicidad,
integrones, resistencias a antibiéticos, fagos y CRISPRs. En los genomas de Cuatro Ciénegas no
encontramos islas de patogenicidad aunque si encontramos islas genomicas, por lo que,
probablemente las cepas patdgenas han pasado por re-arreglos gendmicos que les han permitido
mantener 10s genes que se emplean durante la infeccion juntos, quizé para regular con mayor facilidad
su expresion. A su vez, encontramos una relacion inversa en cuanto a la proporcion de fagos y
CRISPRs en los genomas de Cuatro Ciénegas, esto sugiere que las secuencias CRISPRs podrian estar

funcionando como un sistema inmune que evita las infecciones por fagos.

Por lo que nuestros resultados sugieren que los mecanismos normalmente asociados a la patogénesis,
pueden ser antiguos y tener un papel ecoldgico importante como puede ser comunicacion o defensa.
Este estudio abre la puerta a nuevos caminos de como entender estos elementos genéticos fuera del
contexto clinico y que puede ser de gran utilidad para interpretar resultados provenientes del

diagnéstico molecular.

Finalmente y de manera general, podemos concluir que la familia Vibrionaceae dentro de Cuatro
Ciénegas lleva una historia paralela respecto a los miembros de la familia que habitan en los océanos
0 en ambientes impactados por el hombre. A pesar de esto, encontramos linajes que se encuentran en
un proceso incipiente de diferenciacion, por lo cual no pueden ser consideradas especies distintas,
aungue en otros casos, esta divergencia es tal que podemos proponer que existen linajes endémicos.
Este aislamiento en conjunto con las bajas tasas de eventos de THG ha impactado el pan-genoma de
estos linajes. Como se reportd en este trabajo y en congruencia con trabajos previos, las comunidades
en Cuatro Ciénegas son muy diversas; la gran diversidad y especializacién que encontramos en la

familia Vibrionacea puede estar ligada a esta especiacion a través de la adaptacion dentro de las pozas.
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Apéndice 1. Métodos utilizados en el analisis del concepto adaptativo de especie en
Vibrionnaceae

Seleccion de cepas.

Un subgrupo de aislados de Vibrio sp. Fueron obtenidos de la base de datos del NCBI (Tabla 1).
Para cada una de las especies analizadas se seleccionaron un total de cinco genomas, esto con el
objetivo de tener una muestra representativa y del mismo tamafio para cada una de los grupos.

Alineamiento.

Las secuencias obtenidas se alinearon con el programa Mugsy (Angiuoli & Salzberg, 2011). El
alineamiento obtenido para cada una de las combinaciones de los grupos fue convertido a formato
fasta mediante el script MAFtoFASTA de la paqueteria Galaxy (Giardine et al., 2005).

Inferencia de MKT.

El analisis de inferencia de MKT se llevé a cabo utilizando la libreria PopGenome del paquete
estadistico R. El tamafio de las ventanas se eligié con base en el tamafio de un gen promedio 1000
pbs con saltos de 500 pbs ya que permiten una region de empalme.
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