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1. RESUMEN

El microbioma de raiz de las plantas influye en el establecimiento y desarrollo de éstas. Este trabajo
de tesis se enfoca en las interacciones planta-microorganismo y su papel en la distribucion del pasto
africano buffel (Pennisetum ciliare) y el género bacteriano Solirubrobacter, dos organismos
abundantes en escalas geogréaficas amplias. El pasto buffel es una planta invasora introducida
alrededor del mundo. Uno de los métodos a los que recurre para desplazar plantas nativas es la
alelopatia: secrecion de compuestos que afectan el crecimiento de otras plantas. A pesar de su
amplia distribucion, no se ha explorado su microbioma de raiz ni el efecto que los compuestos
alelopaticos ejercen sobre éste. De manera analoga, Solirubroabacter es una Actinobacteriota
abundante y ubicua en suelos y rizésferas mexicanos. Sin embargo, hasta la fecha existen sélo siete

genomas y aislados y no se habia realizado una descripcion a nivel genético de este género.

El microbioma del pasto buffel se evalué bajo diferentes tratamientos y tiempos y se identificaron taxa
bacterianos asociados a su raiz mediante analisis del gen 16S rRNA. Obtuvimos un total de 2,164
Amplicon Sequence Variants (ASV) e identificamos 30 géneros conformando el microbioma nucleo,
algunos de los cuales podrian producir compuestos antimicrobianos, promotores de crecimiento de
plantas y contribuir a la expansién exitosa del buffel en varios entornos. A pesar de que se
identificaron géneros significativamente mas abundantes en presencia de compuestos alelopaticos,
fue el desarrollo del buffel el factor que mas influydé en la estructuracion del microbioma de raiz. De
acuerdo con esto, detectamos ocho géneros significativamente mas abundantes en los distintos
tiempos evaluados (Nodosilinea_PCC-7104, Oceanibaculum, Pedobacter, Flavitalea, Ohtackwangia,
1S-44, Phytohabitans y Saccharothrix).

Por otro lado, se construyé un pangenoma de los siete genomas de Solirubrobacter conformado por
19,645 familias de proteinas, 2,644 de las cuales conforman el genoma nucleo. Solirubrobacter tiene
un amplio metabolismo para usar carbohidratos y tolerar estrés ambiental y, a pesar de estar
reportado como un género no matil, se identificaron proteinas y familias génicas relacionados con
biosintesis de flagelo. Realizando reclutamientos en metagenomas ambientales se evalud la
diversidad y prevalencia de Solirubrobacter, resultando estar asociada a diversos suelos mexicanos,
pero ausente en otros seleccionados en una escala continental. En cambio, este género es ubicuo en
rizésferas, independientemente de la especie o ubicacién geografica. De los metagenomas se
obtuvieron 9,906 proteinas potencialmente nuevas para Solirubrobacter, incrementando asi la
descripcion funcional y revelando diferencias en contenido génico de acuerdo a cada muestra
ambiental. Mediante analisis del gen 16S rRNA de distintos suelos y rizdsferas mexicanos obtuvimos

3,166 OTUs de Solirubrobacter y una red de co-ocurrencia que mostré la alta conectividad del género



con el resto de la comunidad. Esto demuestra que la diversidad de Solirubrobactery el rol que juega
en las comunidades microbianas ha sido escasamente estudiado y amerita desarrollarse en

investigaciones futuras.

Conocer la diversidad y estructura de microbiomas de raiz de plantas invasoras, asi como el material
genético de los microorganismos puede proporcionar pistas sobre los ambientes en los que se
distribuyen y prosperan, por lo que estudiar estas interacciones ecolégicas puede mejorar nuestra

comprension de los procesos microbianos en el suelo y en el crecimiento de las plantas.



2. ABSTRACT

The root microbiome influences the establishment and growth of its plant host. This work focuses on
plant-microorganism interactions and their role in distributing the African buffelgrass (Pennisetum
ciliare) and the bacterium Solirubrobacter, two abundant and widely distributed organisms. Buffelgrass
is an invasive plant introduced throughout the globe that uses allelopathy to displace native plants.
Allelopathy is the secretion of compounds that hinder the growth of a recipient plant. Despite its
distribution and impact on ecosystems, its root microbiome has not been thoroughly described, as well
as the effects of the allelochemicals on its own microbiome. Similarly, Solirubrobacter is an abundant
Actinobacteriota found in Mexican soils and rhizospheres from geographically distant locations. Only
seven genomes are available in databases and up until now, its genetic content had not been

described.

Using 16S rRNA sequences we evaluated the buffelgrass’ root microbiome under different times and
allelopathic treatments. A total of 2,164 Amplicon Sequence Variants (ASV) were obtained, and we
identified 30 genera comprising the core microbiome. Among the core, several genera with the
reported capacity to synthesize antimicrobials, vitamins, and plant-growth-promoting compounds are
suitable candidates for contributing to buffelgrass’ expansion capacity. Even though we identified a set
of genera significantly more abundant depending on the allelopathic treatment, buffelgrass’
development was the most influencing factor on microbiome composition. Accordingly, we detected a
total of eight genera significantly more abundant in the evaluated times (Nodosilinea PCC-7104,

Oceanibaculum, Pedobacter, Flavitalea, Ohtaekwangia, 1S-44, Phytohabitans y Saccharothrix).

On the other hand, a pangenome was constructed using the seven available Solirubrobacter
genomes. Of the total 19,645 protein families, 2,644 comprised the core genome. Solirubrobacter
showed a wide capacity to metabolize carbohydrates and tolerate environmental stress. Interestingly,
proteins involved with flagellar biosynthesis were detected, although being reported as a non-motile
genus. Metagenomic recruitment allowed us to explore diversity and prevalence in soils and
rhizospheres, resulting in prevalence in Mexican soils but absence in other evaluated soils from a
continental scale. In contrast, Solirubrobacter appeared ubiquitous in rhizospheres, regardless of plant
species or geographic origin. From Mexican soils and rhizosphere metagenomes, 9,906 potential new
proteins for Solirubrobacter were recruited, allowing us to expand the description of the genus while
revealing genetic differences according to each environmental metagenome. Moreover, from Mexican
soils and rhizosphere samples, we obtained a total of 3,166 OTUs assigned as Solirubrobacter. We
used them to construct a co-occurring network where Solirubrobacter highly connected with the

microbial community. The amount of OTUs reveals that Solirubrobacter's diversity has yet to be



tackled, while its high connectivity highlights that the role Solirubrobacter plays in microbial
communities should be further addressed.

Learning about root microbiome diversity and structure from invasive plants and the genetic content of
microorganisms contained in root microbiomes may shed light on the environments where these
organisms can thrive. Hence, studying ecological interactions between plants and microorganisms

would improve our understanding of soil microbial processes and plant growth.



3. INTRODUCCION

3.1. Las plantas y los microorganismos del suelo interactiuan entre si

El término microbioma hace alusién a un habitat que incluye microorganismos (bacterias, hongos,
arqueas, virus y protistas), sus genomas y las condiciones ambientales circundantes (Marchesi y
Ravel, 2015). Los microbiomas pueden estar asociados a un hospedero, es decir, un organismo que
alberga a otros mediante distintas interacciones. Las plantas hospedan comunidades de
microorganismos en sus distintos tejidos y es precisamente el tejido al que se asocian el que
determina el nombre de microbioma. De esta manera podemos tener microbiomas filosféricos,
aquellos asociados con la superficie de la parte aérea de la planta, microbiomas endosféricos, las
comunidades de microorganismos que habitan la parte interna de los tejidos, y microbiomas
rizosféricos, aquellos que se asocian a la raiz por su parte externa (Dastogeer et al., 2020). La
estructura y caracteristicas de cada microbioma asociado a plantas varian como respuesta a un gran
numero de factores (Fitzpatrick et al., 2020), algunos de los cuales son comunes entre ellos, como la
disponibilidad de nutrientes o el genotipo de la planta, mientras que otros impactan Unicamente a
algunos microbiomas; por ejemplo, los microbiomas filosféricos deben estar estructurados de tal

manera que puedan prevalecer en un ambiente sujeto a corrientes de aire (Dastogeer et al., 2020).

En un contexto biolégico, un organismo exitoso es aquel capaz de sobrevivir, reproducirse y
adaptarse al ambiente en el que se desarrolla. Esto depende en gran medida de las caracteristicas
intrinsecas de cada organismo, es decir, las caracteristicas y propiedades inherentes al organismo y
que no son facilmente alteradas por factores externos, tales como su fisiologia o formas de
reproduccion, y que le permiten desenvolverse en un ambiente determinado. No obstante, las
interacciones con otros organismos también son parte fundamental para el desarrollo de un
organismo, asi como de la estructuracion de ecosistemas y procesos ecologicos (Nemergut et al.,
2013). Las interacciones dentro de la misma comunidad con microorganismos menos representados
también contribuyen a los patrones de estructuracién general. Por ejemplo, se ha reportado que la
presencia de bacteriéfagos especificos regula la abundancia de grupos bacterianos y algunos
nematodos son conocidos por depredar bacterias (Thakur y Geisen, 2019; Naureen at al., 2020). A
pesar de que bajo ciertos contextos también se desarrollan interacciones negativas, la asociacion
hospedero-microbioma suele basarse en interacciones bioldgicas benéficas o neutrales (Braga et al.,
2016; Miller et al., 2018). Este tipo de interacciones contribuyen a que las plantas puedan

desarrollarse y obtener del medio de los elementos necesarios para su crecimiento.
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Explorar la diversidad microbiana de suelos y raices para estudiar microorganismos capaces de
interactuar con las raices de las plantas es uno de los enfoques necesarios para explicar parcialmente
el establecimiento y desarrollo de plantas hospederas (Klock et al., 2015; Fonseca et al., 2018). El
estudio de estas comunidades se ha abordado a través tanto de métodos tradicionales de cultivo
como de métodos independientes de cultivo, entre los que se encuentran la secuenciacion de genes
marcadores como el 16S rRNA, secuenciacion de metagenomas totales y secuenciaciéon de genomas

completos, entre otros (Loman and Pallen, 2015; Knight et al., 2018; Donachie et al., 2021).

3.2. Pennisetum ciliare: un pasto alelopatico

El pasto buffel, Pennisetum ciliare, es un pasto invasor originario del este de Africa que se ha
introducido para pastoreo en el sur de Estados Unidos, México, varias regiones de latinoamérica y en
Australia (Marshall et al., 2012). Entre las ventajas competitivas que tiene este pasto se encuentran la
viabilidad de sus semillas hasta por ocho meses, sistema radicular de mas de 2 m de profundidad,
contenido nutricional apropiado para ganado y resistencia a sequia (Hussain et al., 1982; Marshall et
al., 2012; Lyons et al., 2013). Sin embargo, desde su introduccién se ha extendido hasta cubrir un
12% del territorio mexicano y un 53% de la superficie del estado de Sonora (Arriaga et al., 2004). En
el desierto de Sonora se han reportado disminuciones de hasta 53-73% de especies nativas, de las
familias Fabaceae y Cactaceae, que han sido sustituidas por pastizales de buffel (Tinoco-Ojanguren
et al., 2013). Uno de los mecanismos que utiliza esta planta para invadir es la alelopatia: sintesis y
secrecion de compuestos aleloquimicos (metabolitos secundarios) que influyen en el crecimiento de
una planta receptora, independientemente de la disponibilidad de nutrientes (Saul-Tcherkas et al.,
2013; Schandry y Becker, 2020). Los aleloquimicos del pasto buffel no estan caracterizados en su
totalidad pero se han identificado compuestos fendlicos, entre los que se encuentran los acidos

p-OH-benzoico, p-cumarico, caféico, vanilico, ferulico, siringico y gentisico (Hussain et al., 2011).

A pesar de la dispersion del pasto buffel y del desplazamiento de plantas nativas, la estructura y
diversidad taxondmica de su microbioma no han sido exploradas. El microbioma de raiz de una planta
juega un papel importante en el establecimiento y desarrollo de ésta, por lo que el perfil de exudados
tan particulares de una planta invasora podria reclutar microorganismos con contenidos génicos
especificos que contribuyan a la expansidn de la misma (Klock et al., 2015; Jousset et al., 2008;
Weston y Mathesius, 2014).
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3.3. Microbioma rizosférico: estructuracion y funciones

El proceso de reclutamiento inicia con la rizodeposicion: secrecion de compuestos organicos al suelo
a través de la raiz. Estos compuestos suelen ser ricos en carbohidratos tales como celulosa, pectina,
xilano y manosa, pero también contienen flavonoides, aminoacidos y acidos organicos (Bulgarelli et
al., 2013). Estos rizodepdsitos actian como sefal para que los microorganismos se aproximen a la
raiz mediante quimiotaxis: los exudados de raiz de la planta fungen como moléculas sefal para los
quimioreceptores de los microorganismos, los cuales desencadenan una respuesta de motilidad a
través de falgelos o pilis (Knights et al., 2021). Una vez en la rizésfera, los microorganismos son
capaces de adherirse y colonizar la raiz a través de proteinas como las adhesinas y las invasinas
(Bishop y Rachwal, 2014), asi como por la formacién de biopelicula o biofilms a través del sistema de

percepcion de quorum o quorum sensing (Levy et al., 2018).

Se ha propuesto que el establecimiento de comunidades microbianas asociadas a las raices esta
regida por el llamado modelo de dos pasos (Bulgarelli et al., 2013). Este modelo propone que los
exudados de raiz atraen a microorganismos especificos a la zona de rizosfera (regién del suelo
inmediata a la raiz), llevando a cabo un primer filtrado de los microorganismos del suelo. En el
segundo paso del modelo, las caracteristicas de la pared celular de las plantas y del genotipo del
hospedero seleccionan una porcién de los microorganismos de la rizésfera que pasan a formar parte
del microbioma de la endésfera, definida como la parte interna de la raiz de la planta (Lundberg et al.,
2012; Bulgarelli et al., 2013). Estos microbiomas estan sujetos a variaciones de la planta y a factores
edaficos y derivados que determinan la composicion de las comunidades microbianas alrededor y
dentro de las raices de la planta (Tkacz et al., 2015; Bulgarelli et al., 2013; Lundberg et al., 2012)
(Figura 1).
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Figura 1. Factores que influyen en la estructuracion del microbioma de raiz. Dentro del gradiente ambiental
existen regiones o localidades que presentan comunidades microbianas particulares, con algunos miembros
que pueden establecer interacciones con plantas. Factores abidticos como la aridez, pH y disponibilidad de
nutrientes, crean gradientes ambientales que determinan la diversidad microbiana del suelo. Modificado de
Fitzpatrick et al., 2020.

Cualquier microorganismo que se asocia a la planta hospedero puede ser benéfico, dafiino o neutro
para la planta y el rol que desempefnan puede variar de acuerdo a fluctuaciones ambientales o a la
expresion de genes, tanto del hospedero como de otros miembros de la comunidad (Levy et al.,
2018). Como ya se menciono, los microorganismos contribuyen al desarrollo de la planta de diversas
formas. Las fitohormonas son compuestos que influyen en el crecimiento de la planta y, entre las mas
relevantes, se encuentran las auxinas, citoquininas, giberelinas, acido abscisico y etileno (Bulgarelli et
al., 2013, Sabki et al., 2021). Cada uno de estos compuestos estimula el crecimiento de manera
distinta. Por ejemplo, las auxinas, entre las que se incluye al &cido indol-acético, se han relacionado
con el elongamiento de raiz (Park et al., 2021), mientras que las giberelinas activan genes
involucrados con la floracion (Salazar-Cerezo et al., 2018). Otra contribucién que las bacterias le
ofrecen a la planta es la proteccién ante patégenos mediante la sintesis y secrecién de compuestos
antimicrobianos, asi como la capacidad de metabolizar compuestos dafinos (Levy et al., 2018; Trivedi
et al., 2020), como compuestos aromaticos o metales pesados. Ademas, existen microorganismos

benéficos que contribuyen al desarrollo de la resistencia sistémica inducida que protege las partes de
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la planta no expuestas al ataque de patégenos o herbivoros (Pieterse et al., 2014, Fitzpatrick et al.,
2020).

Por otro lado, los factores abidticos que contribuyen a la composicion de las comunidades
microbianas son varios, pero los que se han identificado ejerciendo un efecto mas notorio son pH,
contenido de nitrdgeno, contenido de carbono organico, temperatura y estado redox (Fierer, 2017). En
muestras geograficamente distantes se ha identificado la formacién de grupos microbianos con
estrategias de vida similares que les permiten desarrollarse en ambientes de caracteristicas
particulares, como ambientes con valores de pH altos (Delgado-Baquerizo et al., 2018). Esto indica
que la composicion de las comunidades microbianas esta influenciada por las caracteristicas del
ambiente al que pertenecen, independientemente de su ubicacion geografica, y que podrian
promover adaptaciones fisiolégicas, asi como diferencias en la diversidad y riqueza de las
comunidades microbianas de acuerdo a su ubicacién geografica y hospedero (Malik et al., 2017,
Fitzpatrick et al., 2020). Sin embargo, existen taxa bacterianos que son abundantes en suelos
distintos y geograficamente distantes (Brewler et al., 2016), probablemente debido al potencial

metabdlico contenido en cada una de estos grupos.

3.4. Existen taxa ubicuos en suelos y rizésferas

Toda descripcion taxonémica de una comunidad microbiana permite una mejor comprension de las
interacciones ecoldgicas dentro de la comunidad y con el hospedero. A pesar de la informacion que
podemos obtener a partir de determinar la diversidad taxondmica microbiana, es importante
contemplar el aspecto funcional. Esto contribuye a la comprension de mecanismos moleculares y de
interaccion, ya que todos estos procesos estan regulados por la expresion de genes como respuesta
a sefales ambientales, las cuales abarcan parametros fisicoquimicos del ambiente, senales
generadas por la misma comunidad microbiana y sefiales producidas por el hospedero (Braga et al.,
2016). Esta informacion esta codificada en los genes contenidos en los genomas que se relacionan
con las caracteristicas del ambiente (Ranjard y Richaume, 2001); cuando un organismo se adapta
genéticamente a un ambiente puede perder caracteristicas que le permitan desarrollarse en otros
contextos (Cooper y Lenski, 2000), por lo que pueden esperarse cambios en el genoma de una
misma especie que habita diversos ecosistemas. Aunado a esto, existen taxa bacterianos
ampliamente dispersos, tanto en términos de caracteristicas ambientales como en términos de
ubicaciéon geografica, cuya diversidad genética se encuentra pobremente estudiada y que se traduce
en una falta de informacién respecto a adaptaciones ambientales y locales. Uno de estos grupos

taxondmicos es Actinobacteriota, un phylum que parece ser ubicuo en suelos, independientemente de
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su ubicacidon geografica y caracteristicas edaficas (Delgado-Baquerizo et al., 2018; Barajas et al.,
2020). Dentro del phylum Actinobacteriota se encuentra el género Solirubrobacter, un microorganismo
que se ha detectado en suelos con distintas caracteristicas fisicoquimicas y asociada a la raiz de
hospederos como pastos y tomates, ademas de estar entre las bacterias mas abundantes en dichas

muestras (Barajas et al., 2020).

3.5. Solirubrobacter: un género bacteriano desapercibido

Solirubrobacter es un género bacteriano perteneciente al phylum Actinobacteriota, clase
Thermoleophilia, orden Solirubrobacterales y familia Solirubrobacteraceae. La primera cepa de este
género fue aislada de lombricomposta en 2003, recibié el nombre de Solirubrobacter pauli (Singleton
et al., 2003) y con ella se describié por primera vez el género: bacilos Gram positivos, aerébicos y
mesofilos que no forman esporas ni estructuras de motilidad y su contenido de G+C es de
aproximadamente 70% (Singleton et al., 2003; Whitman et al., 2015). Solirubrobacter pauli presenté
ademas poca resistencia a la desecacion (Singleton et al., 2003). Actualmente el género contiene a
las especies S. pauli, S, soli, S. ginsenosidimutans, S. phytolaccae y S. taibaiensis aisladas de
lombricomposta, campos de gingseng y raices de Phytolacca acinosa (Singleton et al., 2003; Kim et
al.,, 2007; An et al., 2011; Wei et al., 2014; Zhang et al., 2014). A partir de ese afio el numero de
aislados y genomas disponibles ha incrementado de forma minima, de manera que actualmente hay
disponibles un total de ocho genomas en las bases de datos (Tabla 1). Curiosamente, este género
someramente descrito se encuentra ampliamente distribuido y es de los mas abundantes en distintos
suelos y hospederos. En un estudio previo, donde se buscd determinar el efecto de suelos
geograficamente distantes y taxondmicamente diversos sobre la estructuraciéon del microbioma, se
reporté a Solirubrobacter como la Actinobacteriota mas abundante en todas las muestras (Barajas et
al. 2020). Aunado a esto, varios estudios ambientales han detectado a este género bacteriano
mediante secuenciacion del gen 16S rRNA, especialmente en suelos y rizésferas de diversos
hospederos. Se han reportado correlaciones tanto positivas como negativas con el crecimiento de
distintas plantas, lo que sugiere algun tipo de interaccion entre la planta y Solirubrobacter que se ve
reflejado en el desarrollo de la planta hospedero (Yang et al., 2012; Franke-Whittle et al., 2015;

Hernandez-Alvarez et al., 2022).

Tabla 1. Genomas de referencia de Solirubrobacter disponibles en NCBI. Modificado de Jara-Servin et al., 2023
b. bioRxiv.
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Strain Accession Size (Mb) Completeness Country Environment

S. soli DSM22325 ASM42366v1 9.31 98.71 South Korea Ginseng field
Mediterranean
S. sp URHD0082 ASM42594v1 6.64 99.14 N.d. grassland
S. sp CPCC204708 ASM334462v2 7.59 98.71 China Desert sand
S. pauli ASM363375v1 7.13 98.71 USA Vermicompost
S.
ginsenosidimutans  ASM2758720v1 9.69 99.57 China Ginseng field
Root of
Phytolacca
S. phytolaccae ASM2758719v1 7.73 98.71 China acinosa
Stem of
Phytolacca
S. taibaiensis ASM2758722v1 8.51 98.71 China acinosa
Aquifer samples
ASM999324v1 ASM999324v1 2.02 93.18 USA (geyser)

La premisa “Todo esta en todos lados y el ambiente selecciona” considera que, debido a las
caracteristicas de las comunidades microbianas, éstas son propensas a dispersarse a distintos
ambientes y, una vez que llegan a un nuevo ambiente es dicho ambiente el que filtra y selecciona qué
microorganismos pueden desarrollarse en él (Martiny et al., 2006; Lindstrdm y Langenheder, 2012). El
uso de datos gendmicos de diferentes cepas de la misma especie contribuye a responder preguntas
sobre la fisiologia bacteriana, identificacion de genes esenciales para el metabolismo, procesos de
patogénesis, procesos de adaptacion al ambiente, patrones de dispersion y procesos evolutivos
(Tettelin et al., 2005; Fitzpatrick et al., 2020). La capacidad de éxito de estos microorganismos debe
estar contenida en los distintos genes que conforman sus genomas, definidos hasta cierto punto por
el mismo ambiente (Fondi et al., 2016). Conocer el contenido genético de éstos y su relaciéon con
distintos factores ambientales y con su hospedero es necesario para discernir procesos evolutivos y
sus interacciones tanto con el hospedero como con otros microorganismos de comunidades
bacterianas (Fierer, 2017). Al estar presente en suelos contrastantes y en rizésferas de diversos
hospederos, el contenido génico de Solirubrobacter podria variar de acuerdo al ambiente pero
contener al mismo tiempo un arsenal genético que le permite colonizar suelos y raices

geograficamente distantes.

3.6. Pangenomas como herramienta de genémica comparativa

La gendmica comparativa es una rama de la biologia que consiste en comparar las secuencias del
genoma de distintos organismos. Esta juega un papel crucial en la descripcion y clasificacion de
géneros O especies bacterianas, ya que involucra desarrollar comparaciones de genomas o

secuencias de distintos organismos con el fin de identificar similitudes, diferencias y relaciones
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evolutivas. Ademas, nos permite analizar la relacion entre los genes codificados en el genoma de los

microorganismos Y las caracteristicas del ambiente del que provienen (Ranjard y Richaume, 2001).

Al principio de la era gendmica se pensaba que un genoma era suficiente para representar la
diversidad genética de una especie. Sin embargo, con el paso del tiempo y con el uso de gendmica
comparativa, se hizo evidente que la variacion interespecie es significativa. Por esta razon, el uso de
datos gendémicos de diferentes cepas de la misma especie nos permite responder preguntas sobre la
fisiologia bacteriana, identificacién de genes esenciales para el metabolismo, procesos de
patogénesis, procesos de adaptacion al ambiente y procesos evolutivos (Tettelin et al., 2005;
Fitzpatrick et al., 2020). Una herramienta utilizada para este fin es la construcciéon y analisis de
pangenomas. El pangenoma es la suma de dos componentes: el genoma nucleo, que es el conjunto
total de genes que comparten todas las cepas, y el genoma accesorio, compuesto por los genes que
se encuentran en una o mas cepas, asi como los genes unicos de cada una de ellas. El genoma
nucleo nos permite identificar los genes que deben estar presentes para poder definir por completo a
una especie bacteriana, mientras que el genoma accesorio brinda informacion acerca de funciones
que no son esenciales pero que representan una ventaja selectiva, como adaptacién de nicho o
resistencia a antibidticos (Tettelin et al., 2008). Una de las ventajas de realizar analisis del genoma
nucleo de un grupo particular es que se pueden revelar grupos de genes conservados dentro de un
rango taxondmico, de manera que se puedan encontrar funciones que determinen la cohesién del

grupo o que brinden ciertas caracteristicas fenotipicas.

Las caracteristicas del pangenoma pueden relacionarse con el estilo de vida generalista o
especialista de los microorganismos. De esta manera, especialistas que ocupan un nicho aislado,
como los endosimbiontes, presentaran un pangenoma cerrado o que tenga una capacidad baja para
obtener nuevos genes (Tettelin et al., 2005). Por el contrario, microorganismos que habitan en
ecosistemas abiertos suelen tener pangenomas abiertos que le permitan integrar los genes
necesarios para sobrevivir en un mayor nimero de condiciones ambientales (Bell y Bell, 2020). Sin
embargo, es importante aclarar que los pangenomas abiertos o cerrados no estan estrictamente
asociados a su equivalente ambiental; en ambientes abiertos es posible también encontrar géneros
con pangenoma cerrado, tal y como sucede con especies clonales o capaces de esporular (Rouli et
al., 2014). El término especialista también se ha llegado a relacionar con el microbioma nucleo del
hospedero, bajo la idea de que el microbioma nucleo es resultado de un proceso de especializacion

con respecto al hospedero (Lloyd-Price et al. 2017; Hamonts et al. 2018).

Esta distincion entre organismos generalistas y especialistas se ha empleado con el fin de identificar

aquellos organismos que son sensibles a cambios ambientales (Bell y Bell, 2020). En relacién con
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eso, se ha planteado que los microorganismos generalistas suelen depender mas de mecanismos de
dispersién para colonizar distintas regiones, mientras que los organismos especialistas estan sujetos
a filtrado ambiental, porque tienen requerimientos ambientales que sélo pueden satisfacerse en
ambientes especificos (Pandit et al., 2009). Aun asi, este filtrado ambiental también se ha identificado
en microorganismos clasificados como generalistas, revelando que los procesos de establecimiento y
prevalencia de los organismos son eventos multifactoriales (Bissett et al., 2010; Székely y
Langenheder, 2014; Custer et al., 2022).
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4. PLANTEAMIENTO DEL PROBLEMA

Existen organismos que se encuentran distribuidos en escalas geograficas amplias y que son
capaces de desarrollarse en ambientes de distintas caracteristicas. Las interacciones que estos
organismos establecen contribuyen al éxito tanto en su dispersion como en su prevalencia. Explorar
estas interacciones proporciona informacion acerca de los factores implicados en el éxito de este tipo
de organismos Yy, al mismo tiempo, nos permite analizar la biodiversidad taxondmica y metabdlica de

éstos.

Tanto el microbioma del pasto buffel como la gendmica de Solirubrobacter se encuentran pobremente
estudiados, lo que se traduce en una falta de informacion respecto a su distribucion y adaptaciones.
El estudio de microbiomas de raices y contenido genético de microorganismos nos permite dilucidar
las relaciones que existen entre plantas, microorganismos y ambiente. Bajo este contexto, este
trabajo se enfoca en evaluar el papel que juegan las interacciones planta-microorganismo en dos
organismos geograficamente dispersos: el primero en la planta Pennisetum ciliare, haciendo énfasis
en la estructuracion y diversidad de su microbioma de raiz, y el segundo en el género Solirubrobacter,

enfocandose en un su diversidad genética y distribucion ambiental.
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5. HIPOTESIS

Existiran interacciones planta-microorganismo que desempefien un papel significativo en la
distribucion de plantas y bacterias en escalas geograficas amplias. Estas interacciones podran
abarcar una variedad de mecanismos, desde simbiosis mutualistas hasta dinamicas de adaptacion, y
su estudio podria contribuir a comprender la estructura y diversidad de los ecosistemas a nivel

regional o incluso global.

5.1. Hipotesis particulares

e Los microorganismos reclutados en las raices del pasto buffel estaran determinados por los
aleloquimicos de la planta y podrian contribuir al establecimiento de ésta.
e Solirubrobacter tendra un contenido génico vasto que le permitira desarrollarse en distintos

suelos y raices.
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6. OBJETIVO

Identificar las interacciones planta-microorganismo que contribuyen a la dispersion y prevalencia en

escalas geograficas amplias de la planta Pennisetum ciliare y del género bacteriano Solirubrobacter.

6.1. Objetivos particulares

e Describir el microbioma rizosférico de Pennisetum ciliare.

e Evaluar cambios en el microbioma de Pennisetum ciliare bajo el efecto de exudados de raiz 'y
lixiviados de la parte aérea.

e Describir el microbioma asociado a las raices del pasto Pennisetum ciliare en una escala corta
de tiempo.

e Discutir las contribuciones que el microbioma rizosférico podria proveer a Pennisetum ciliare.

e Construir un pangenoma de Solirubrobacter a partir de genomas de referencia.

e Realizar un analisis gendmico comparativo de Solirubrobacter para explicar su ubicuidad.

e Evaluar la diversidad de Solirubrobacter en metagenomas ambientales.

e Reclutar nuevas proteinas de Solirubrobacter y construir un pangenoma ambiental extendido.

e Buscar genes de interaccion planta-microorganismo en el pangenoma ambiental extendido.
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7. METODOLOGIA

7.1. Microbioma rizosférico de Pennisetum ciliare

7.1.1. Colecta de semillas, suelos y cultivo bajo condiciones alelopaticas.

Las semillas de Pennisetum ciliare fueron obtenidas de cinco plantas a finales del mes de septiembre
de pastizales de buffel en Rancho Diamante (28° 41" N, 110° 15 W), Sonora, Mexico.
Simultaneamente se colectaron muestras de suelo para usarlo en los experimentos de jardin comun.
La cubierta de las semillas se retird y se germinaron en cajas Petri con 2% agar en una camara de
crecimiento Biotronette (20.2L, 25°C, 12 h de fotoperiodo, 92 pmolm-2s-1). Dos dias después las
plantulas se trasplantaron a contenedores con peat moss donde crecieron por 70 dias y fueron
regadas cada dos semanas con solucion Hoagland. Posteriormente se trasplantaron a un sistema de
tubos PVC que contenian, en una proporcion 1:1, arena silica estéril y suelo de Rancho Damiante.
Las plantas en estos tubos fueron sometidas a uno de tres tratamientos: exudados de raiz (C),
lixiviados de la parte aérea (B) y control (A) (Figura 2). El tratamiento de exudados consistié en
exponer a las raices del pasto buffel a los exudados de raiz de otro individuo de pasto buffel, el
tratamiento de exudados implicaba riego con una mezcla de agua vy lixiviados de otro individuo buffel

y el tratamiento control se basé en riego Unicamente con agua.

Extraccién de

L lixiviados de tallo y hojas
Germinacion de

semillas S Agua

. +

— L"‘ Lixiviados Buffel
Sz donador

|

Semillas germinadas

!

70 dias en macetas Extraccion de DNA de rizosfera del buffel receptor
con peat moss enel T1 (20 dias) y T2 (40 dias)
. Suelo natural Secuenciacion del gen 16S rRNA

Figura 2. Disefio experimental. Las semillas de buffel se germinaron y transfirieron a recipientes con peat moss.

Después de 70 dias se trasladaron a tubos PVC con arena silica y suelo de Rancho Diamante en una
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proporcién 1:1. Las plantas se sometieron a tres tratamientos con cuatro réplicas cada uno: (A) riego con agua
destilada estéril, (B) riego con solucion de lixiviados de la parte aérea del buffel y (C) riego con agua destilada
esteril pero con exposicion de las raices del buffel a los exudados de raiz de otra planta buffel. Se tomaron
muestras a los 20 dias de crecimiento de dos réplicas y a los 40 dias de las dos réplicas restantes. Tomado de
Jara-Servin, 2023 a.

7.1.2. Obtencion de muestras de rizosfera, procesamiento vy

secuenciacion del gen 16S rRNA

Se tomaron muestras de rizésfera de las plantas buffel a los 20 dias (T1) y a los 40 dias (T2) de haber
estado en el sistema de tubos PVC. Se obtuvo la rizésfera removiendo el suelo suelto cercano a la
raiz para posteriormente lavar y someter las raices a sonicacion en buffer 1X de PBS (137 mM NaCl;
2.7 mM KCI; 10 mM Na,HPQO,; 1.8 mM KH,PQO,). Los pellets se recuperaron por centrifugacion por 10
min a 1,300 g usando tubos de 50 mL y fueron mantenidos a -80°C hasta el momento de la

extraccion.

La extraccion de DNA se llevé a cabo con el kit para extracciéon de DNA Mobio PowerSoil (MoBio,
Carlsbad, CA, United States) con las siguientes modificaciones: la solucion C6 se calenté a 60°C
antes de la elucion para incrementar el rendimiento de DNA y se realizaron dos rondas de elucion con
30 uL en el mismo filtro. La amplificacion del gen 16S rRNA se realizé por duplicado de acuerdo al
protocolo de lllumina MiSeq (lllumina 2013) con los oligonucledtidos 341F/805R (region V3-V4) y los
overhangs adaptadores 5 (341F: 50 -CCTACGGGNGGCWGCAG-30; 805R: 50 -
ACTACHVGGGTATCTAATCC 30). La reaccion de PCR se realizé utilizando 2 L de buffer, 1.2 uL de
cada oligonucledtido (5 uM), 3 uL enhancer, 1.6 pyL dNTPs (2.5 mM), 0.6 pL Mg,S0, (1.5uM), 9.2 yL
de agua grado molecular, 0.16 uL polimerasa Pfx (0.02 U/pL) (Invitrogen, Thermo Fisher Scientific,
Waltham, MA) y 2 pL de DNA (volumen final de 20 pL). Las condiciones para la reaccién de PCR
fueron: temperatura inicial de 96°C por 3 min seguido de 25 ciclos de 5s a 94°C y 30s a 68°C. Los
productos amplificados se purificaron usando el kit SV Wizard (Promega, Madison, WI) y se
secuenciaron con lllumina MiSeq (2 x 300 paired-end) en la Unidad se Secuenciacion Masiva y

Bioinformatica del Instituto de Biotecnologia de la UNAM.

7.1.3. Analisis de secuencias del gen 16S rRNA

Todas las librerias de amplicones pasaron por los filtros de calidad de Dada2 (v. 1.10.1) (Callahan et

al., 2016), las primeras 17 pares de bases se removieron y las secuencias se recortaron hasta una
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longitud de 250 pares de bases. Dado que las secuencias reverse no pasaron los filtros de calidad se
utilizaron Unicamente las secuencias forward. Todas las secuencias se procesaron para obtener
Amplicon Sequence Variants (ASV) con Dada2 (v. 1.10.1). La asignacién taxondmica se realiz con la
base de datos Silva (v. 138) (Yilmaz et al., 2014) y con FastTreeMP (Price et al., 2009) se construy6

un arbol filogenético.

La diversidad a y B se calcularon con los paquetes default de R (R Core Team, 2013) y phyloseq
(McMurdie y Holmes, 2013), ggplot2 (Wickham y Chang, 2016) y vegan (Oksanen, 2017). La
diversidad a se determiné con los indices de diversidad Shannon y Simpson, mientras que la
diversidad B se evalud con una agrupacion jerarquica y un analisis de coordenadas principales (CAP)
en una matriz de distancia de distancia UniFrac no ponderada (Lozupone y Knight, 2005). Las
agrupaciones fueron evaluadas con la funcion estadistica ANOSIM (Clarke, 1993) y se detectaron
ASV significativamente abundantes por comparaciones entre tratamientos utilizando el paquete de R
DESeq2 (Love et al., 2014).

7.2. Gendémica comparativa de Solirubrobacter

7.2.1. Obtencion de genomas y analisis filogenético
En el mes de febrero de 2023 se descargaron los ocho genomas de Solirubrobacter disponibles en
NCBI y se evalué su completitud utilizando Checkm (Parks et al.,, 2015) (Tabla 1). Utilizando
GET_HOMOLOGUES (Contreras-Moreira y Vinuesa, 2013) se calculé un pangenoma de las cepas de
Solirubrobacter y Streptomyces coelicolor y Bacillus subtilis como grupos externos (NCBI Accessions:
GCA_013317105.1 y GCF_000009045.1). Los genes del core se concatenaron y alinearon con
MAFFT (Katoh, 2002) para posteriormente construir una filogenia de maxima verosimilitud con 1,000
bootstraps. Con base en el criterio de informacion de Akaike el modelo evolutivo que se utilizé fue LG
(Le y Gascuel, 2008). Simultaneamente, se calculd6 el Genome Similarity Score (GSS)
(Moreno-Hagelsieb et al., 2013) por comparaciones pareadas y se construyé un dendrograma. Con
base en los resultados obtenidos se retuvieron siete de los ocho genomas de referencia anotados

como Solirubrobacter.
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7.2.2. Diversidad y redes de co-ocurrencia de Solirubrobacter usando el
gen 16S rRNA

Los OTUs correspondientes a Solirubroabcter de suelos, rizésferas y enddsferas de México (NCBI
Bioproject PRINAG603603) se extrajeron (3,166 de un total de 255,275 OTUSs) v, junto son los siete
genes 16S de las referencias (extraidos usando barrnap v. 0.7) se construyé un arbol filogenético
usando FastTreeMP después de alinear con SSU-align (Nawrocki y Eddy, 2013). La red de
co-ocurrencia se calculd con la libreria igraph (Csardi y Nepusz, 2006) de R utilizando el conjunto de
OTUs completo de México (255,275 OTUs) y colapsando a 1,748 géneros distintos. La red se

visualizé y analizé con Gephi (v. 0.10) (Bastian et al., 2009).

7.2.3. Construccion y analisis del pangenoma de Solirubrobacter

Los genomas de referencia de Solirubrobacter se anotaron usando Prokka (v. 1.12) (Seeman, 2014)
para obtener archivos gff3 que sirvieron de entrada para construir un pangenoma con Roary (Page et
al., 2015). Con los archivos de salida se construyé un UpSet para visualizar la distribucion de los
genes nucleo, accesorio y Unicos y se anotaron las secuencias utilizando las bases de datos Clusters
of Orthologous Groups (COG) (Galperin et al., 2015) y Kyoto Encyclopaedia of Genes and Genomes
(KEGG) (Kanehisa et al., 2016). Con la anotacion de COG se construyé un mapa de calor usando los
paquetes de R phyloseq, ggplot2 y gplots (Warnes et al., 2016) y haciendo un cluster jerarquico con
una matriz de distancia de Bray-Curtis (Bray y Curtis, 1957).

Los aislados de Solirubrobacter se han reportado como no métiles. Sin embargo, tras el analisis del
perfil funcional obtenido se identificaron proteinas relacionadas con la biosintesis de flagelo por lo que
se decidi6 ahondar en este proceso. Se construyé un mapa de presencia-ausencia incluyendo las
proteinas relacionadas con biosintesis de flagelo presentes en Conexibacter woesi y Patulibacter
minatonensis (Accession number: GCA 013317105.1 y ASM51932v1, respectivamente), ya que

ambas son Actinobacteria flageladas.

7.2.4. Reclutamiento de secuencias de Solirubrobacter de metagenomas
ambientales

Se seleccionaron 36 metagenomas de suelos y rizésferas de distintas ubicaciones geograficas. De

éstos, 16 son metagenomas de suelos y rizosferas de México (NCBI Bioproject PRINA603603),

mientras que el resto fueron seleccionados si cumplian los siguientes requisitos: estar

geograficamente distanciados de los metagenomas mexicanos y, en el caso de los suelos, provenir
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de suelos agricolas o, en el caso de las rizésferas, provenir de un hospedero distinto a los
hospederos mexicanos. Como control se obtuvieron también metagenomas de sedimentos marinos,
filosferas de distintas plantas y lagos. La informacion de todos los metagenomas usados se encuentra
en la Tabla 2.

Utilizando tBLASTn (Altschul et al., 1990) se identificaron en los metagenomas todos los reads de
Solirubrobacter y se sometieron a un analisis de calidad usando Trimmomatic (Bolger et al., 2014). A
continuacion, se utiliz6 el pangenoma para reclutar los reads de Solirubrobacter y obtener el
porcentaje de identidad utilizando Promer (Delcher, 2002) y el script promer_deid.py para generar
graficos de porcentaje de identidad. Debido a la diferencia en cuanto a secuencias reclutadas, se
decidié continuar unicamente con los metagenomas de suelos y rizosferas de México para la
construccion del pangenoma ambiental extendido (EEP, por sus siglas en inglés Environmental

Extended Pangenome).

Tabla 2. Metagenomas usados en este estudio. Tomado de Jara-Servin et al., 2023 b. bioRXxiv.
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Sample number Metagenome tag Acc. Num. Environment Host Geographic origin
1 Mexico_1 SRR11092503 Soil N.A. Aguascalientes, Mexico
2 Mexico_2 SRR11092500 Soil N.A. Durango, Mexico
3 Mexico_3 SRR11092497 Soil N.A. Jalisco, Mexico
4 Mexico_4 SRR11092510 Soil N.A. Nayarit, Mexico
5 Mexico_5 SRR11092507 Soil N.A. Sinaloa, Mexico
6 Mexico_6 SRR11092504 Soil N.A. San Luis Potosi, Mexico
7 Canada_1 ERR1742273 Soil N.A. British Columbia, Canada
8 Canada_2 SRR6039452 Soil N.A. Ontario, Canada
9 Colombia_1 ERR5866886 Soil N.A. Amazon, Colombia
10 Colombia_2 SRR23012434 Soil N.A. Santander, Colombia
11 USA_1 SRR3989569 Soil N.A. Michigan, USA
12 USA 2 SRR3988848 Soil N.A. Wisconsin, USA
13 Poaceae_Mex_1 SRR11092511  Rhizosphere Poaceae Aguascalientes, Mexico
14 Poaceae_Mex_2 SRR11092501  Rhizosphere Poaceae Durango, Mexico
15 Asteraceae_Mex_3 SRR11092498  Rhizosphere Asteraceae Jalisco, Mexico
16 Fagales_Mex_4 SRR11092496  Rhizosphere Fagales Nayarit, Mexico
17 Poaceae_Mex_5 SRR11092505 Rhizosphere Poaceae San Luis Potosi, Mexico
18 Tomato_Mex_6 SRR11092512  Rhizosphere Solanum lycopersicum  Aguascalientes, Mexico
19 Tomato_Mex_7 SRR11092502  Rhizosphere Solanum lycopersicum Durango, Mexico
20 Tomato_Mex_8 SRR11092499  Rhizosphere Solanum lycopersicum Jalisco, Mexico
21 Tomato_Mex_9 SRR11092509  Rhizosphere Solanum lycopersicum Sinaloa, Mexico
22 Tomato_Mex_10 SRR11092506  Rhizosphere Solanum lycopersicum  San Luis Potosi, Mexico
23 Switchgrass_USA_11 SRR6957362 Rhizosphere Switchgrass Michigan, USA
25 Bean_USA_13 SRR15527069  Rhizosphere Phaseolus vulgaris Michigan, USA
26 Citrus_USA_14 SRR13588982  Rhizosphere Citrus California, USA
27 Sediments_1 SRR22177935 Sediments N.A. Indian Ocean
28 Sediments_2 SRR17063064 Sediments N.A. Pacific Ocean
29 Sediments_3 SRR3943820 Sediments N.A. Pacmanus Field
30 Sediments_4 DRR121220 Sediments N.A. North Western Pacific
31 Phyllosphere_1 SRR21860273  Phyllosphere Pepper Alabama, USA
32 Phyllosphere_2 SRR12131104  Phyllosphere Tangerine Zhejiang, China
33 Phyllosphere_3 DRR278742 Phyllosphere Metrosideros Hawaii, USA
34 Lake_1 ERR2681674 Lake N.A. Soyang, South Korea
35 Lake_2 SRR21524754 Lake N.A. Hells Canyon, USA
36 Lake_3 SRR18572986 Lake N.A. Xinjiang, China

7.2.5. Ensamblado de metagenomas de suelos y rizosferas mexicanos

Los 16 metagenomas de suelos y rizésferas de México del Bioproject PRINA603603 en NCBI se
sometieron a un control de calidad usando Trimmomatic. Para las secuencias retenidas de rizésferas
se hizo un filtrado contra hospedero (Solanum lycopersicum para las muestras 18 a 22 y Arabidopsis
thaliana para las muestras 13 a 17) utilizando Bowtie2 (Langmead y Salzberg, 2012). Las librerias
metagendmicas se ensamblaron usando un ensamble hibrido que consistié en un primer ensamblado

con SPADES (Nurk et al., 2017) y un segundo con Velvet (Zerbino y Birney, 2008). Los contigs de
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ambos ensambles se unieron y se retuvieron Unicamente aquellos de 100 pares de bases o mas.

Estos contigs se utilizaron para la construccion del EEP.

7.2.6. Construccion del Pangenoma Ambiental Extendido de

Solirubrobacter

La estrategia empleada para construir el EEP esta esquematizada en la Figura 3. Utilizando Bbmap
(Bushnell, 2014) se buscaron las secuencias del pangenoma de referencia en los contigs de los
metagenomas ensamblados. Todos los contigs que contenian secuencias del pangenoma de
referencia se extrajeron y las proteinas codificadas alrededor de la secuencia identificada del
pangenoma se consideraron potenciales proteinas nuevas para el género Solirubrobacter. Se realizd
un segundo filtrado utilizando BLASTx (Gish y States, 1993) y al pangenoma de referencia como base
de datos para la busqueda y se determind un valor de e minimo de 1e-5. Posteriormente se usé
Prodigal (Hyatt et al., 2010) para predecir ORFs y proteinas codificantes. Todas las secuencias se
concatenaron y se analizaron con CD-HIT (Li y Godzik, 2006) para obtener el EEP conformado por
las secuencias del pangenoma de referencia y las secuencias identificadas como posibles nuevas
proteinas de Solirubrobacter. Al igual que con el pangenoma de referencia, el EEP se anot6 utilizando
COG y KEGG.

/- \ I Contigs from metagenomes
Sequences from references
/ ;//‘ \

y:

i#
-
\ % v d /

Figura 3. Estrategia seguida para construir el pangenoma ambiental extendido. El pangenoma de referencia
(circulo amarillo interno) se busca en los contigs de metagenomas ambientales previamente ensamblados

(secuencias rojas). Aquellos contigs que contienen la secuencia de algun gen de referencia y un gen contiguo
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(estrellas) se consideraron como secuencias potencialmente nuevas para el género Solirubrobacter. Estos
contigs se reclutaron y se fusionaron el pangenoma de referencia para obtener el pangenoma ambiental

extendido (circulo rojo y amarillo externo).

7.2.7. Analisis del Pangenoma Ambiental Extendido de Solirubrobacter

Se construyd un perfil funcional con aquellas secuencias que se anotaron en el COG utilizando las
mismas funciones que se emplearon para el perfil funcional del pangenoma de referencia. Ademas,
se analizaron las diferencias entre las muestras mediante un Andlisis de Coordenadas Principales
(PcoA, por sus siglas en inglés Principal Coordinate Analysis) (Gower, 2015) y una matriz de
disimilitud de Bray-Curtis. Los agrupamientos resultantes se evaluaron con la prueba estadistica de
ANOSIM. Por otro lado, se uso el archivo de salida de CD-HIT para construir una matriz de conteos y
determinar familias génicas vy, junto con los resultados de anotacién funcional, determinar a qué

funciones estan asociadas las familias génicas presentes en Solirubroabcter.

Finalmente, se realiz6 en las secuencias del EEP una busqueda manual de proteinas relacionadas
con la interaccion planta-microorganismo. Asimismo, se recurrié a Modelos Ocultos de Markov (HMM)
de proteinas de este tipo de interacciones identificadas en Actinobacterias. Esta busqueda se realizé
con HMMER (v. 3.3.2) (Mistry et al., 2013) y se emplearon los genomas de Streptomyces coelicolory
Streptomyces griseus (Accession number: GCA_013317105.1 y ASM1060v1, respectivamente) como

control positivo.
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8. RESULTADOS

8.1. CAPITULO I: Microbioma de raiz y su posible rol en el desarrollo del

pasto Pennisetum ciliare

El microbioma de raiz de una planta juega un papel importante en el establecimiento y desarrollo de
ésta. Conocer qué microorganismos se adaptan a la rizosfera y como benefician a la planta nos
permite desarrollar herramientas que promuevan o mermen el crecimiento de ésta. Bajo este
contexto, conocer el microbioma rizosférico de plantas invasoras que desplazan a plantas nativas y
alteran los ecosistemas es de suma importancia para entender los mecanismos de invasion y
fomentar planes de accion para su control. En esta seccion del trabajo se explord el microbioma de
raiz del pasto buffel, buscando determinar qué microorganismos se asocian a sus raices, como
cambia la estructura de la comunidad ante la exposicién a compuestos aleloquimicos y las posibles

interacciones entre los microorganismos y la planta.

A partir del analisis de las muestras logramos obtener el primer perfil taxondmico del microbioma
rizosférico del pasto buffel conformado por un total de 2,164 ASVs. Este perfil resulté dominado por el
phylum Actinobacteria, Proteobacteria y Acidobacteria, mientras que los géneros mas abundantes
fueron RB41, Geodermatophilus, Gemmatirosa, Pseudonocardia, Krasilnikovia, Microvirga,
Solirubrobacter, Gaiellay Angustibacter. |dentificamos un total de 30 géneros conformando el core del
pasto buffel (presente en al menos 90% de las muestras), y cepas de varios de estos géneros se han
reportado como capaces de sintetizar vitaminas, antibiéticos y otros compuestos que podrian ayudar
al establecimiento de la planta. Ciertos géneros, tales como Planctomicrobium y Aurantimonas,
resultaron estadisticamente sobrerrepresentados dependiendo del tratamiento, demostrando que los
compuestos aleloquimicos que produce el buffel influyen en la estructuracién del microbioma. Aunado
a esto, identificamos géneros capaces de metabolizar los mismos aleloquimicos que sintetiza el buffel
(Planctomicrobium, Aurantimonas, Saccharothrix y Tellurimicrobium). Sin embargo, de acuerdo al
ordenamiento construido, el factor mas influyente resulté ser el tiempo en el que se tomaron las
muestras (R: 0.2258; p = 0.0423, 9,999 permutaciones), es decir, el desarrollo de la planta. De
acuerdo con esto, los resultados del analisis de DESeq2 identificaron géneros estadisticamente mas
abundantes en el T1 (Nodosilinea_PCC-7104, Oceanibaculum, Pedobacter y Flavitalea) y en el T2
(Ohtaekwangia, 1S-44, Phytohabitans y Saccharothrix).

Estos resultados fueron publicados en la revista PLoS ONE (2023) y constituyen el articulo requisito.

Para mas detalles sobre el trabajo, se incluye a continuacion la publicacion de manera integra.
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Abstract

Buffelgrass (Pennisetum ciliare) is an invasive plant introduced into Mexico’s Sonoran des-
ert for cattle grazing and has converted large areas of native thorn scrub. One of the inva-
sion mechanisms buffelgrass uses to invade is allelopathy, which consists of the production
and secretion of allelochemicals that exert adverse effects on other plants’ growth. The
plant microbiome also plays a vital role in establishing invasive plants and host growth and
development. However, little is known about the buffelgrass root-associated bacteria and
the effects of allelochemicals on the microbiome. We used 16S rRNA gene amplicon
sequencing to obtain the microbiome of buffelgrass and compare it between samples
treated with root exacknudates and aqueous leachates as allelochemical exposure and
samples without allelopathic exposure in two different periods. The Shannon diversity val-
ues were between H’=5.1811-5.5709, with 2,164 reported bacterial Amplicon Sequence
Variants (ASVs). A total of 24 phyla were found in the buffelgrass microbiome, predomi-
nantly Actinobacteria, Proteobacteria, and Acidobacteria. At the genus level, 30 different
genera comprised the buffelgrass core microbiome. Our results show that buffelgrass
recruits microorganisms capable of thriving under allelochemical conditions and may be
able to metabolize them (e.g., Planctomicrobium, Aurantimonas, and Tellurimicrobium). We
also found that the community composition of the microbiome changes depending on the
developmental state of buffelgrass (p =0.0366; ANOSIM). These findings provide new
insights into the role of the microbiome in the establishment of invasive plant species and
offer potential targets for developing strategies to control buffelgrass invasion.

1. Introduction

Introducing exotic species to a new environment can alter the ecosystem and decrease biologi-
cal diversity. Invasive species can transform ecosystem processes over spatial and temporal
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scales, with various degrees of impact [1]. In many cases, invasive species have higher values of
resource-acquisition traits, larger sizes, and higher growth rates, implying larger pool sizes of
nutrients that allow them to outcompete native species [1]. Buffelgrass (Pennisetum ciliare,
Cenchrus ciliaris) has been North America’s most noxious invasive plant since its introduction
from East Africa in the 1930s [2]. The germination, establishment, and subsequent seedling
growth of buffelgrass depend on soil moisture and environmental temperature conditions [3].
Buffelgrass is preferred because of its high germinability, easy establishment, high seedling
production and vigor, fast growth rate, and ability to withstand fires because of its massive
root system [3-6]. Buffelgrass individual tussocks and their long lifespan allow them to re-
sprout from established tufts following a fire [5]. Fire also temporarily increases available phos-
phorus levels in the soil, which are rapidly exploited by buffelgrass [7].

In northwestern Mexico, large tracts of desert and thorn scrub have been converted to buf-
felgrass pasture to improve rangelands for cattle production [8]. Buffelgrass coverage estimates
are 53% of the Sonora state and 12% of Mexico [9]. In the Sonoran Desert, buffelgrass invasion
can cause a decrease by 53%-73% of the number of native plant species compared to undis-
turbed thorn scrub, which has a higher species diversity and is commonly dominated by Faba-
ceae and Cactaceae [8]. In contrast, thorny legume trees such as Acacia cochliacantha and
Acacia farnesiana dominate the succession of abandoned pastures in the thorn scrub of
Mexico [10], and very few native species can regenerate in the ranges [8]. The approaches
taken to control buffelgrass growth include applying herbicides, manual removal, prescribed
burning, and controlled animal grazing, but controlling buffelgrass worldwide is still an urgent
matter [5].

One of the mechanisms proposed as a strategy for invasive species control is allelopathy [8,
11], which is based on the active synthesis and release of allelochemicals (secondary metabolites)
by one plant, influencing the growth of a recipient plant, regardless of resource availability [12,
13]. The production of biochemicals that natives in the invaded range do not produce plays in
favor of the invasive species since these chemicals may affect native species that lack a coevolu-
tionary-based tolerance [14, 15]. Allelopathy plays a vital role in invasion, vegetation patterning,
the exclusion of associated species, and reduced plant productivity [16]. Previous reports have
shown buffelgrass allelopathy through root exudates of 3-month-old individuals, decreasing the
growth and germination of various species such as Chrysopogon aucheri, Hyparrhenia rufa,
Bothriochloa pertusa, Panicum antidotale, Setaria italica, and Pennisetum americanum [4]. Buf-
felgrass leachates and root exudates obtained from 3-month-old buffelgrass plants and used to
water Brassica campestris, Lactuca sativa, and Setaria italica provoked a reduction in radicle
growth due to allelopathy [17]. The germination rates of these three species also decreased, but
only when the leachates and exudates were concentrated through evaporation [18]. The
decrease in wild species could result from the amount of forage buffelgrass produced, which is 4
to 10 times greater than the production of native species, leading to possible nutrient depletion,
especially of N, from the soils it grows on [3]. Such characteristics may explain, to a certain
degree, the observed self-declination of pastures of Pennisetum ciliare [3, 18].

Various approaches have been made to describe the chemical identity of buffelgrass allelo-
chemicals affecting the growth of many plant species. So far, the identified compounds are
phenolic compounds, including p-OH-benzoic acid, p-coumaric acid, caffeic acid, vanillic
acid, ferulic acid, syringic acid, and gentisic acid [17]. Although phenolic compounds have a
short half-life in soils [19, 20], their reversibly sorbed fractions contribute to the pool available
for allelopathic interactions [19]. Hence, compounds such as ferulic acid, p-coumaric acid, p-
OH-benzoic acid, and vanillic acid could accumulate in the soil and impede the germination
and growth of susceptible species [17]. However, the fate and persistence of phytotoxins in soil
are unclear, as are their phytotoxicity or biodisposition by microbes [17]. The mutualistic
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association formed by the invader is presumed to contribute to a competitive advantage over
native species [21, 22], and plants can impact their associated microbiomes as an adaptation
strategy when confronted with biotic and abiotic challenges [15, 23, 24]. Moreover, allelopathic
plants release compounds that might alter the composition of the microbial community,
recruiting microorganisms involved in the metabolization of the allelochemicals produced [25,
26]. Hence, understanding the rhizosphere microbiomes of invasive plants and the elements
that influence the recruitment of microorganisms could be particularly valuable for under-
standing the factors promoting plant invasiveness and the following impacts on the ecosys-
tems. So far, there are no reports of the buffelgrass rhizosphere microbiome composition and
the effects of its allelochemicals on the microbial communities associated with its roots.

This work investigated the buffelgrass root microbiome and its compositional changes
under allelochemical exposure. Microbiome changes were tested at two-time points using
plants exposed to buffelgrass root exudates, watered with leachates from the aerial part of buf-
felgrass, and with a distilled water regime. This experimental design allowed us to describe the
buffelgrass microbiome throughout buffelgrass growth, obtain a core microbiome, and deter-
mine the effect that allelochemicals may have on taxa comprising the rhizosphere microbiome.

2. Methods
2.1 Seed and soil sampling

Pennisetum ciliare seeds were collected from five plants at the end of the summer (September
2013) from induced pastures at Rancho Diamante (28° 41’ N, 110° 15’ W), Sonora State,
Mexico, where thorn scrub is the original vegetation. Seeds were stored in a paper bag and
transported to the laboratory. We also collected soil samples from the same location for further
plant growth in the greenhouse. We collected samples of Buffelgrass Cenchrus ciliaris (Penise-
tum ciliare) from alocation where we did not require special permissions, beyond the land
owner. The land owner permitted us to collect the samples. It is important to note that while
Buffelgrass is native to Tropical Africa and Asia, it is considered an invasive species in North
America. However, it is not classified as an endangered or protected species and, therefore,
does not require special permission for collection.

2.2 Plant growth under allelopathic conditions

We removed the seed covers of P. ciliare seeds for germination as naked caryopses have higher
and more uniform germination [27]. Caryopses were germinated in Petri dishes with 2% agar
in a growth chamber Biotronette (20.3L, 25°C, 12-h photoperiod, 92 pmolm™2s™"). Subse-
quently, 2-day-old seedlings were transferred to containers with peat moss, which grew for 70
days. The water regime consisted of watering with Hoagland solution every two weeks. After
that, 70-day-old plants with a height of at least 10 cm were transplanted into curved PVC tubes
containing sterilized silica sand and soil (at a proportion of 1:1) from Rancho Diamante. Plants
in PVC tubes received a standard water regime (consisting of 25 mL of sterilized deionized
water six times per week). They were divided into three different treatments: (1) root exudates,
(2) aqueous leachates of the aerial plant part, and (3) control (Fig 1, https://doi.org/10.6084/
m9.figshare.c.6605350.v2). The exudate treatment consisted of a second buffelgrass plant at
the opposite end of the curved PVC tube, so the roots of the 70-day-old individual would be
under the influence of the second buffelgrass plant, allowing to evaluate the effect of the root
exudates on the rhizosphere microbiome. Physical interaction of the roots was avoided by
installing a net at the middle of the tube. In the leachate treatment, one end of the PVC tube
was planted with the 70-day-old buffelgrass, while the other was left unplanted. Plants under
this treatment were watered with aqueous leachates extracted from buffelgrass green leaves
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70 days on pots DNA extraction of recipient buffelgrass'
with peat moss rhizosphere at T1 (20 days) and T2 (40 days)
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Fig 1. Experimental setup. Buffelgrass seeds germinated in a chamber and, after two days, transferred to peat moss-filled pots. After 70 days, the plants were
transplanted into PVC pots containing silica and soil (1:1) from Rancho Diamante, Sonoran Desert. The plants were then divided into three groups, each with
four replicates. Group (A) was watered with sterilized distilled water, Group (B) was watered with a solution of aqueous leachates from leaves and stems, and
Group (C) were watered with distilled water but exposed to root exudates from another buffelgrass plant. Sampling was done at two different periods, 20 and
40 days, with two replicates from each group being analyzed at each time.

https://doi.org/10.1371/journal.pone.0285978.g001

and stems instead of water, but according to the volume and periodicity of the standard water
regime. The control treatment consisted of only one end of the PVC planted with buffelgrass
with the standard water regime. No Hoagland solution was added during the allelochemical
treatments. The leachates were obtained as previously described [28] by collecting green leaves
and stems of buffelgrass adult plants in Rancho El Diamante. Leaves were dried for 24 h at
24°C and submerged in distilled water 1% (g/v) for 3 h, followed by filtering through What-
man #4 filtering paper to simulate rainfall. Two soil samples from Rancho Diamante were left
unplanted and subjected to no treatment. These soil samples allowed us to determine the soil
microbiome of the region without the influence of growing buffelgrass plants and the effect
that buffelgrass has on the recruited microorganisms.

2.3 Rhizosphere sample collection

Rhizosphere samples were obtained at two different time points of growth from the PVC
tubes: after 20 days (T1) and after 40 days (T2). In both cases, the roots were separated from
the remaining parts of the plant to obtain the rhizosphere. Rhizosphere separation involved
removing the loose soil and subsequently washing and submitting the roots to ultrasound in
1X PBS buffer (137 mM NaCl; 2.7 mM KCl; 10 mM Na,HPOy; 1.8 mM KH,POy,). All pellets
obtained from buffelgrass rhizospheres were recovered through centrifugation (50-mL tubes,
1,300 g, 10 min) and kept at -80° C until further analysis and DNA extraction.
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2.4 Metagenomic DNA processing and 16S rRNA gene sequencing

The metagenomic DNA of soil samples and all the rhizosphere pellets was extracted using the
Mobio PowerSoil DNA extraction kit (MoBio, Carlsbad, CA, United States) following the
manufacturer’s instructions, with minor modifications, heating the C6 elution solution to
60° C before the elution step to increase the DNA yield. Two 30 pL elution processes were per-
formed during the same spin filter.

The 16S rRNA gene amplification was performed in duplicates, following the lllumina ®
MiSeq protocol for 16S metagenomic sequencing library preparation (Illumina 2013). The
primer pair used for the PCR amplification was 341F/805R (targeting the V3-V4 regions), with
the Illumina sequencing adaptors in 5 overhangs (341F: 5’ -CCTACGGGNGGCWGCAG-3/;
805R: 5 — ACTACHVGGGTATCTAATCC 3'). The PCR reaction mixture consisted of 2 pL
buffer, 1.2 pL of each primer (5 uM), 3 uL enhancer, 1.6 uL dNTPs (2.5 mM), 0.6 pL Mg2S04
(1.5uM), 9.2 uL PCR-grade water, 0.16 pL Pfx polymerase (0.02 U/uL) (Invitrogen, Thermo
Fisher Scientific, Waltham, MA), and 2 uL DNA template, adding up to a final volume of 20 uL.

The PCR conditions were as follows: initial 95°C for 3 min, then 25 cycles at 94°C for 5,
followed by 68°C for 30 s. The PCR products were pooled and purified with the SV Wizard
PCR purification kit (Promega, Madison, WT). All samples were sequenced on the Illumina ®
MiSeq platform (2 x 300 paired-end) at the University Unit of Massive Sequencing and Bioin-
formatics Facilities of the Biotechnology Institute, UNAM Mexico.

2.5 16S rRNA gene amplicon sequence analysis

The detailed protocol and bioinformatic methods used to process and analyze the 16S rRNA
gene amplicon sequences are available on GitHub (https://github.com/genomica-fciencias-
unam/buffelgrass). Briefly, all amplicon libraries were quality-checked using Dada2 [29], the
first 17 bp were removed, and the sequences were trimmed to 250 bp. Only the forward reads
were used since the quality profiles of the reverse reads were poor. All amplicon sequences
were processed to obtain Amplicon Sequence Variants (ASV) using DADA2 (v. 1.10.1) [29] to
denoise and remove chimeras. At the species level, taxonomy was assigned using the Silva
database (v. 138) [30]. A phylogenetic tree was constructed using FastTreeMP [31] (S1 Dataset,
https://doi.org/10.6084/m9.figshare.c.6605350.v2).

2.6 Diversity and statistical analysis

The o- and B-diversity of all samples were calculated using the phyloseq [32], ggplot2 [33],
vegan [34], and R default packages [35]. We measured taxonomic a-diversity using Observed,
Shannon, and Simpson diversity indices. Hierarchical clustering was performed using the
hclust method on an unweighted UniFrac distance matrix [36]. The ASV's were clustered at
the various taxonomic levels to perform abundance comparisons of the three treatments. Core
microbiomes were analyzed using the upset function; £-diversity was analyzed through a con-
strained analysis of principal coordinates (CAP) on an unweighted UniFrac distance matrix,
based on the obtained ASV abundances per treatment; the clustering was evaluated through
the ANOSIM statistical function [37]. Differential ASV abundances comparing treatments
were calculated using DESeq2 of the R package [38]. Detailed statistical and bioinformatic
methods are available on FigShare (https://doi.org/10.6084/m9.figshare.c.6605350.v2).

3. Results

We sequenced 686,078 paired-end reads, with a mean of 49,005.57 + 10,041 sequences per
sample (n = 8). We then clustered them into 2,164 Amplicon Sequence Variants (ASVs; 100%
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Table 1. Alpha diversity for buffelgrass microbiomes.

Sample Observed Shannon Simpson

C1_T1 308 5.350832 0.9934471
C2_T1 349 5.466695 | 0.9942502
C1_T2 270 | 5.268196 | 0.9935561
C2.T2 | 262 | 5225775 | 0.9928567
EL_T1 1291 | 5.298459 109932077
E2_T1 | 342 5.468742 0.9943344
E1_T2 384 5.570910 0.9947818
E2_ T2 332 5.464093 0.9945279
L1_T1 126 4.433554 0.9849328
12_T1 538 5.871980 0.9957321
L1_T2 262 5.181120 0.9923309
12.T2 282 5.291607 0.9935689
S1 | 297 | 5.361435 1 0.9938688
S2 295 5.331116 0.993559

Values calculated for Observed, Shannon, and Simpson diversity indices. C is for controls; E exudates; L leachate; S

soil; T is for time.

hitps://doi.org/10.1371/journal.pone.0285978.t001

identity 16S rRNA gene OTUs) and described diversity by Observed ASV's, Simpson, and
Shannon diversity indices (Table 1). The Shannon index (H’) was used to evaluate the a-diver-
sity of our samples. Overall, the samples maintained a similar diversity (H’ = 5.1811-5.5709),
regardless of treatment or period, except for the outliers, corresponding to samples of the
leachate treatment at the first period (H’ = 4.4335 and H’ = 5.8719). The diversity increased
slightly with the development of buffelgrass treated with exudates (from H’ = 5.2984 and
5.4687 in the first period to H = 5.5709 and 5.4640 in the second one). On the contrary, con-
trol samples showed a diversity reduction as the experiment advanced (H’ = 5.3508 and 5.4666
in the first period to H’ = 5.2681 and 5.2257 in the second one). Species dominance, evaluated
through the Simpson index (D), followed the same pattern as the one described for diversity,
where the value for the exudate treatment was higher at the end of the experiment (D = 0.9947
and 0.9945) than at the beginning (D = 0.9932 and 0.9943), as opposed to the increase seen
from the first to the second period in samples from the control treatment (D = 0.9934 and
0.9942 to D = 0.9935 and 0.9928). Soil samples had Shannon diversity (H’ = 5.361425 and
5.331116) and Simpson (D = 0.9938688 and 0.9935597) indices not differing from the treat-
ment values.

We detected 24 phyla in all our samples. Eleven phyla were ubiquitous and abundant: Acti-
nobacteria, Proteobacteria, Acidobacteria, Planctomycetes, Gemmatimonadetes, Chloroflexi,
Verrucomicrobia, Bacteroidetes, Firmicutes, Cyanobacteria, and Armatimonadetes (Fig 2,
https://doi.org/10.6084/m9.figshare.c.6605350.v2). The heatmap also revealed differences in
the microbiome composition among different periods. For example, WPS-2 and Hydrogene-
dentes, whose abundances increased in exudates from T1 (relative abundance values of WPS-2
=0.00; Hydrogenedentes = 2.05E-05) to T2 (WPS-2 = 7.29E-04; Hydrogenedentes = 2.64E-04).
On the contrary, the abundance of Deinococcus-Thermus decreased from T1 (1.16E-04) to T2
(0.00) in the same treatment. The abundance of the phylum Fibrobacteres increased over time
both in the exudate and the leachate treatments. Complete taxonomic annotation and abun-
dances are available as Supplementary Material (S1 and 52 Tables, https://doi.org/10.6084/m9.
figshare.c.6605350.v2).
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The UniFrac dendrogram shows most communities clustered together according to time
(Fig 3A, https://doi.org/10.6084/m9.figshare.c.6605350.v2). T2 showed larger dispersion in the
dendrogram, suggesting community diversification over time. We further evaluated 3-diver-
sity through a constrained analysis of principal coordinates (CAP) based on an unweighted
UniFrac distance matrix (Fig 3B). The CAP analysis explained 20.9% of the observed variance.
The x-axis described most of the ordination variance (10.8%) and separated the natural soil
samples from the buffelgrass samples on the bottom right side of the ordination (Fig 3B). Con-
trol samples (C) are closer to the natural soils than the samples from allelochemical treatments
(E and L). The CAP ordination clusters were evaluated with ANOSIM to test the treatment dif-
ferences; no significant differences were found (R: 0.06579; p = 0.2902; 9,999 permutations).
All T1 samples clustered at the upper half, as opposed to T2, located in the lower half of the
ordination (Fig 3B). The ANOSIM test showed that time-based clustering was statistically sig-
nificant (R: 0.2258; p = 0.0423, 9,999 permutations), meaning that the samples differed
depending on time.

PLOS ONE | https://doi.org/10.1371/journal.pone.0285978 May 19, 2023 7122



PLOS ONE

The allelopathic Buffelgrass and its root microbiome

|
1

o
¥

_|

> b H EH )b ) o o nm O

06 05

0.4 03 02 0.1 0.0

1.04

E xudates

0.59

0.04

CAP2 [10.1%]

A

A Leachates

T1

treatment
@ CONTROL
A Eexuoates
B LEACHATES

—+ so

Soil

T

-1.0

-0.5

T T T T

0.0 0.5 1.0
CAP1 [10.8%]

Fig 3. Beta diversity of the buffelgrass microbiome. (A) Dendrogram of microbiome relatedness based on an
unweighted UniFrac distance matrix (A). (B) Beta diversity of the buffelgrass microbiome is represented asa
constrained analysis of principal coordinates (CAP) based on an unweighted UniFrac distance matrix for all

PLOS ONE | https://doi.org/10.1371/journal.pone.0285978 May 19, 2023

8/22

38



PLOS ONE

The allelopathic Buffelgrass and its root microbiome

treatments and natural soils (B). Vectors display the experiment’s different treatments and time points. Statistical
significance was evaluated using the ANOSIM test for treatments (p = 0.092) and time (p = 0.0366).

https://doi.org/10.1371/journal.pone.0285978.9003

We used a DESeq2 analysis to compare and identify abundant differential genera at each
time point, irrespective of the treatment used (Fig 4A, S3 Table, https://doi.org/10.6084/m9.
figshare.c.6605350.v2). In T1, we identified the following genera: Nodosilinea_PCC-7104,
Oceanibaculum, Pedobacter, and Flavitalea, whereas Ohtackwangia, IS-44, Phytohabitans, and
Saccharothrix were enriched in T2. Subsequently, we compared the microbiome diversity at
the genus level and found 14 genera representing 16 ASVs shared in all samples, including nat-
ural soils (S2 Fig, https://doi.org/10.6084/m9.figshare.c.6605350.v2). However, these genera
represented only 0.78% of the whole ASV's dataset. Most ASV's were shared between all sam-
ples, with only 13 ASVs being unique to soil samples.

Actinobacteria were highly dominant across treatments and time. We found 30 genera in
the treatment and control samples, comprising the buffelgrass core microbiome (Fig 5; S1 Fig,
https://doi.org/10.6084/m9.figshare.c.6605350.v2). The core genera were Geodermatophilus,
RB41, Krasilnikovia, Angustibacter, Microvirga, Kribbella, Bradyrhizobium, Rubrobacter, Mod-
estobacter, Pseudonocardia, Gemmatirosa, Bryobacter, Nitrospira, Nitrolancea, Solirubrobacter,
Gaiella, Candidatus_Udaeobacter, Dactylosporangium, Altererythrobacter, Micromonospora,
Roseomonas, Gemmata, Skermanella, Chthoniobacter, Gemmatimonas, Sphingomonas,
JCM_18997, Candidatus_Alysiosphaera, Amycolatopsis, and Crossiella (Fig 5). Most of them
belong to the phylum Actinobacteria, except for RB41 (Acidobacteria), Gemmatirosa and Gem-
matimonas (Gemmatimonadetes), Candidatus_Udaeobacter and Chthoniobacter (Verrucomi-
crobia), Gemmata (Planctomycetes), and Sphingomonas, Candidatus_Alysiosphaera,
Roseomonas, Skermanella, Altererythrobacter, and Microvirga (Proteobacteria). A complete list
of the core microbiome species and a summary of where they had been isolated is available in
S4 Table (https://doi.org/10.6084/m9.figshare.c.6605350.v2).

We identified enriched genera in the leachates compared to the controls, namely Mlel-7,
Caulobacter, and Phytohabitans (Fig 4D, S3 Table). Compared to the controls, the genera
enriched in the exudates were Planctomicrobium, Aurantimonas, Cryptosporangium, Bauldia,
Tellurimicrobium, Oxalicibacterium, Dokdonella, Nodosilinea-PCC-7104, Saccharothrix, and
Caulobacter (Fig 4B, S3 Table). The following genera were higher in the exudates than the
leachates: Saccharothrix, Jatrophihabitans, Tellurimicrobium, Bauldia, Aurantimonas, Oxalici-
bacterium, Planctomicrobium, Reyranella, and Singulisphaera (Fig A4C, S3 Table). The genera
enriched in the leachates were Phytohabitans, Isoptericola, Pedobacter, Kouleothrix, Oceaniba-
culum, Yonghaparkia, and Pseudarthrobacter (Fig 4C, S3 Table).

4. Discussion
4.1 The buffelgrass microbiome, clues for success as an invasive species?

Exploring the microbiomes of invasive species may shed light on the establishment and propa-
gation of those species and their impacts on ecosystems, hence providing a turning point for
developing new plant control strategies. Even though a high number of ASVs are shared
between all treatment and soil samples, the microbiome composition of the rhizosphere of buf-
felgrass is distinguishable from that of the soil microbiome (Fig 3B, S1 Fig). Our results suggest
that the overall bacterial communities of Pennisetum ciliare are structured by different factors.
Overall, the Shannon values obtained for the samples in this study were within the range of
Shannon values (H’ = 5.1811-5.5709, Table 1) reported for microbiomes in desert soils [39].
Regarding the exudate treatment, previous reports have shown that the rhizosphere microbial
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Fig 5. Buffelgrass core microbiome at the genus level. In the heatmap, genera marked with stars comprise the
buffelgrass core microbiome. We collapsed genera with low abundances (< 0.03%).

https://doi.org/10.1371/journal. pone.0285978.9005

diversity tends to be higher when treated with root exudates, specifically when exposed to phe-
nolic compounds [40]. These diversity observations align with the Shannon values obtained
for exudates (H=5.51) and control treatments in T2 (H’ = 5.24). The diversity for buffelgrass
exposed to root exudates at the end of the experiment (H’ = 5.51) was higher than the value
from the bulk soil (H’ = 5.34), a pattern already reported for ruderal plants, whose diversity in
the rhizosphere tends to be higher than in bulk soil [41-43]. Our data showed that the rhizo-
sphere microbiome of buffelgrass is dominated by the phyla Actinobacteria, Proteobacteria,
Acidobacteria, Planctomycetes, Gemmatimonadetes, and Chloroflexi (Fig 2), in agreement with
a previous report [2]. Likewise, the surrounding soil of the allelopathic desert shrub Artemisia
sieberi shows similar phyla diversity [11]. The buffelgrass microbiome composition is also
dominated by Actinobacteria, as reported in multiple arid areas [44, 45]. The ability of actino-
bacterial spores to germinate in environments with low water availability enables their adapta-
tion to drought conditions [46] and shrub root zones of deserts [47].

Regarding the genus diversity, RB41, Geodermatophilus, Gemmatirosa, Pseudonocardia,
Krasilnikovia, Microvirga, Solirubrobacter, Gaiella, Angustibacter, Candidatus_Udaeobacter,
Micromonospora, Bryobacter, Gemmatimonas, Sphingomonas, and Roseomonas were highly
abundant in buffelgrass, irrespective of the treatment or sampling time (Fig 5). Overall, 2,164
ASVs corresponded to 235 different genera of bacteria detected in our samples. Those 235 gen-
era constitute the extended microbiome of buffelgrass roots under all tested conditions
(S1 Fig). Those bacteria comprise what is referred to as the buffelgrass core microbiome. A
core microbiome is a set of microorganisms forming cores of interactions that can be used to
optimize microbial functions at the individual plant and ecosystem levels [23]. Diversity
manipulation might be a key battleground where hosts and various hubs cooperate or com-
pete, making them potential targets for plant biocontrol studies [48]. Rather than just promot-
ing host plant growth, the core microbiome is vital in organizing the community assemblies
mediating and organizing plant-microbe and microbe-microbe interactions by recruiting
indigenous microorganisms with diverse functions and even suppressing high pathogen loads
in the field [23]. Hence, the detailed study of core microbiomes should enable microbial spe-
cies identification and functions on plant-microbe interactions that impact plant adaptation to
arid environments and their featured plant-associated lifestyles [49, 50].

Among the core microbiome of buffelgrass (Fig 5, S2 Fig), some genera have been related
to allelopathic conditions, such as RB41, Bryobacter, Nitrospira, Gaiella, and Microvirga, whose
abundances changed depending on the amount of vanillic acid available [20, 51, 52]. Addition-
ally, the genus Nitrospira has been reported in the soil surrounding buffelgrass and can oxidize
ammonia to nitrate (commamox) [2]; commamox activity is frequent in oligotrophic habitats
[53]. Hence, the presence of this genus in the core microbiome could help buffelgrass obtain
nitrogen in deserts, where this element tends to be scarce. Bradyrhizobium is a common spe-
cies in close association with plant roots, including known invasive species such as Acacia deal-
bata, and can enhance the competition ability of the tree [21, 54]. The potential for producing
soluble vitamins, antimicrobials, and antibiotics detected in rhizosphere metagenomes and
genomes of Bradyrhizobium, Geodermatophilus, Pseudonocardia, Micromonospora, Crosiella,
Amycolatopsis, and Kribbela, may also be relevant in the context of plant invasions [55-60].
The genus Sphingomonas produces molecules that promote plant growth [61], whereas Krib-
bella isolates from allelopathic shrubs and other plant species show antifungal activity and con-
tain genes related to the production of secondary metabolites [62, 63].
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Gemmatimonas belong to the phylum Gemmatimonadetes, including taxa adapted to arid
and oligotrophic conditions, and are among the most abundant bacteria in soils [64, 65]. The
ability to thrive in replanted soils and to accumulate polyphosphates may be beneficial for the
development of buffelgrass, which creates an allelopathic autotoxic environment and depends
on phosphorus compounds to develop [5, 17, 66-68].

Solirubrobacter (Actinobacteria) is ubiquitous in buffelgrass. Only a few cultivated bacteria
represent Solirubrobacter, with indirect evidence that showed them as a diverse group in
nature [69]. Solirubrobacter can thrive in phenolic environments, using chlorogenic acid to
grow [69], and can develop in the rhizosphere of cucumber treated with vanillin [20]. The rela-
tionship of Solirubrobacter with the plant host phenotype is ambiguous, with positive and neg-
ative correlations in multiple hosts [67, 70, 71]. Considering that several studies propose that
certain fungi and bacteria contribute to the invasion success of plants introduced to novel hab-
itats [25, 54], it is fair to suggest that the microorganisms recruited in the rhizosphere of buffel-
grass contribute to a certain extent to the establishment and quick development of this grass in
the habitats it invades.

4.2 Buffelgrass recruits taxa capable of thriving in an allelopathic
environment

The allelochemicals exogenously amended during the experiment favored differential taxa
abundance, according to our DESeq2 analysis (Fig 4). This effect of allelochemicals on micro-
biome structuring was observed in the CAP analysis, where the samples from the exudate and
leachate treatments from T2 are further apart than they were in the first period (Fig 3B). More-
over, microbiomes from allelochemical treatments clustered apart from both soil and the con-
trols. Even though the microbiomes under leachate treatment cluster closer to the controls, the
distance is noticeable (Fig 3B). This strongly suggests that the presence of buffelgrass influ-
ences the root microbiome diversity.

Plants in desert ecosystems have developed ecophysiological adaptations, including salt and
chemical compound excretion beneath the plant canopy, creating an allelopathic environment
that affects organic matter and soil moisture levels [11]. Previously reported buffelgrass roots
exudates comprised chlorogenic, ferulic, caffeic, p-OH-benzoic, p-coumaric, vanillic, syringic,
and gentisic acids, all phenolic acids, and proven allelopathic agents [17]. Phenolic compounds
recruit bacterial taxa more precisely than other rhizodeposits [72], and some compounds, such
as coumaric acid, affect growth and microbial community composition in a concentration-
dependent manner [19, 73]. Moreover, this concentration may increase through soil microbial
production and using vanillic acid and p-OH-benzoic acid from ferulic acid and p-coumaric
acid, respectively [19, 74, 75]. Since the buffelgrass microbiome changes across time and devel-
opment, the root-recruited taxa are likely able to metabolize the phenolic compounds secreted
by the roots at different growth stages [25].

We found 17 abundant differential bacterial genera in the treatments. As expected, some
ASVs enriched in the exudates or leachate treatment are known for their capabilities to metab-
olize and produce phenolic compounds (S3 Table). Enriched taxa in allelochemical treatments
were: Caulobacter, Phytohabitans, Mle1-7, Planctomicrobium, Aurantimonas, Cryptosporan-
gium, Bauldia, Tellurimicrobium, Oxalicibacterium, Dokdonella, Nodosilinea-PCC-7104, and
Saccharothrix (Fig 4B and 4D, S3 Table). Caulobacter (Alphaproteobacteria) was the only one
enriched in both allelochemical treatments. Caulobacter acts as a microbial community hub
on the leaf microbiome of Arabidopsis [48]; also as a plant growth-promoting bacterium
(PGPB) through the production of plant hormones [76, 77]. Different species of Caulobacter
can thrive in rhizosphere environments containing the same phenolic acids as those produced
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by buffelgrass [18, 78-80]. Cryptosporangium and Bauldia are found in the roots of different
allelopathic plants, such as Eucalyptus and Andrographis [81, 82].

Buffelgrass is a plant species preferred for grazing because of its high nutrient content.
However, it can accumulate oxalate to potentially toxic concentrations for cattle [5, 17, 83].
Oxalicibacterium (Burkholderiaceae) comprises species isolated from soils and litter from oxa-
late-forming plants and collects oxalic acid or calcium oxalate as metabolic products, although
oxalate can also be produced through the degradation of other compounds such as citrate [84-
88]. Bacterial oxidation of calcium oxalate, which can be carried out by species such as Oxalici-
bacterium and Bradyrhizobium, entails soil alkalinization, which may act as a soil acidification
buffer [88]. Similarly, Tellurimicrobium can grow on oxaloacetate [89]. The relevance of the
ability to metabolize oxalic compounds is rooted in the importance of oxalate regarding plant
physiology. Oxalate solubilizes insoluble phosphorus (in the form of aluminum phosphate) in
the rhizosphere, is involved in pH regulation and calcium storage, and acts as a ligand for alu-
minum [85, 90]. Furthermore, oxalate degradation by some taxa, such as Burkholderia, lowers
oxalate levels on plant surfaces and decreases the infection potential of pathogenic microor-
ganisms attracted by oxalate [90].

Allelochemicals are compounds synthesized not only by plants but also by fungi and bacte-
ria. The actinobacterium Saccharothrix was also enriched in the root exudate treatment com-
pared to the controls. This genus can biosynthesize caffeic acid and cinnamic acid, the latter
being a substrate for the biosynthesis of other phenolic compounds [91, 92]. The biosynthesis
of phenolic compounds, such as vanillic acid from ferulic acid, through mechanisms involved
with B-oxidation, has been described in many bacteria [75]. The accumulation of allelochem-
icals, such as phenolic compounds, may have both plant and bacterial origins. Buffelgrass is a
plant with a C4 metabolism, which enables it to thrive under drought conditions and high
temperatures [6, 93]. Under those conditions, plants draw upon different strategies, such as
regulating stomatal aperture [94]. Albeit in a concentration-dependent manner, phenolic acids
influence the aperture and closure of stomata in various plant species [95-97] and may even
alter photosynthetic performance [98]. Hence allelochemicals could act as signals in a cross-
kingdom talk, and it is possible that the presence of phenolic compounds, either supplied by
the plant or by the microorganisms, in the buffelgrass rhizosphere influences buffelgrass physi-
ology through the regulation of stomatal aperture and closure, which in turn could diminish
the growth of the plant while promoting its development in an arid environment. Further anal-
ysis using a metagenomic perspective may confirm the interpretations made in this study.

4.3 Time as a microbiome community-structuring factor

Rhizosphere microbiomes are composed of bacteria filtered by the same plant from the bulk
soil, creating microbial communities in the rhizosphere, distinguishable from the soil commu-
nities [99-101]. The soil-to-rhizosphere effect was shown in the ordination (10.8% of the vari-
ance, Fig 3B), where the samples from bulk soil (S) cluster apart from all the treatment samples
derived from buffelgrass plants. Interestingly, the Unifrac dendrogram shows a closer phyloge-
netic relationship between communities belonging to the same period (Fig 3A). Similarly,
CAP analysis revealed that time influences the microbiome structure, shown through differ-
ences in the microbiome between T1 and T2 (Fig 3B). Studies have reported plant develop-
mental effects on plant-associated microbiomes [102-104]. Even though the period evaluated
is relatively short (20 days difference), specific phyla changed in their abundances concerning
T1 and T2 (Fig 2). The WPS-2 and Hydrogenedentes showed increased quantities from T1 to
T2 in the root exudates treatment. In contrast, Fibrobacteres rose in the root exudate and
leachate treatment. Hydrogenedentes have been reported in contaminated zones with
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compounds such as phenanthrene [105] and associated with multiple plants [40,106]. Phylum
WPS-2 has been registered as dominant in the invasive tree Eucalyptus, with a declining abun-
dance after the first year [107]. Deinococcus-Thermus abundance was reduced from T2 to T1
in the root exudate treatment; in a previous study, the absence of phenolic allelochemicals cor-
related with a decreased Deinococcus-Thermus abundance [40].

Additionally, plant age is the main factor shaping root microbiomes in maize and Eucalyp-
tus, stabilizing over time [107, 108]. Regarding buffelgrass, the microbiome changes probably
reflect plant aging. The plant’s different development stages, including the allelochemicals
exuded by the roots, cause changes in the compounds secreted by the roots [78]. Time differ-
ences were highlighted by differential taxa in buffelgrass (Fig 4A, S3 Table). During the first
period (T1), the significantly enriched bacteria belonged to the phyla Cyanobacteria (Nodosili-
nea PCC-7104), Proteobacteria (Oceanibaculum), and Bacteroidetes (Pedobacter and Flavita-
lea). Pedobacter and Oceanibaculum have increased abundances during the intermediate plant
growth stages [109]. Bacteria in the rhizosphere of younger plants tend to use simple amino
acids instead of complex carbohydrates, as do older plants [110]. This young plant hypothesis
is backed by previous studies, where the amendment of soils with a mixture of long-chain fatty
acids and amino acids led to an enrichment of Flavitalea [111].

We observed that Bacteroidetes (Ohtaekwangia), Proteobacteria (IS-44), and Actinobacteria
(Phytohabitans and Saccharothrix) were enriched in T2. This is consistent with previous find-
ings that Ohtackwangia dominates in the middle-growth stages of other plant microbiomes
and decreases over time [104, 109]. Our results also agree with this pattern, as T2 buffelgrass
plants were not at a young growth stage, and Ohtaekwangia was enriched in 112-day-old buf-
felgrass plants.

The changes in root exudates of a plant throughout its development can significantly
impact the microbial communities in the surrounding soil, as highlighted by recent studies
[78, 112]. This highlights the importance of considering the plant’s phenology and physiologi-
cal and chemical traits when examining the effects of invasive plant species on ecosystems [1,
73]. Additionally, the impact of phenolic compounds on the soil microbiome is known to be
concentration-dependent [19, 73], and changes in root exudate patterns during the develop-
ment of buffelgrass could provide new insights into the formation of rhizosphere micro-
biomes. Our experimental design, which included the use of PVC pots, may have also played a
role in the accumulation of phenolics and leachates, leading to the selection of microorganisms
that are capable of thriving in environments with high concentrations of phenolic compounds
or can degrade these compounds as part of their metabolism. These microorganisms are prob-
ably selected based on the buffelgrass’s growth stage and allelochemicals’ fate and concentra-
tion. This interaction could allow the plant to benefit from the production of antimicrobial
compounds and the degradation of contaminants, allowing the plant to expand its invasive
range.

5. Conclusions

Actinobacteria dominated the microbiome of buffelgrass, resembling the microbiomes of
other plants in deserts, arid zones, and other desert allelopathic shrubs. Our study found that
rhizosphere microbiomes treated with allelochemicals had a higher abundance of specific taxa,
highlighting the impact of buffelgrass on soil bacteria. Time was also found to be a significant
factor in shaping the buffelgrass microbiome, and further research should focus on the effects
of allelochemicals on the root exudate pattern throughout the plant’s development. Addition-
ally, we identified a core microbiome comprising microorganisms known for their antimicro-
bial or vitamin production capabilities, which likely played a role in shaping the remaining
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microbial community associated with the roots of buffelgrass. Our findings suggest that certain
recruited bacteria can metabolize allelochemical compounds excreted by the roots, potentially
influencing buffelgrass physiology.
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8.2. CAPITULO II: Diversidad ambiental y genémica comparativa de la

bacteria Solirubrobacter

Considerando que Solirubrobacter es un género bacteriano presente en suelos contrastantes y en
rizésferas de diversos hospederos, es probable que su genoma varie de acuerdo al ambiente donde
se encuentra pero que al mismo tiempo contenga un arsenal génico capaz de permitirle dispersarse a
escalas geograficas amplias. Solirubrobacter nos permite hacer esta evaluacion al estar presente en
una gran variedad de suelos con distintas caracteristicas y asociada a diversos hospederos de
plantas, ambas en distintas locaciones geograficas. Esta seccion se enfoca en realizar un analisis

genoémico comparativo de este género bacteriano.

Utilizando los genomas disponibles en bases de datos se realizé un analisis filogenético que nos
permitié excluir uno de los ocho genomas, ya que no pertenece realmente al género Solirubrobacter:
en la filogenia del gen 16S rRNA, en la filogenia del core y en el dendrograma generado con el
analisis del GSS el genoma de ASM999324v1 se agrupa aparte del resto de Solirubrobacter,
agrupandose incluso con los grupos externos Bacillus subtitlis y Streptomyces coelicolor. Utilizando
los siete genomas que si pertenecen al género se construyo un pangenoma conformado por 19,645
familias de proteinas, 2,644 de cuales conformaron el genoma nucleo del género. La adicion
secuencial de genomas incrementd continuamente el nimero nuevo de genes, indicando que el
pangenoma de Solirubrobacter es un pangenoma abierto. Usando este pangenoma reclutamos
secuencias de metagenomas de suelos y rizosferas, o que nos permiti6 no solo determinar la
presencia de las siete Solirubrobater de referencia sino también la posible existencia de nuevas
cepas de esta bacteria. Este resultado se mantuvo para todos los metagenomas de rizésferas de
distintas plantas y de distintas ubicaciones geograficas. La abundancia de secuencias reclutadas
varié entre muestras de rizésfera, indicando que el hospedero y el ambiente que se genera en sus
raices influyen en las caracteristicas gendmicas de las cepas de Solirubrobacter presentes en estas
muestras ambientales. Por el contrario, la presencia de Solirubrobacter en metagenomas de suelos
fue dispar dependiendo de la proveniencia geografica de la muestra. Los reclutamientos de suelos
mexicanos presentaron un perfil similar al de las rizésferas, pero aquellos metagenomas de suelos
canadienses, colombianos y estadounidenses mostraron una clara ausencia de este género. El suelo
Canada_1 fue el Unico de los suelos no mexicanos que reclutd una cantidad considerable de

secuencias del genoma nucleo pero menos de la mitad del genoma accesorio.

El pangenoma de referencia se anotd utilizando la base de datos de proteinas Clusters of

Orthologous Groups (COGs) para obtener un perfil funcional y de familias génicas. Las categorias
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mas abundantes en el pangenoma fueron S (desconocido; 18.19%), K (transcripcion; 11.53%), T
(transduccion; 6.44%), E (aminoacidos; 6.29%) y G (carbohidratos; 5.94%), mientras que en genoma
ndcleo las mas abundantes fueron S (desconocido; 15.61%), E (aminoacidos; 8.01%), K
(transcripcion; 7.47%), C (energia; 6.81%), NA(-)(6.07%), J (ribosomal; 5.86%) y G (carbohidratos;
5.24%). Dentro de las proteinas identificadas en el pangenoma nucleo se encuentran proteinas de la
familia ROK, involucradas en el metabolismo de carbohidratos (Bekiesch et al., 2016), y dominios de
cupinas, asociadas a adquisicion de nutrientes (Khuri et al., 2001). Se identificaron 25 factores sigma
diferentes y diversos mecanismos de defensa, como los genes drrA y drrB, transportadores de la
micotoxina tricoteceno, sistemas de toxina antitoxina, dioxigenasas para la degradacion de
compuestos aromaticos, bombas para arsénico, los genes del operén uvrABC, metiltransferasas,
entre otros. Unicamente el 13.7% de las proteinas involucradas en metabolismo secundario se

encontraron en el pangenoma, el restante 86.21% se detectaron en el genoma accesorio.

La expansién del genoma como consecuencia de familias génicas asociadas a ciertas funciones nos
permite determinar a qué funciones esta destinada una mayor porcion del genoma de este género.
Las familias mas grandes detectadas estdn compuestas por 22 genes duplicados y pertenecen a la
categoria de sensado ambiental, particularmente asociadas al regulon Lux, a una
integrasa/transposasa/recombinasas tipo DDE y a flagelina, esta ultima conformada por 9 genes. El
analisis enfocado en las proteinas de biosintesis de flagelo revelé que en Solirubroabcter estan
presentes unicamente el 33.3% de las proteinas presentes en Conexibacter y Patulibacter. Algunas
proteinas esenciales estan ausentes, como MotB que forma parte del estator y FIIQPR que conforman
el sistema de secrecién de flagelina para la construccion del flagelo. Solirubrobacter soli es la Unica

de las siete cepas que contiene las secuencias de MotB y FIliR en su genoma.

Con el EEP logramos identificar 9,906 proteinas potencialmente nuevas para Solirubroabcter. Con la
anotacion del EEP en la base de datos COG obtuvimos un perfil funcional donde algunas de las
categorias incrementan su abundancia gracias a las proteinas reclutadas de los metagenomas. Esto,
ademas de permitirnos expandir la descripcidon del género, nos ofrece nueva informacion acerca de
adaptaciones locales de Solirubrobacter en cada ambiente. En el ordenamiento construido utilizando
las muestras metagendmicas se forman dos agrupamientos, uno con todas las referencias y algunos
metagenomas y otro unicamente con metagenomas, sugiriendo la existencia de nuevas cepas de
Solirubroabcter. Por otro lado, la busqueda de genes de interaccion planta-microorganismo en el EEP
con los HMM resulté en un total de 11 hits positivos, mientras que en los controles positivos se
obtuvieron 173 hits. El analisis de la red de co-ocurrencia resulté en un valor de grado de

conectividad de 97 (u=40.08) para Solirubrobacter, mientras que el promedio de la red fue de 40.08.
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La centralidad de intermediacién fue bajo, con un valor de 0.003 mientras que la centralidad de

cercania fue de 0.376, mientras que el promedio para toda la red fue de 0.020.

El preprint de este trabajo se muestra a continuaciéon y puede ser consultado en la direccion
https://doi.org/10.1101/2023.10.31.564804. Actualmente el manuscrito se encuentra bajo revision y en

espera de ser publicado.
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25 2. Abstract

26  Solirubrobacter, a genus within the Actinobacteriota phylum, is commonly found in soils and
27 rhizospheres yet remains unexplored despite its widespread presence and diversity, as
28 revealed through metagenomic studies. Previously recognized as a prevalent soil bacterium,
29  our study delved into phylogenomics, pangenomics, environmental diversity, and bacterial
30 interactions of Solirubrobacter. Analyzing the limited genomic sequences available for this
31 genus, we uncovered a pangenome consisting of 19,645 protein families, with 2,644
32  constituting a strict core genome. While reported isolates do not exhibit motility, we intriguingly
33  discovered the presence of flagellin genes, albeit with an incomplete flagellum assembly
34  pathway. Our examination of 16S ribosomal genes unveiled a considerable diversity (3,166
35  operational taxonomic units OTUs) of Solirubrobacter in Mexican soils, and co-occurrence
36 network analysis indicated its extensive connectivity with other bacterial taxa. Through
37 phylogenomic analysis, we delved into the relatedness of sequenced strains and notably
38 dismissed ASM999324v1 as a member of this genus. Our investigation extended to the
39  metagenomic diversity of Solirubrobacter across various environments, affirming its pervasive
40 presence in rhizospheres and certain soils. This broader pangenomic view revealed genes
41 linked to transcription, signal transduction, defense mechanisms, and carbohydrate
42  metabolism, highlighting Solirubrobacter's adaptability. We observed that Solirubrobacter's
43  prevalence in rhizospheres is geographically indiscriminate, prompting intriguing questions
44  about its potential interactions with plants and the biotic and abiotic determinants of its soil
45  occurrence. Given its richness and diversity, Solirubrobacter might be a versatile yet
46  overlooked keystone species in its environments, meriting further recognition and study.

47

48 3. Impact statement

49  This study explored the enigmatic world of Solirubrobacter, a widespread microbe commonly
50 found in soils and plants across various regions. Despite its prevalence, little is known about
51 its genetic diversity and functionality and how it thrives in diverse environments. Our research
52  unveils the genetic secrets of Solirubrobacter, shedding light on its adaptability and ecological



bioRxiv preprint doi: https://doi.org/10.1101/2023.10.31.564804; this version posted November 2, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

53 interactors and roles. We showed that Solirubrobacter environmental prevalence makes it a
54  good candidate for studying the genetic basis of being a successful microbe associated with
55  soil and plants.

56
s7 4. Data summary

58 Data, scripts and statistical analysis available in GitHub:

59  https://github.com/genomica-fciencias-unam/Solirubrobacter

60 Sequences, phylogenetic analysis, raw data structures:

61  https://doi.org/10.6084/m9.figshare.24446521

62 16S rRNA gene raw data:

63  https://www.ncbi.nlm.nih.gov/sra/PRJNA603586

64  https://www.ncbi.nim.nih.gov/sra/PRJNA603590

65  Shotgun metagenomes:

66  htips://www.ncbi.nlm.nih.gov/bioproject/603603

67  All supporting data, code, and protocols are within the article, supplementary files, and
68  described repositories.

69

70 5. Introduction

71  Solirubrobacteris an Actinobacteriota bacterial genus whose abundance appears high in soils
72 worldwide [1]. The genus's first type strain and definition was isolated from vermicompost in
73 2003, Solirubrobacter pauli [2]. S. pauli was described as a genus of Gram-positive bacilli,
74  pink-colored, aerobic and mesophilic, non-sporulating, without motile structures, low
75  desiccation resistance, no growth at 1% NaCl, and with a ~70% G+C content [1,2]. Since then,
76  S. soli, S. ginsenosidimutans, S. phytolacca, and S. taibaiensis have been isolated and
77  described. Both S. soli and S. ginsenosidimutans were isolated from ginseng fields, while S.



bioRxiv preprint doi: https:/doi.org/10.1101/2023.10.31.564804; this version posted November 2, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

78  phytolacca and S. taibaiensis from the roots and stem of the Indian pokeweed Phytolacca
79 acinosa [3-5]. The carbohydrate utilization capabilities, growing conditions, and phenotype
80 vary depending on the species (Table 1). The cultivated isolates of Solirubrobacter are very
81 limited, probably due to their slow growth and the lack of a specific selective medium, even
82 though poor nutrient media seem to contribute to their isolation [6]. Solirubrobacter is also
83 related to harsh environments, such as black chickpea fertilized culture soils [7] and coal and
84  soil samples from opencast coal mines [8]. This bacterial genus has been linked with
85 metabolizing contaminants such as detergents [9] and positively correlated with
86  bioaccumulation of Cd and Znin plants [10]. Despite being widely reported in agricultural soils,
87  Solirubrobacter seems sensitive to antibiotics, decreasing its abundance by more than 50%
88 in agricultural soils contaminated with antibiotics of manure origin [11]. Even though some
89 strains have been reported as non-resistant to desiccation [2], in studies analyzing UV
90 exposure, Solirubrobacter appeared in slightly increased abundance [12] and even as one of
91 the key genera in microbial communities from sand desert exposed to intense solar UV
92 radiation [13].

93  Numerous environmental studies have detected this bacterium through 16S rRNA gene
94  sequencing, especially in soils and rhizospheres of diverse plants. Our group has examined
95 soil and rhizosphere microbiome samples across Mexico, from soils with very diverse
96 physicochemical properties and rhizospheres of wild and cultivated plants. In these hundreds
97 of samples we have observed the prevalence of Solirubrobacter [14-16]. The limited data on
98 this genus obstructs elucidating the precise role Solirubrobacter plays in the rhizosphere.
99  However, both favorable and adverse correlations with plant growth have been documented
100 [15, 17, 18], implying potential gene presence promoting host plant development in
101  Solirbrobacter genomes. Interestingly, S. soli DSM 22325 was sequenced as a directed effort
102  of the Genome Encyclopedia of Bacteria and Archaea (GEBA) [19]. The GEBA consortium
103  also identified S. soli as the top recruiting genome when aligning it against metagenomes, with
104  preferences for terrestrial (50%), plant (34%), and aquatic environments (6.5%) [19].

105 The widespread prevalence of this bacterial genus resonates with the assertion, "Everything
106 is everywhere, but the environment selects," a notion sparking ecological debates since the
107  eighteenth century [20]. This theory posits that due to the swift population expansion and vast
108  size of microbial communities, microbial taxa can disperse rapidly, and their distributions are
109 shaped by environmental factors—thus negating the roles of historical biogeography and
110  dispersal events in community formation [21, 22]. Among these environmental determinants
111  are established factors like pH, alongside more intricate ones such as pedogenesis, trophic
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112  status, available plant debris, and vegetative cover [23, 24]. However, some research
113  indicates that environmental influences wane beyond a specific geographic extent (10 km),
114  which suggests that the same biogeographic and historical processes of macroorganisms can
115  apply to bacterial populations and communities [21, 25]. Geographical barriers foster endemic
116  microorganisms, primarily as they prevent a significant dispersion [21, 26]. Even so, instances
117  of microorganisms from the same taxonomic group identified across disparate geographical
118 locations have been recorded, with the underexplored genus Solirubrobacter being one such
119  case. Despite its ubiquity across diverse soils and plant hosts, the genetic diversity enabling
120  Solirubrobacter to flourish in varied and contrasting environments remains overlooked.
121 Delving into the genetic makeup of Solirubrobacter, in light of the "Everything is everywhere,
122 but the environment selects" concept, not only elucidates this genus but also sheds light on
123 how geographically distant locales and differing environmental attributes might influence the
124  genetic distribution and adaptive strategies of a singular bacterial genus.

125  Solirubrobacteris a common and prevalent bacterium in soils and rhizospheres, yet its biology
126  remains largely unexplored. This study aims to unravel the diversity and functionality of
127  Solirubrobacter, striving to elucidate its ecological roles, adaptive capabilities, and interactions
128  with other microorganisms. To achieve this, we adopted a comprehensive strategy
129 encompassing phylogenomics, pangenomics, and metagenomic analysis. Initially, we
130 collected and examined the available genomic sequences of the Solirubrobacter genus.
131  Additionally, we analyzed environmental 16S ribosomal gene sequences to discern the
132 diversity and distribution of Solirubrobacter across various environments. Subsequently, we
133 constructed an Environmental Extended Pangenome (EEP) by recruiting potential new
134  Solirubrobacter proteins from soil and rhizospheric metagenomes to investigate if similar
135  environments select for comparable features. These methodologies enabled us to determine
136  the prevalence of Solirubrobacter in soil and rhizospheres, regardless of geographic location.
137  Our integrated approach enhanced the understanding of Solirubrobacter genomic diversity
138  and its significance in terrestrial ecosystems, laying a foundation for further investigation and
139  continuous study of this understudied microbial genus.

140

141 6. Methods

142  Solirubrobacter core genome retrieval and phylogenetic analysis
143  We summarized the main methodological steps (Fig. 1). All available genomes and draft
144  assemblies from the genus Solirubrobacter were retrieved from NCBI in February 2023. In
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160

total, eight Solirubrobacter species were downloaded (Table 1). Genome quality and
completeness were evaluated using Checkm [27]. Using the GET_HOMOLOGUES pipeline
[28], we calculated a pangenome of all Solirubrobacter strains while using Streptomyces
coelicolor and Bacillus subtilis as outgroups (NCBI Accessions: GCA 013317105.1 and
GCF_000009045.1). Core genes were retrieved and aligned individually with MAFFT [29] for
further concatenation into a core genome alignment. Then, using R v 4.2.2 [30] ape [31] and

phangorn [32] libraries, we calculated the best evolutionary model of the core genome
alignment with ten taxa, a length of 105,813 characters, and 48,460 site patterns. The best

Akaike information criterion (AIC) model was LG [33], with a gamma-distributed rate (k = 4).

The model was used to build a consensus maximum likelihood phylogeny with 1,000

bootstraps.

The

complete

analysis

protocol is

available

on GitHub

(https://github.com/genomica-fciencias-unam/Solirubrobacter). Additionally, we carried out

the genome similarity score (GSS) analysis [34-36]. A set of seven Solirubrobacter genomes

was retained and used for further analysis and are henceforth called reference genomes or

reference species.

Table 1. Solirubrobacter reference genome information and traits.
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followed by a phylogeny using FastTreeMP [42].

new functions of
Solirubrobacter

Solirubrobacter diversity and networks using 16S rRNA gene

We reanalyzed 107 microbiomes of rhizosphere, endosphere, and soils from Mexico [14] to
extract the sequences of the OTUs corresponding to Solirubrobacter. The dataset included
255,275 16S OTUs (97% identity). For genus-level analysis, the dataset was managed with
R’s phyloseq [37], vegan [38], and ggplot2 [39] libraries. We also extracted the 16S rRNA
genes from the reference genome sequences using barrnap (v. 0.7) [40] and concatenated
them into the 16S microbiome sequences. We aligned all the 16S using SSU-align [41],
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170  For the network analysis, the 16S OTUs sequences were merged to the genus level, resulting
171  in 1,748 bacteria genera. With the R igraph library [43], we calculated a co-occurrence,
172 undirected network. We exported it as a graphml object to be analyzed by Gephi graph
173  visualization and manipulation software (v 0.10) [44]. Complete protocols and datasets are
174 available on GitHub (https://github.com/genomica-fciencias-unam/Solirubrobacter) and
175  FigShare (https://doi.org/10.6084/m9.figshare.2444652).

176  Solirubrobacter pangenome analysis

177  All Solirubrobacter genomes were annotated using Prokka (v.1.12) [45] to generate gff3 output
178 files that served as input for Roary [46]. Roary is designed to construct pangenomes from
179  related species. An UpSet diagram [47] was constructed with R to illustrate the shared and
180 unique gene distribution. The resulting output files with the sequences comprising the
181 pangenome were annotated using the Clusters of Orthologous Groups (COG) [48] and Kyoto
182  Encyclopaedia of Genes and Genomes (KEGG) [49] database. The resulting annotations
183  were used to create a matrix with counts of the number of proteins of each COG in the
184  reference pangenome, the core genome, and each Solirubrobacter strain. The matrix was
185  standardized using Z values. Using only the sequences successfully annotated in COG, a
186  functional profile was constructed using the phyloseq, ggplot2, gplots [50], and R default
187  packages. Hierarchical clustering was performed using the hclust method on a Bray-Curtis
188  dissimilarity matrix [51].

189  After annotation, we were able to detect proteins involved with flagellar biosynthesis.
190 Considering that Solirubrobacter isolates are described as non-motile, we retrieved all proteins
191  involved with flagellar assembly (KEGG and COG databases). All selected proteins were used
192 to construct a presence-absence matrix. For comparison, the reference genomes of
193  Conexibacter woesi and Patulibacter minatonensis were downloaded from NCBI (Accession
194  number: GCA_013317105.1 and ASM51932v1, respectively) and annotated against the same
195 databases. We chose these bacteria because they are flagellated and belong to the same
196  order as Solirubrobacter.

197
198

199 Solirubrobacter recruitment with metagenomes from multiple

200 environments
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201  To evaluate the presence of the reported Solirubrobacter species in environmental samples,
202 we used a total of 36 metagenomes from rhizospheres and soils from different geographic
203 locations. Mexican soils and rhizospheres comprised 16 of the 36 selected metagenomes and
204  were retrieved from a previous study evaluating soil and rhizosphere microbial composition
205 (NCBI Bioproject PRINA603603) [14]. The remaining soil metagenomes were selected if the
206 sample came from an agricultural field and the location was geographically distant from our
207  Mexican soils. The criteria for rhizospheres was also a geographical separation and plant host
208 different from the Mexican ones. Lake water, phyllosphere, and sea sediment metagenomes
209  were used as negative controls. All metagenomes used for this section are listed in Table S1.
210 Reads associated with Solirubrobacter from the 36 metagenomes were identified using the
211  reference pangenome sequences and tBLASTn [52]. The resulting hits were filtered according
212  to bitscore value and quality-checked using Trimmomatic [53]. Later, the constructed
213  pangenome and the Solirubrobacter metagenomic reads were aligned using Promer [54]. We
214  then generated identity graphs showing the percentage identity and coverage of the alignment
215  through the promer_deid.py in-house script available on GitHub. After analysis of the Promer
216  alignments, the rest of the study was carried out using only the metagenomes from Mexican
217  soils (six metagenomes. Samples 1 to 6; Table S1) and Mexican rhizospheres (ten
218 metagenomes. Samples 13 to 22) were selected for the construction of the Environmental
219  Extended Pangenome (EEP).

220 Metagenomic data assembly

221  The sixteen selected Mexican soils and rhizosphere shotgun metagenomes from the NCBI
222  Bioproject PRINAG603603 [14] were subjected to quality control using Trimmomatic, and
223  paired-end matched reads were retained for subsequent analysis. Metagenomic reads from
224  samples 18 to 22 (rhizospheres; Table S1) were filtered out, matching Solanum lycopersicum
225 genome (Accession number: GCF_000188115.5), while samples 13 to 17 (rhizospheres;
226 Table S1) were filtered against the Arabidopsis thaliana genome (Accession number:
227  GCF_000001735.4) with Bowtie2 [55]. Metagenomic libraries were assembled using a hybrid
228 assembly approach. First, SPADES [56] with —a meta function was used to generate contigs,
229 and high-quality reads were mapped against the SPADES contigs. Second, all unmapped
230 reads were subjected to a second assembly with Velvet [57]. The resulting contigs from both
231 assemblies were merged, and only a minimum of 100 bp length contigs were retained. All
232  obtained contigs were used to obtain an EEP for Solirubrobacter.
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233 Solirubrobacter Environmental Extended Pangenome

234  To recruit potentially new Solirubrobacter proteins, we used the pangenome sequences as a
235 reference and, using Bbmap [58], mapped them against the previously assembled contigs of
236 the 16 selected metagenomes. All contigs containing Solirubrobacter proteins were extracted,
237 and coded proteins surrounding the already known Solirubrobacter protein were considered
238 potentially new proteins of this genus. We performed a filtering step using BLASTx [59] with
239 the pangenome as a database and filtering by an e-value of 1e-5. We then used Prodigal [60]
240 to predict ORFs and coding proteins for the new sequences and the reference sequences of
241  Solirubrobacter. All sequences were concatenated in a single file and ran through CD-HIT [61]
242  using the following parameters: -n 3 -c 0.50 -aS 0.7 -d 0 -M 30000 -T 10. These settings
243  allowed us to create an EEP composed of the potentially new Solirubrobacter proteins and
244  the proteins from the reference species. The EEP was annotated using COG and KEGG as
245  carried out for the reference pangenome.

246

247 Functional and diversity analysis of the Solirubrobacter environmental extended
248 pangenome (EEP)

249  Using only the sequences successfully annotated in COG, a functional profile of the EEP was
250 constructed using the same methods listed for the reference pangenome functional profile.
251  Additionally, for the annotated sequences, differences between samples were analyzed
252 through an unconstrained Principal Coordinate Analysis (PcoA) [62] on Bray-Curtis
253  dissimilarity matrices; the clustering was evaluated through the ANOSIM statistical function
254  [63]. To further describe the metabolic capability of the genus Solirubrobacter, the number of
255  duplicated sequences per sample was counted using the output file of the CD-HIT analysis.
256  This analysis allowed us to determine gene families and evaluate which metabolic activities
257  Solirubrobacter assigns a higher portion of its genome. Detailed statistical and bioinformatic
258  methods for all the methods used in this study can be accessed on GitHub.

259  Annotated sequences from the reference and EEP were manually analyzed to identify any
260 proteins related to plant-microorganism interactions. Additionally, Hidden Markov Models
261  (HMM) for Actinobacteria proteins involved in plant-microorganism interactions [64] were used
262  to search for proteins of this type of interaction in Solirubrobacter metagenomic proteins from
263  Mexican soils and rhizospheres. This search used HMMER v. 3.3.2 [65], and only the three
264  best hits were requested. Streptomyces coelicolor and Streptomyces griseus genomes
265  (Accession number: GCA 013317105.1 and ASM1060v1, respectively) were used for
266  comparison since strains from these species are known to interact with plants.

10
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7. Results
Functional composition of Solirubrobacter references core genome

A total of 13,160 proteins were annotated (66.98% of the pangenome, Table S3) using the
COG ontology, with 2,421 of them belonging to the core genome. Hypothetical proteins
accounted for 6,484 of the pangenome, of which 223 were from the core genome. We
visualized the abundance of the COGs per species, as well as the core genome and
pangenome (Fig. 2). The most abundant COGs in the pangenome were S (unknown; 18.19%),
K (transcription; 11.53%), T (transduction; 6.44%), E (aminoacids; 6.29%), and G
(carbohydrate; 5.94%). Regarding annotated sequences from the core genome, the most
abundant COGs were S (unknown; 15.61%), E (aminoacids; 8.01%), K (transcription; 7.47%),
C (energy; 6.81%), NA(-)(6.07%), J (ribosomal; 5.86%), and G (carbohydrate; 5.24%).
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Fig. 2. Functional profile of Solirubrobacter references pangenome. Heatmap showing

normalized Cluster of Orthologous Groups (COGs) frequencies within each group are shown

as a two way clustering. Circles refer to reference strains and stars to the constructed

pangenome and core genome of Solirubrobacter.

The ability to exploit different carbohydrate sources is reflected in the core COG G

(carbohydrate). In this COG we found five protein families identified as ROK family proteins,

as well as enzymes for xylose isomerases (8), alpha amylase domains (2), starch synthase
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287 (1), hydrolases (12), HpcH/Hpal aldolase/citrate lyase family (1), and polysaccharide
288 deacetylase (2). Moreover, a total of 8 cupin proteins or cupin domains were identified
289  between COGs G and S (carbohydrate and unknown, respectively).

290 Sigma factors lead to a wide gene expression diversity by modifying the specificity of RNA
291 polymerase [66]. Among COGs K (transcription), T (transduction), and KT
292  (transcription/transduction) of the core genome we detected 25 sigma factors, of which three
293  were ECF sigma factors and 13 sigma-70 factors. Histidine kinases are an important part of
294  two-component systems environmental sensing [67] and a total of 18 annotated protein
295 families were histidine kinases. Additionally, 12 protein families were identified as the
296  helix_turn_helix domain of the Lux regulon or as LuxR regulators.

297 Regarding defense mechanisms (COG V), ABC transporters represented 26.47%, including
298 daunorubicin resistance (4) and chromate (1) transporters. We detected homologs to genes
299  drrA and drrB, conferring resistance to daunorubicin, an antibiotic produced by bacteria from
300 the genus Streptomyces[68, 69]. Two family proteins were annotated as fungal trichothecene
301 efflux pump (TRI12), contributing to the secretion of this mycotoxin from the cell. The AAA
302 domain from the putative AbiEii Type IV Toxin-Antitoxin system was also identified in the core
303 genome. AbiE TA systems confer phage resistance to the cell-inducing bacteriostasis: AbiEii
304 acts as a GTP-binding NTase toxin that is neutralized by the expression of AbiEi [70]. A total
305 of 18 protein families were annotated as dioxygenases, including glyoxalase/bleomycin
306 resistance and protocatechuate dioxygenases, key enzymes in the degradation of various
307 aromatic compounds [71]. ArsB, an arsenic pump membrane along cognate regulators, was
308 identified in the core genome. Stress-related proteins were detected. Three families of cold
309 shock proteins are involved in cellular responses against low-temperature stress, while four
310 protein families are involved in the use of trehalose as a compatible solute (COG G;
311  carbohydrate). The protein YaaA is involved in peroxide stress (COG S; unknown). From COG
312 P (inorganicions), the iron-storage gene bfrB gene was also found in the core genome. Finally,
313  multiple repair systems for damaged DNA were found in 20 family proteins from the COG L
314  (replication and repair), including the uvrABC operon. Secondary metabolism (COG Q) in the
315 core genome is just 13.79%, while 86.21% of detected genes were in the accessory genome.
316  Inthe core genome, three protein families were identified as cytochrome P450, while ten were
317 identified as methyltransferases involved with secondary metabolism.

318 Upon annotating the core genome using KEGG, 52.8% of the core sequences were
319  successfully annotated, enabling the reconstruction of biosynthetic pathways for tryptophan,

13
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320 phenylalanine, tyrosine, histidine, lysine, and the branched-chain amino acids valine, leucine,
321 and isoleucine (Fig. S1). The metabolic pathway for arginine degradation to ornithine was
322 identified, contrasting with the absence of an arginine biosynthetic pathway. The reference
323 core genome lacked enzymes for nitrate reduction, yet enzymes and an ammonium
324  transporter necessary for glutamate synthesis from ammonia were present. The argFGH
325 operon for arginine biosynthesis was missing in the core (only argH was detected through
326 COG annotation). Transporters for the missing amino acids were not identified in the core
327 genome (except for the branched-chain amino acid transporter). However, a methionine
328 transporter was found in the pangenome, along with portions of cystine and urea transporters.
329  This suggests that for other essential amino acids, Solirubrobacter likely relies on membrane
330 transporters for uptake.

331 Gene families expansions in Solirubrobacter

332  Weclustered all the proteins into single-copy genes, gene families from two to five members,
333  and equal or larger than six within each Solirubrobacter-predicted proteome (Table S4). The
334  most prominent gene families accounted for a maximum of 22 genes in S. ginsenosidimutans
335 and S. sp. CPCC. They were annotated as COGs K (transcription) and L (replication and
336 repair) (Fig. 3a). COG K (transcription) proteins were identified as helix_turn_helix Lux
337 Regulon and COG L (replication and repair) as RNA-mediated transposition proteins. Gene
338 families with nine genes coding for flagellin from COG N (motility) are present in strains S.
339  pauli, S. phytolaccae, and S. soli. All strains, except for S. phytolaccae and S. sp. CPCC, have
340 gene families from COG KT (transcription/transduction) of sizes ranging from seven to up to
341 15 and were identified as LuxR family transcriptional regulator genes. Interestingly, six families
342  containing six or more hypothetical proteins were found. Of these hypothetical proteins, we
343  analyzed family number 528 through a structural alignment that suggests that this family is
344  homologous to the antimicrobial peptide Brevinin-1JDa (Fig. S2).

14
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345

346  Fig. 3. Extended families in Solirubrobacter references. (a) Bubble plot showing gene families
347  with six or more duplicated genes and their annotation according to Cluster of Orthologous
348 Groups (COGs) for each reference strain. (b) Detected proteins involved in flagellar
349  biosynthesis in Solirubrobacter. The presence (blue) or absence (white) of each protein per
350  Solirubrobacter reference is displayed. Flagellar biosynthesis proteins present in Conexibacter
351 woesi and Patulibacter minatonensis are shown as comparison, because they are
352  Actinobacteriota reported to swim. All flagellar proteins shown were selected based on the
353  annotation using COG and KEGG databases.

354  Proteins involved with motility and flagellar assembly were detected among Solirubrobacter
355 references (Fig. 3b). A total of 33 proteins bound to flagellar biosynthesis were identified in
356 the Actinobacteriota flagellated species Conexibacter woesi or Patulibacter minatonensis,
357  from which only 11 (33.33%) were present in all Solirubrobacter references. The rest of the
358 proteins were detected in either C. woesi or P. minatonensis but were absent in most of the
359 references. All Solirubrobacter and Actinobacteriota controls contained flagellin synthesis
360 genes (hag). Moreover, gene families with nine genes coding for flagellin from COG N
361  (motility) are present in strains S. pauli, S. phytolaccae, and S. soli (Fig. 3a). Among the genes
362 detected in Solirubrobacter are structural components such as the hook (FIgE), along with
363 regulatory elements like FliK, responsible for controlling hook size, and FliS, a chaperone
364 facilitating flagellin transport [72]. Prime proteins such as the cytoplasmic membrane ring (FIiF)
365 and the motor component (MotB) are absent in Solirubrobacter.
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366  Solirubrobacter comparative genomics

367 We used the eight NCBI available genomes of Solirubrobacter pauli (type strain), S. soli
368 DSM22325 (S. soli), S. sp. CPCC204708 (S. sp. CPCC), S. sp. URHDO0082 (S. sp. URHD),
369 S. ginsenosidimutans, S. phytolaccae, S. taibaiensis, and ASM999324v1. The main genomic
370 features and reported phenotypic descriptors were summarized in Table 1. The genome size
371  of ASM999324v1, annotated as a Solirubrobacter in GenBank, is considerably smaller (2.02
372  Mb) than the average genome size of the rest of the Solirubrobacter (8.08 £ 1.12 Mb). Using
373 a 16S rRNA gene recovered from the genome sequences we did a phylogenetic
374  reconstruction using Streptomyces coelicolor and Bacillus subtilis as outgroups (Fig. 4a).
375  Fromthe 16S of the genomes, the basal clades have bootstrap support (>0.6). In contrast, the
376  top clade formed by S. pauliand S. phytolaccae had 0.5 support. We noted that ASM999324v1
377  is within the outgroup clade at all times (bootstrap = 1), with low support of the inner branching
378 (Fig. 4a). Then, using a core genome maximum-likelihood phylogeny, we observed complete
379 support (bootstrap = 1) in the consensus tree (1,000 bootstraps) for all branches of
380  Solirbubrobacter and the outgroup clade by B. subtilis and S. coelicolor but with a single
381  branch of ASM999324v1 (Fig. 4b).

382 The core genome consensus phylogeny showed S. sp. URHD as the basal clade, sister to
383  two other clades, one formed by S. sp. CPCC, S. taibaiensis, S. phytolaccae, and S. pauli,
384 and a top clade branched into S. soli and S. gingsenosidimutans (Fig. 2b). Both 16S and core
385 genome phylogenies located ASM999324v1 in a separate branch than the rest of species
386 from Solirubrobacter. Additionally, we conducted a genome similarity score (GSS) analysis
387 because it is a metric that allows pairwise orthologs beyond the core genome, thus including
388  vertically and horizontally transmitted elements and pangenomic information in the analysis.
389  Biriefly, the GSS used paired comparisons based on the sum of bit-scores of shared orthologs,
390 detected as reciprocal best hits (RBH), and normalized against the sum of bit-scores of the
391 compared genes against themselves (self-bit-scores). Its values range from 0 to 1, where 0
392 indicates the genomic content of compared species is the same, and a value of 1 indicates
393 the absence of homologous proteins. Then, the GSS can be plotted as a distance dendrogram,
394  where the maximum pairwise protein comparisons are plotted to the right of the graph (Fig.
395  4c). All Solirubrobacter strains had GSS values between 0.1896 - 0.3794, but ASM999324v1
396 presented an average value of 0.6615 when compared to the other strains of the genus (Table
397 S2).

398  Additionally, the core genome and GSS provide valuable gene function information and allow
399 us to identify shared functions and metabolic pathways among species, as well as provide
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400 information about the ecological roles and adaptations of the species. The GSS dendrogram
401  was, not surprisingly, consistent with the core genome phylogeny, showing the same clade
402 arrangement and relationships for the Solirubrobacter (Fig 4c). However, the genome
403 assembly ASM999324v1 reported as Solirubrobacter in NCBI, is again located in a clade with
404 B. subtilis. The smaller genome of ASM999324v1, along with the phylogenetic
405 inconsistencies, helped us to conclude that it is not a strain of Solirubrobacter and was
406  excluded from the rest of the analysis.

407  Solirubrobacter reference genomes harbor an average of 7,423 protein-coding genes, with S.
408 sp. URHD having the lowest number and S. ginsenosidimutans the highest (6,353 and 8,541,
409 respectively; Fig. 4c). The average GC content was 69.81% and a total of 2,644 proteins were
410 shared among all Solirubrobacter species, a strict core genome (Fig. 4d, Fig. S3).

411  Solirubrobacter diversity and interactions

412  Because of the large prevalence of Solirubrobacter in soil and rhizosphere microbiomes, we
413  started delving into its diversity through sequence retrieval and 16S gene annotation to
414  describe the environmental diversity. We used 107 samples from previous work involving
415 sampling comprehensive Mexican soil diversity and its role in rhizosphere microbiome
416  structuring [14]. Solirubrobacter environmental diversity is represented in the phylogeny
417  constructed using the 3,166 Solirubrobacter OTUs identified in our samples; we also included
418 the reference genomes showing that they map a few clades from the whole 16S phylogeny
419  (Fig. 4e). Solirubrobacter's diversity shows that a great effort is yet to be carried to capture the
420 diversity of this bacterial genus.
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422  Fig. 4. Phylogenomic diversity and shared genes of Solirubrobacter. (a) A 16S rRNA gene
423  Neighbour-Joining (NJ) phylogeny of the available genome references. Bootstrap values are
424  shown. (b) Core genome maximum likelihood phylogeny using 275 ortholog proteins and
425 1,000 bootstraps. (c) Solirubrobacter references dendrogram constructed using genomic
426  similarity score (GSS) distance (d) UpSet diagram showing Solirubrobacter shared genes and
427  pairwise intersections, in the first column, the core genome intersection is shown with 2,644
428  genes shared in all Solirubrobacter genomes. (e) Solirubrobacter reference genomes against
429  environmental diversity, a 16S NJ phylogeny of the operational taxonomic units (OTUs)
430 annotated as Solirubrobacter from Mexican soils and rhizospheres microbiomes, the
431 reference genomes 16S are shown in colored dots. In all the phylogenetic and GSS analysis,
432  Streptomyces coelicolor and Bacillus subtilis are used as outgroups.

433  Solirubrobacter interactions with other members of the microbial community were evaluated
434  through a network analysis using a 16S co-occurrence network (Fig. 5) from the 107 root-
435  associated and Mexican soil microbiomes. We got a network with 1,748 genera (nodes) and
436 35,034 edges, representing a large and complex amount of interactions among the bacteria.
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437  The node degree centrality had an average of 40.08 and a range from 0 to 228. Solirubobacter
438 had a degree centrality of 97, indicating a larger number of connections to other taxa. Network
439  closeness centrality was approximately 0.020, with Solirubrobacter having a larger value of
440 0.376, suggesting a keystone role. However, Solirubrobacter was not a network bridge, as
441 normalized betweenness centrality is low (0.003). To understand community interactions,
442  Solirubrobacter's neighbors according to co-occurrence and higher correlations (2 > 0.8) were
443  filtered (Fig. 5b). The Solirubrobacter co-occurring genus are: Gemmata, Longispora,
444  Conexibacter, Planctopirus, Prausurella, Paludisphera, Thermobispora, Sterolibacterium,
445  Thermoleophilum, Tundrisphera, Telmatocola, and ca. Nostocoida (Fig 5b).

(@) o Y ®)

Longispora

Prausérella

€ planceopirus

Gesmata -
Paludisphaera Conexibacter

S ?1 irubrobacter Casdidstus Nostocoids
Telnatocola - ¢
8 Tundrisphaera
TherndBispora
Sterolibacterium Thermoleophilun

Pormivibrio

446

447  Fig. 5. ldentifying ecological neighbors for Solirubrobacter. (a) Co-occurrence network based
448 in 107 soil and rhizosphere 16S microbiomes highlighting Solirubrobacter node. Each node
449 represents a bacterial genus, and each edge a correlation (2 > 0.8). Colors represent
450 modularity class. (b) Close-up of the network highlighting the co-occurring genera with
451  Solirubrobacter.

452  The pangenome as a tool to map Solirubrobacter into its naturally occurring niches
453  We calculated a Solirubrobacter pangenome from the genome references, which was
454  composed of 19,645 family proteins, of which 2,644 of them were the genus core genome
455  (Fig. 4d, Fig. S3). A total of 6,917 family proteins were the shell genome and 10,084 the cloud
456  genome, adding up to an accessory genome of 17,001 family proteins. Solirubrobacter has
457  an open pangenome, with each new genome adding unique genes (Fig. S4).

458  Further, we used Solirubrobacter pangenome as an anchor to recruit metagenomic reads to
459 assess its environmental distribution in multiple environments. Metagenomic recruitments
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460 showed the six-frame translated amino acid identity (AAIl) percentage and coverage between
461  Solirubrobacter pangenome to metagenomic reads from Mexican soils and rhizospheres (Fig.
462 6aand 6¢c, Table S5 and S6). The variation in AAl of translated genes ranges from ~70-100%,
463  not only in the core genome sequences but throughout the entire pangenome, indicating they
464  mainly belong to the Solirubrobacter genus and their ubiquitous presence in Mexican soils and
465  rhizospheres.

466  The Mexican rhizosphere encompasses a dataset of tomato (Solanum lycopersicum) and wild
467  plants belonging to multiple plant families (Asteraceae, Fagales, Fabaceae, Lamiaceae, and
468  Poaceae) [14]. Contrary to what is observed for Mexican soils, the metagenomic recruitment
469  with non-Mexican soils was scarce (Fig. 6a and 6b and Table S5 and S7). The percentage of
470 identity recruitments in non-Mexican soils ranged between ~65 and 100% AAI, with a drastic
471  50% reduction in recruitments against the accessory genome (Fig. 6b and Table S7). Most of
472  the recruited sequences were from Canadian soil metagenomes, whereas American and
473  Colombian soils presented poor recruitment of Solirubrobacter sequences (Fig. 6b and Table
474  S7).On the other hand, non-Mexican rhizospheres presented a higher recruitment and identity
475  percentage throughout the entire pangenome, similar to the profile obtained for Mexican
476  rhizospheres (Fig. 6¢ and 6d and Table S6 and S8). Nonetheless, rhizospheres from Mexican
477 tomatoes and American citrus and beans presented lower sequence recruitment when
478 compared to the rest of the rhizosphere samples (Fig. 6¢c and 6d). These recruitment
479  differences suggested that the host genotype may influence the diversity and presence of
480  Solirubroabcter.
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482  Fig. 6. Solirubrobacter pangenomic recruitment from metagenomes. Coverage and average
483  amino acid identity (AAI) graphs of (a) Mexican soils, (b) Canadian, Colombian, and American
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484  soils, (c) Mexican rhizospheres, (d) American rhizospheres, and (e) control environments.
485  Except for the control environments, each recruitment graph corresponds to a single
486  metagenome of the corresponding environment. Only a representative subset of four Mexican
487  rhizosphere metagenomes with the highest sequencing depth is shown. The recruitment
488  graph for all Mexican rhizospheres is found in Fig. S5. Blue and magenta dots indicate
489 matching six-frame translated sequences in forward or reverse DNA strands. The core
490 genome is to the left of the plots, delimited from the accessory genomes by a vertical brown
491  barin each graph.

492

493  Regarding lakes, phyllospheres, and sea sediments, the identity percentage ranged between
494 60 and 90%, with few reads of 100% AAI (Fig. 6e). In these three environments, the sequences
495 recruited were lower than the sequences detected in soils and rhizospheres (Fig. 6). Hence,
496  we can conclude that Solirubrobacter is a bacterium associated with rhizospheres and some
497  soils.

498  Accessory genome sequences with a recruitment coverage = 11 for soils and = 18 for
499 rhizospheres were considered high coverage. This coverage resulted in 13 sequences for
500 Mexican soils (Table S5), including helix_turn_helix, Lux Regulon, MmpL family, and AAA
501 domain of the putative AbiEii Type IV Toxin-Antitoxin system. MmpL proteins have been
502 associated in Mycobacterium with translocating siderophores [73]. Concerning rhizospheres,
503 the six high-coverage sequences (Table S6) were the F5/8 type C domain, FGGY family of
504 carbohydrate kinases, histidine kinase HAMP region domain protein, peptidase S8 family
505 involved in serine metabolism, pyridoxal-dependent decarboxylase conserved domain, and
506  short-chain dehydrogenases reductases (SDR) family proteins.

507 A set of pangenome proteins resulted in gaps in the accessory genome recruitments (gap
508 around the 15,500 index; Fig. 6). These 186 pangenome proteins absent in the metagenomes
509 belong to S. sp. URHD, the basal group in both core and GSS phylogenies. Only 14 of these
510 proteins are annotated; the rest are hypothetical proteins. These accessory proteins could be
511 a specialized set of S. sp. URHD. Despite being the genome with fewer proteins (6,353; Fig.
512  4c), S. sp. URHD hosted a higher number of unique family proteins (2,124; Fig. 4d). So, itis
513  suggested that S. sp. URHD may have undergone an overall genome size reduction, with
514  particular gene expansions and acquisitions to adapt itself to a unique niche. On the contrary,
515 the larger genome sizes of S. ginsenosidimutans or S. taibaiensis suggest generalist
516  strategies.
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517

518  Solirubrobacter Environmental Extended Pangenome

519  We calculated 29,330 protein families comprising the environmental extended pangenome
520 (EEP), meaning 9,906 potentially new environmental Solirubrobacter proteins were detected.
521  After COG assignments, 17,189 protein sequences were matched (58.60% of the EEP, Table
522  S9), with the remaining 12,141 as hypothetical proteins. The most abundant COGs were S
523  (unknown; 18.73%), K (transcription; 9.33%), NA(-) (6.74%), E (amino acids; 6.49%), C
524  (energy; 6.19%), T (transduction; 5.71%). We visualized the different COGs per sample as
525  well as the reference core genome and the EEP (Fig. S6). When evaluating the differences
526 among the annotated proteins from the references and our metagenomic annotated proteins,
527 the PCoA ordination revealed two main clusters: an upper cluster containing most of the
528 reference genomes and some metagenomic rhizospheres and a second cluster with almost
529 all soils and the rest of the rhizosphere metagenomes (Fig. S7).

530 A closer examination of the EPP revealed COGs that increased their abundance compared to
531 the reference pangenome, such as the 23 COGs contained in the lower clusters of the EEP
532 COGs heatmap (Fig. S6). These COGs contain different hydrolases, proteins from the CarA
533  family for carbapenem synthesis (COG EF; amino acids/nucleotide), ethanolamine utilization
534 proteins (COG CQ; energy/secondary metabolism), and phenylacetic acid degradation
535 proteins (COG ClI; energy/lipids). Additionally, some COGs were mainly enriched in specific
536 metagenomes. Such is the case of Tomato_Mex_10 COGs MQ (cell wall/secondary
537 metabolism), Fl (nucleotides/lipids), DJ (cell cycle/ribosomal), BDLTU (chromatin/cell
538 cycle/replication/transduction/intracellular trafficking), and CI (energy/lipids) (z = 3.39 for all of
539  them). The proteins contained in these COGs include methionine biosynthesis protein MetW,
540 ParE protein from the type Il toxin-antitoxin system, phosphatidylinositol kinase, and
541 phenylacetic acid degradation proteins. Similarly, samples Mexico_6 and Tomato_Mex 8
542  contain permease for allantoin in COG FH (nucleotides/coenzymes) (z = 1.82), a plant-derived
543  metabolite that influences microbial community structure in the rhizosphere (Wang et al,,
544  2010). COGs CQ (energy/secondary metabolism) (z= 3.39) and EU (amino acids/intracellular
545  ftrafficking) (z = 3.39 for both COGs) from Fagales_Mex 4 contain carboxysome and
546 dienelactone hydrolase proteins, the latter being involved in the catabolism of chlorochatecol.

547
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548  Solirubrobacter interactions with plants and other microorganisms

549  We observed a few protein families involved in plant interactions in the reference pangenome.
550 From COG I (lipids), squalene/phytoene synthase was detected, as well as chorismate binding
551  enzyme from COG HQ (coenzymes/secondary metabolism). Conversely, in the EEP, we
552  found protein families involved in chorismate biosynthesis. Regarding motility, 20 protein
553  families are flagellum-related, most found in COG N (motility). Phytase-related protein families
554  were identified in S. ginsenosidimutans, S. phytolaccae, S. sp. CPCC, and S. sp. URHD.
555 Phytase proteins were identified in S. ginsenosidimutans, S. sp. CPCC, and S. soli. S.
556  ginsenosidimutans, while S. soli presented auxin-binding proteins. S. phytolaccae contains
557  two unique sequences for phenazine biosynthesis (PhzF and phenazine biosynthesis protein
558  A/B) while sharing three phenazine biosynthesis-like protein sequences with the rest of the
559 species, except for S. sp. URHD. S. phytolaccae and S. taibaiensis contain farnesyl
560 diphosphate synthase (COG MU; cell wall/intracellular trafficking), codified in the ispA gene,
561 and involved in carotenoid biosynthesis. Mainly, S. phytolaccae contains a Hep/Hag repeat
562  protein domain in COG UW (intracellular trafficking/extracellular structures) (z= 1.7638). The
563 Hep/Hag repeat has been associated with bacteria root attachment [74, 75]. However, only
564 11 sequences from Mexican rhizosphere and soil metagenomes matched a previously
565 reported gene set for plant-microorganism interaction (HMM) (Table S10) [64]. Contrastingly,
566 S. coelicolor and S. griseus had 142 and 31 positive matches, respectively. The sequences
567 that had a positive match with the HMM were all hypothetical. This matching pattern suggested
568 that Solirubrobacter lacks most Actinobacteriota known proteins that foster plant interactions.

569

570 8. Discussion

571  Reference core genome summary of the genus Solirubrobacter

572  The analysis of all the available genomes revealed that strain ASM999324v1 genome did not
573  belong to the genus Solirubrobacter (Fig. 4), contradicting the NCBI genome database. The
574 remaining seven Solirubrobacter genomes allowed us to construct a 19,645 family protein
575 pangenome. As previously mentioned, Solirubrobacter reference pangenome is open (Fig.
576  S4), which is consistent with the fact that Solirubrobacter is found in open environments such
577  as soils, in contrast with species with closed pangenomes, which tend to occupy isolated
578 niches [76]. Since the analysis of multiple and independent isolates contributes to the
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579 understanding of the global complexity of a bacterial species [76], a more accurate description
580 of this genus can be achieved once the number of available genomes increases.

581  Solirubrobacter ubiquitousness can be explained by its genomic content (Fig. 2). A
582 comprehensive carbohydrate metabolism translates as plasticity when thriving in different
583  environments. Accordingly, COG G (carbohydrate) was among the most abundant in the
584 pangenome and core genome, containing proteins to metabolize simple and complex
585  carbohydrates. Moreover, ROK proteins and cupin domains contribute to Solirubrobacter's
586 metabolic capabilities. The former can act as sugar kinases or as transcriptional regulators
587 involved in carbon and sugar metabolism [77], while the latter is involved in a wide variety of
588  processes, such as acquisition of nutrients, synthesis of antibiotics, and catabolism of different
589  organic compounds [78, 79].

590 An assortment of sigma factors present in a genome is a proxy of physiological and
591  developmental characteristics, primarily since accessory sigma factors (such as ECF) usually
592 activate the transcription of specific gene sets in response to environmental signals [80].
593  Selfsame, this bacterium possesses proteins involved in the Lux operon, which regulates the
594  expression of different genes involved in virulence factor expression, exoenzyme secretion,
595  biofilm formation, motility, oxidative stress response, cellulase synthesis, carbon metabolism,
596  RNA processing, sugar transport, and vitamin and biosynthesis of secondary metabolites [81].

597  Some core proteins allow Solirubrobacter to resist different types of environmental stresses,
598  such as oxidative, osmotic, or temperature shock. The presence of antibiotic, chromate, and
599  mycotoxin transporters are defense mechanisms that reduce the intracellular concentration of
600 these hazardous compounds. Glutamate decarboxylase enzyme is involved in the glutamate-
601 dependent acid resistance (GDAR) system, a system described in different bacteria that
602 confers resistance to acidity through scavenging protons by GadA/GadB during GABA
603 formation to elevate internal pH [82, 83]. Finally, the presence of methyltransferases is worth
604 mentioning since they are related to the catabolism of xenobiotic compounds [84]. In
605 agreement with this, Solirubrobacter has been associated with degrading different hazardous
606 compounds [85, 86].

607 The largest gene families are linked with environmental sensing, defense, and potential
608  motility

609 Gene families arise from duplicated genes the organism retains because they result in
610 advantageous capacities facing specific environments [87]. Solirubrobacter favors gene
611 families involved in environmental sensing, such as the LuxR regulators, and defense, such
612  as antimicrobial compounds (Fig. 3a).
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613 Regarding defense mechanisms, the sequence identified as RNA-mediated transposition
614  proteins was a DDE-type integrase/transposase/recombinase, codified in the tnsB gene in E.
615 coli. This is a sequence-specific DNA-binding protein required for Tn7 transposition. Tn7
616 transposon inserts itself at high frequencies and codifies for antibiotic-resistance genes [88].

617

618 In Actinobacteriota, LuxR regulators are associated with different domains, and such
619 combinations of domains result in modulation of the expression of different genes, including
620 genes for the biosynthesis of secondary metabolites [81, 89]. Moreover, the specific
621  combination of the LuxR+domain is dependent on the environmental origin of the bacterium,
622  with a positive correlation between the number of LuxR proteins and the association with
623 plants [89]. In Gram-negative bacteria, LuxR is involved in detecting environmental signals,
624  while Luxl contributes to the production of signaling molecules; in Gram-positive bacteria, the
625 presence of LUxR and absence of Luxl could be a technique used by Gram-positive bacteria
626 to interpret Gram-negative quorum-sensing signals [90]. Besides conforming gene families,
627  regulon Lux-related proteins were part of the high-coverage proteins identified in soils. The
628 capacity to sense and interpret environmental stimuli is crucial in highly changing
629 environments, such as soil, especially for a non-motile bacterium like Solirubrobacter. This
630 environmental sensing is further sustained by the maintenance of gene families devoted to
631 environmental sensing in the genome of S. sp. URHD (Fig. 3a). This URHD strain could be
632  suffering a genome-reduction process.

633  Regardless of all Solirubrobacter isolates being described as non-motile, attention is drawn to
634 the presence of proteins involved in flagellar biosynthesis and flagellin gene families. Despite
635  all Solirubrobacter strains harboring flagellin-coding genes, the absence of the cytoplasmic
636 membrane ring (FliF) is noteworthy. This structure plays a pivotal role not only in the flagellum
637  but also in its homologous superstructure, the type Ill secretion system, and, consequently,
638  the injectisome [91]. Furthermore, the protein MotB, integral to the proton channel and acting
639 as the flagellar motor stator, is conspicuously absent. However, the presence of MotA, the
640  other protein comprising the stator, suggests that all these flagellar genes are not associated
641  with other types of secretion systems [92]. Essential proteins for flagellar biosynthesis vary
642 depending on the species, and the presence of flagellar proteins in non-motile bacteria has
643  been linked to the remains of transport systems [93, 94]. Altogether, these observations lead
644  to the possibility that we may be witnessing vestiges of a flagellum that are no longer in use
645  or that have recruited other proteins in the formation of a novel type of flagellum.

646
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647  Solirubrobacter is a bacterium associated with soils at a regional scale and with
648 rhizospheres of specific plant hosts

649  The diversity of Solirubrobacter, as revealed by the 16S gene (Fig. 4e), underscores the
650 uncharacterized Solirubrobacter species in soils and rhizospheres. This diversity extends to
651 the coding gene level, evidenced by the percentage identity variation of the recruitment graphs
652  for rhizosphere and soil metagenomes (Fig. 6). The quantity and distribution of metagenomic
653  reads recruited to any given genome indicates the abundance of closely related organisms
654  [95]. Conversely, when recruiting metagenomes from lakes, phyllosphere, and sediments, the
655 lower amount and sequence identity of recruited reads suggest a lesser presence of this
656  bacterium in these environments, used as negative environmental controls (Fig. 6e). However,
657  Solirubrobacter has been detected as a prevalent endophytic bacteria in the ginseng plant
658 (Panax notoginseng) and as one of the two most-abundant genera associated with
659  Trachymyrmex septentrionalis ants [96, 97], indicating other environments may also harbor
660  Solirubrobacter communities.

661 The presence of Solirubrobacter in soil appears to vary by region: it is found in all Mexican
662 soils, scarcely in Colombian and American soils, while Canadian soils contain
663  Solirubrobacter’s core genome but less than 50% of the accessory genome (Fig. 6a and 6b).
664  This variation may indicate the presence of distant Solirubrobacter species or closely related
665  bacteria from another possibly unknown genus. As proposed, microbial species distribution is
666 also influenced by local conditions upon immigration to new habitats, much like
667 microorganisms [21, 22]. Therefore, even if Solirubrobacter bacteria could disperse from
668 Mexican to foreign soils, varying environmental factors would dictate the persistence or
669 disappearance. Further research is required to explore its presence in other soils and
670 environments, considering abiotic, pedogenic, and regional parameters.

671  Similarly to soil variations, plant roots appear to affect Solirubrobacter abundance and
672  unidentified strains of the genus. Interestingly, Solirubrobacter was more abundant and
673  diverse in wild plants’ rhizospheres than in cultivated crops (Fig. 6¢c and 6d, and Fig. S5).
674  Although not as apparent as soil recruitments, wild plants recruited 9,565 sequences and only
675 7,910 from tomatoes (Table S6). The higher prevalence of Solirubrobacter in wild plants may
676  be explained by changes crops underwent along the domestication process. However, these
677  variations in recruitment may be due to other factors associated with the plant genotype and
678  should be further addressed.

679
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680 Environmental Extended Pangenome: Hints for new Solirubrobacter species and new
681 metabolic functions

682  The presence of new Solirubrobacter strains was analyzed by comparing the genomic content
683  between reference species and environmental metagenomic samples. The PCoA ordination
684 allowed us to evaluate the difference between the genomic content present in each sample
685 (Fig. S7). The formation of two clusters indicates the presence of two different sets of
686  Solirubrobacter. one containing all reference species and some environmental samples and
687 the other one containing species similar between them but different from the references.
688 Hence, it is fair to suggest that these metagenomic samples foster unknown Solirubroabcter
689  strains. This idea is further sustained through the percentage identity graphs (Fig. 6) that show
690  enough variation to suggest the presence of new species and through the functional profile of
691 the EEP (Fig. S6), which bears proteins with new functions for the genus.

692 The construction of a Solirubrobacter EEP allowed us not only to identify proteins that
693 potentially belong to this genus but also to suggest a genetic content related to local
694 adaptations while simultaneously broadening our view regarding its metabolic potential. We
695  detected in our metagenomic samples proteins involved in assimilatory sulfate reduction an
696 incomplete route in the reference genomes. Assimilatory sulfate reduction reduces sulfate to
697  sulfide, which can ultimately be used to synthesize cysteine [98]. Sulfur metabolism
698  contributes to soil fertility and the bioavailability of nutrients such as P, Fe, K, and Zn for plants
699 and other microorganisms [99-102]. Solirubrobacter from samples Mexico_1, Mexico 4,
700 Asteraceae_Mex_3, and Tomato_Mex_9 seem to reduce sulfate (Fig. S8) partially. The
701  enzyme CislJ that carries out the last reduction step is present in Mexico_1 and Mexico_4,
702  suggesting that even though Solirubrobacter-associated proteins cannot reduce sulfate
703 ultimately, other microorganisms in the environment can carry out the final step, creating a
704  syntrophic process.

705

706  Solirubrobacter ecological interactions

707  Inboth the reference pangenome and the EEP, permeases for allantoin, chorismate, phytase,
708 and a few other plant-microorganism interaction proteins were identified. Similarly, COG N
709  (motility) was among the COGs with higher representation in the reference pangenome (z =
710 2.2670). The root-isolated S. phytolaccae has a high proportion of the Hep/Hag repeat protein
711  (COG UW; intracellular trafficking/extracellular structures), whose domain has been
712  associated with the binding activity of adhesins, invasins, and agglutinins in soil and plant-
713  associated bacteria [74, 75]. However, Solirubrobacter presented ~30% or less of the plant-
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714  microorganism interaction gene sequences [64] that S. coelicolor and S. griseus bear in their
715  genomes. Moreover, among the high-coverage proteins identified in rhizospheres are proteins
716 thatindicate a possible indirect interaction with the plant host. FGGY kinases, a type of high-
717  coverage protein identified in rhizosphere metagenomes, are highly plastic proteins involved
718 in bacterial adaptation to exploit a plethora of carbohydrates using different metabolic
719  pathways [103]. Another high-coverage identified protein in rhizospheres is the pyridoxal-5'-
720 phosphate-dependent enzyme, corresponding to a glutamate decarboxylase. This enzyme is
721  responsible for the first step of GABA synthesis, a compound associated with interactions
722  between plants and bacteria [104].

723  Despite being associated with the rhizosphere of different plants, the total plant-
724  microorganism interaction genes were relatively low (Table S10) [64]. Hence, even though
725  Solirubrobacter has been detected in the rhizosphere of different plants, it appears not to
726 interact with the plant directly. Nevertheless, since we detected a tremendous amount of
727  percentage identity variance between the reference and the metagenomic-recruited proteins,
728 the genetic content of future isolates from rhizospheric environments should be thoroughly
729  analyzed.

730 Its proximity to the roots could derive from a need to interact with the rest of the bacterial
731  community. Given the absence of biosynthetic pathways for essential amino acids and the
732 lack of numerous enzymes involved in the nitrogen cycle, it is reasonable to surmise that
733 Solirubrobacter relies on other microorganisms to fulfill critical metabolic needs. Our network
734  analysis (Fig. 5) revealed that five out of the twelve co-occurring bacteria genera had reported
735 capabilities for nitrate reduction (Gemmata, Longispora, Conexibacter, Prausurella, and
736  Sterolibacterium) and six of them produce mycelia (Gemmata, Longispora, Planctopirus,
737  Prausurella, Thermobispora, and ca. Nostocoida) [105-112]. The mycelial structures offer a
738  protective environment for Solirubrobacter and other embedded microorganisms.
739  Planctopirus, known for its antibiotic production and attachment to eukaryotes, including plants
740 [110], may act as a conduit between Solirubrobacter and the plant host. Notably, the antibiotic-
741 producing and multidrug-resistant genus Gemmata [105, 113], previously linked to
742  Solirubrobacter, was found alongside Solirubrobacter as one of the most abundant genera
743  within the core rhizospheric microbiome of invasive buffelgrass (Pennisetum ciliare) in a prior
744  study [16]. This suggests a potentially tighter interaction necessary for root colonization and
745  recruitment of the broader microbial community. Moreover, given Gemmata's apparent lack of
746  conventional iron metabolic pathways [105], it may rely on other microorganisms for iron
747  acquisition —the co-occurrence of Solirubrobacter and Gemmata in a plant-interaction context
748  warrants further investigation.
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750
751  Fig. 7. Venn diagram representing protein families in the core genome, the reference
752  pangenome, and the environmental extended pangenome (EEP).

753

754  Our study pioneers an approach beyond employing genomes assembled from metagenomes
755 (MAGs). Initially, we carried out an inventory of genomic diversity based on available
756 databases and characterized the pangenome. This approach expedited comparative
757  genomics studies, aided by a reference. Further, guided by the pangenomic reference, we
758 identified genes within metagenomic assemblies, expanding the pangenomic repertoire of
759  Solirubrobacter and shedding light on the dynamics of the communities they inhabit. The
760 methodology employed in this study facilitated a tri-faceted examination of Solirubrobacter.
761  phylogenomics, pangenomics, and metagenomic analysis. These perspectives gave us a
762  broader understanding of this bacterial genus, addressing taxonomic diversity and elucidating
763  the plethora of functions inherent in Solirubrobacter. Each analysis augmented the number of
764  gene functions associated with Solirubrobacter (Fig. 7), underlining the open nature of
765  Solirubrobacter's pangenome while concurrently indicating that specific environments compel
766  their members to possess particular genetic content. Following the discourse "Everything is
767  everywhere, but the environment selects" concerning Solirubrobacter, we probed into it on a
768  vast geographical scale, examining North and South American soil and rhizosphere
769 metagenomes. Based on its occurrence patterns, we propose that Solirubrobacter is present
770 in every soil, with the rhizosphere being its preferred habitat. We also scrutinized these large-
771  sized genomes, regarding them as generalists [114], aiming to elucidate the mechanisms
772  underlying their successful distribution. Solirubrobacter, a non-sporulating Actinobacteriota in
773  all reported isolates, showcases an advantageous trait for environmental endurance and
774  distribution compared to other bacteria like Bacillus [115]. Solirubrobacter exists as vegetative
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775 active cells in the environment, exhibiting drought resistance and compensating for the lack of
776  spore-related DNA damage protection through expanded repair systems like the uvrABC gene
777  families reported herein. Notably, despite being a prevalent bacterium, there are no reports of
778 swimming cells, and the pangenomic evidence hints at a deteriorated flagellum system or
779  possibly a novel variant; this warrants further investigation.

780 In conclusion, our analysis facilitated the first comparative genomics description of the
781  Solirubrobacter genus. The genetic repertoire of Solirubrobacter equips it with the capability
782 to metabolize various compounds and endure challenging environments, ranging from
783 defense against microbial adversaries to the degradation of hazardous compounds and
784  adaptation to other environmental abiotic alterations. Intriguingly, its ubiquity is governed not
785  only by its genetic arsenal but also by regional-scale factors. Solirubrobacter exhibits a more
786  pronounced prevalence in Mexican soils than in other nations. This pattern insinuates that
787 regional or historical elements may play a role in the dispersal and establishment of
788  Solirubrobacter. However, its presence in rhizospheres seems to transcend the geographical
789  origin of the sample, albeit being partially influenced by the host species. These results evoke
790  questions regarding whether bacteria from this genus interact with the plants or confine their
791 interactions to microorganisms associated with the roots. Through this investigation, we
792 augmented the known coding gene functions via the expanded pangenome. Additionally, the
793  pangenomic identity variations observed in pangenome recruitments against metagenomes
794  suggest that the detected Solirubrobacter strains possess distinct metabolic capacities,
795  warranting further characterization.
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9. DISCUSION

El establecimiento de organismos en un ambiente especifico es un proceso que se ve influenciado
por interacciones con el ambiente y con otros organismos. En el caso del pasto buffel, otras
caracteristicas tales como su germinacion, crecimiento, capacidad de rebrote, tamafo radicular y uso
de la alelopatia eran ya conocidas (Hussain et al., 1982; Marshall et al., 2012; Lyons et al., 2013). En
este trabajo reportamos la estructura y diversidad de su microbioma de raiz, una comunidad de

microorganismos con la que interactua el buffel y que no habia sido previamente descrita.

El microbioma de raiz contribuye al establecimiento y desarrollo de plantas invasoras cuando éstas
son introducidas a un nuevo ambiente (Trognitz et al., 2016; Kamutando et al., 2019). La seleccién y
reclutamiento de microorganismos especificos por parte de la planta le permite a ésta establecer
interacciones que le proporcionen ventajas ante el resto de organismos. En el microbioma nucleo del
buffel identificamos a los géneros Bradyrhizobium, Geodermatophilus, Pseudonocardia,
Micromonospora, Crosiella, Amycolatopsis y Kribbela, cepas de los cuales se han reportado con el
potencial de sintetizar vitaminas, antimicrobianos y antibiéticos (Wardle et al., 1994; Gao et al., 2014;
Boumehira et al., 2016; Tanvir et al., 2016; Gonzalez-Pimentel et al., 2022; Gong et al., 2021). Los
géneros Sphingomonas y Nitrospira son conocidos por promover el crecimiento de la planta y por
reducir amonio a nitrato, respectivamente (Khan et al., 2014; Gornish et al., 2020). Dentro de las
bacterias identificadas en el microbioma se encuentra el género Saccharothrix, previamente reportado
como capaz de sintetizar compuestos fendlicos (Li et al., 2010), pudiendo reforzar el potencial
alelopatico del buffel. Tomando esto en consideracion, estos microorganismos podrian contribuir al

establecimiento del buffel, supliendo nutrientes, hormonas y defensa durante su desarrollo.

El patron de exudados de raiz varia con el crecimiento de la planta, provocando cambios en las
comunidades microbianas que se asocian a las raices (O’Brien et al., 2018; Tkacz et al., 2020). Esto
concuerda con nuestros resultados: identificamos ocho géneros  significativamente
sobrerrepresentados en los distintos tiempos evaluados. De estos cuatro, incrementos en la
abundancia de Pedobacter y Oceanibaculum ya se han reportado en plantas en un estado intermedio
de crecimiento (Wang et al., 2019). De manera similar, Ohtaekwangia, sobrerrepresentado en el

segundo tiempo, incrementa su abundancia en plantas mas viejas (Li et al., 2014).
La identificacién tanto a nivel taxondmico como a nivel funcional depende de la comparacién de las

secuencias obtenidas contra bases de datos confiables (Robinson et al., 2021). Estas bases de datos

requieren ser revisadas periodicamente con el fin de mantenerlas actualizadas. El genoma

100



ASM999324v1 se encontraba anotado como Solirubrobacter sp. y fue sometido recientemente (Probst
et al., 2018) pero considerando los analisis filogendmicos de este trabajo resulta que el genoma no
pertenece al género en cuestion. Es por esto que a pesar de los esfuerzos que se realizan para curar
las bases de datos y mantenerlas actualizadas, es necesario corroborar, en la medida de lo posible,
que las secuencias y asignaciones realizadas sean correctas para evitar ejecutar analisis con

informacioén errénea.

Dentro del microbioma del buffel se identificé al género Solirubrobacter, que se ha asociado a muchas
especies distintas de plantas y a un rango taxonémico amplio de suelos (Barajas et al., 2020). A partir
de nuestros resultados parece que la capacidad de desarrollarse en ambientes de caracteristicas
diversas esta dada en gran medida por su contenido génico, que le permite metabolizar distintos
carbohidratos, interpretar sefales ambientales y resistir diferentes tipos de estrés ambiental. La
facultad de utilizar multiples carbohidratos le confiere a Solirubrobacter flexibilidad en cuanto a los
ambientes en los que se puede desarrollar, ya que su metabolismo no esta limitado a ciertos
compuestos. Dentro del genoma nucleo de las referencias de Solirubrobacter se identificaron
secuencias que ademas le proveen de mecanismos de defensa y tolerancia a estrés ambiental, tales
como los genes drrA y drrB para resistencia a daunorrubicina, transportadores de micotoxinas y
solutos compatibles y el operon uvrABC para reparacion de DNA. En las mismas cepas de
Solirubrobacter utilizadas en este estudio también se ha reportado resistencia a otros tipos de estrés
ambiental, como resistencia a estrés osmético, y la biosintesis de algunos antimicrobianos, como
acromicina A (Jiang et al., 2023). A través de una busqueda manual de la anotacién del pangenoma
se identificaron las enzimas feruloil esterasa y la 4-cumarato—CoA ligasa, involucradas con el
metabolismo de acidos fendlicos como los que se han reportado en las raices del pasto buffel
(Hussain et al., 2011). Por otro lado, la presencia de familias génicas de hasta 22 genes relacionados
con el reguldn Lux sugiere que Solirubrobacter cuenta con distintos mecanismos de respuesta ante
diversos estimulos ambientales. En el caso particular de las Actinobacteria el regulon Lux se ha
vinculado a biosintesis de metabolitos secundarios (Li et al., 2022). Sorprendentemente, junto con
varias proteinas involucradas en biosintesis del flagelo, se detectaron familias génicas grandes
destinadas a la sintesis de flagelina, a pesar de que todos los aislados disponibles de este género se
han reportado como no métiles. La presencia de estos genes podrian ser remanentes de un flagelo
que Solirubrobacter solia tener y ha ido perdiendo gradualmente conforme pasa el tiempo, aunque
estas proteinas también podrian formar parte de otro tipo de estructura similar que aun no se
determina. Un caso especial es el de S. soli, que parece tener la mayoria de las proteinas presentes
en las Actinobacterias utilizadas como control. Es posible que durante su caracterizacién fisioldgica

no se haya evaluado su motilidad bajo las condiciones apropiadas para que S. soli sintetizara un
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flagelo. Es probable que al incluir genomas nuevos en este analisis gendmico comparativo se logre

ahondar mas en las posibles funciones de este conjunto de proteinas.

Los reclutamientos de metagenomas nos permitieron evaluar la diversidad ambiental de
Solirubrobacter. En los metagenomas de rizésfera se recuperé pfacticamente completo el pangenoma
de referencia y las variaciones en porcentaje de identidad de las secuencias sugieren la presencia de
nuevas cepas. Esto se mantuvo de manera constante en todas las rizésferas, mientras que en los
suelos hubo variaciones dependiendo del origen geografico del metagenoma, siendo mucho mas
prevalentes las cepas de Solirubrobacter en suelos mexicanos. Estas variaciones en los suelos
podrian deberse a factores regionales abidticos, cobertura vegetal o incluso a factores histéricos
como los procesos de pedogénesis (Sanchez-Maranén et al., 2017). Contrariamente a lo que sucede
en suelos, Solirubrobacter parece asociarse a las rizésferas de todas las plantas evaluadas,
independientemente de la ubicacién geografica y de la especie de planta. La capacidad de asociarse
a un amplio rango de plantas ya se ha reportado en otros taxa bacterianos (Fierer, 2017). A pesar de
estar presente en todas las rizosferas analizadas parece haber un efecto del hospedero, ya que en
algunas plantas como los pastos fue mayor el numero de secuencias reclutadas en comparacién con
las rizosferas de tomate. Esto concuerda con reportes previos, en los que se observé que el genotipo
de la planta puede jugar un papel mas importante que el del suelo para la estructuracion de
comunidades microbianas (Lundberg et al., 2012). Incluso se han reportado diferencias en las
comunidades de raiz dependiendo de si la planta hospedero es salvaje o es una planta domesticada
(Barajas et al., 2020).

Curiosamente, la cantidad de genes involucrados con procesos de interaccién planta-microorganismo
identificados en el EEP, tanto de forma manual como a través de los HMM, parece indicar que
Solirubrobacter no interactua directamente con la planta a pesar de preferir estar inmersa en las
comunidades rizosféricas. Sin embargo, se ha reportado la identificacion de la via de sintesis de
acido-3-indol acético en las mismas siete cepas de Solirubrobacter utilizadas en este estudio (Jiang et
al., 2023), por lo que su potencial de interaccién con plantas debe continuar evaluandose. Para
evaluar su interaccién con el resto de la comunidad microbiana realizamos un analisis de red de
co-ocurrencia, donde Solirubrobacter resultd presentar un alto grado de conectividad (97) en
comparacion con el promedio de la red (40.08). Esto indica que Solirubrobacter es co-ocurrente con
97 géneros bacterianos presentes en la comunidad, sugiriendo que podria interpretar un papel central
en la estructuracion y funcionamiento de la comunidad. Uno de los géneros con los que
Solirubrobacter co-ocurre de acuerdo a la red es Gemmata, microorganismo que también se
encuentra conformando el microbioma nucleo del buffel. Si una especie se adapta a la presencia y

cualidades de otra, las interacciones que se dan entre ellos llegarian a incentivar procesos de
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co-evolucion (Barraclough, 2015), por lo que evaluar las posibles interacciones entre Gemmata y

Solirubroabcter podria considerarse para estudios futuros.

Finalmente, el bajo niumero de secuencias reclutadas de los metagenomas de sedimentos marinos,
filésferas y lagos sugiere que Solirubrobacter es una bacteria asociada a suelos y rizosferas. No
obstante, la presencia y abundancia de este género ha sido reportada en otros otros entornos, como
el microbioma de las hormigas Trachymyrmex septentrionalis (Ishak et al., 2011), por lo que el rango
de ambientes en los que puede desenvolverse Solirubrobacter debe explorarse con mas detalle.
Aquellos géneros presentes en ambientes heterogéneos resultan ser propensos a desarrollar
fenotipos que se adapten mas facilmente a cambios ambientales (Buichi y Vuilleumier 2014), asi como
adquirir nuevas funciones por procesos de transferencia horizontal al estar en contacto con una
mayor diversidad de microorganismos (Bell y Bell, 2020). Esto podria explicar en cierta medida la
ubicuidad y distribucion de Solirubrobacter, aunque es necesario recalcar que la caracterizacion
fisiolégica y la secuenciacion de genomas de nuevas cepas obtenidas de ambientes contrastantes es

necesaria para poder ampliar el potencial funcional de este género bacteriano.

Solirubrobacter no solo esta presente en el microbioma del buffel, sino que forma parte del
microbioma nucleo de este pasto. Todos los géneros bacterianos que se identifican como microbioma
nucleo de un hospedero podrian estar adaptados a la planta, considerandose especialistas del
ambiente generado por la misma (Barraclough, 2015; Bell y Bell, 2020). Sin embargo, Solirubroabcter
no se ha reportado uUnicamente asociada a Pennisetum ciliare, sino que tiene la capacidad de
asociarse con distintas plantas que van desde pastos como Poaceae, Asteraceae y Fagales, hasta
plantas de cultivo, como tomate, frijol y citricos. Todos los metagenomas de suelos mexicanos que se
utilizaron para este estudio son de diferentes tipos de acuerdo a la clasificacién taxonémica de suelos
de la FAO (IUSS, 2015) y esto implica que las caracteristicas fisicoquimicas de cada uno de los
suelos sean contrastantes entre si. Bajo este contexto e independientemente de su presencia en el
microbioma nucleo del pasto buffel, Solirubrobacter podria considerarse generalista por su presencia
en suelos y raices con caracteristicas y genotipos variables entre si, ademas de contener el potencial
genético para tolerar diferentes tipos de estrés ambiental y la capacidad de explotar distintos recursos
energéticos. Es importante mencionar que estas caracteristicas no impiden que Solirubroabcter tenga
un contenido génico distinto en cada uno de los diversos ambientes en los que se desenvuelve. Esto
se ve reflejado en las proteinas que se reclutaron de cada uno de los metagenomas y que no
necesariamente estan presentes en el resto de las muestras, indicando que el genoma accesorio de

la cepa de Solirubroabcter presente en una muestra particular le permiten a esta cepa interactuar y
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desarrollarse en las condiciones creadas por el hospedero o suelo al que pertenece la muestra de

metagenoma.
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10. CONCLUSIONES

A través de los analisis y resultados obtenidos en este trabajo se pudieron identificar interacciones y
elementos genéticos que contribuyen al establecimiento y prevalencia de la planta Pennisetum ciliare

y del género bacteriano Solirubrobacter.

Hay un efecto de seleccion del buffel sobre el microbioma de suelo que se refleja en la composicion
del microbioma de raiz que difiere de la composicién del microbioma de suelo. El factor que mas
influyd en la estructuracion del microbioma rizosférico fue el tiempo, relacionado con el desarrollo de
la planta buffel. Acorde con esto, identificamos distintos géneros bacterianos mas abundantes en
cada uno de los periodos evaluados. Curiosamente, los aleloquimicos del buffel no influyeron
significativamente en la estructuracién del microbioma de raiz, a pesar de que logramos identificar
microorganismos significativamente mas abundantes en presencia de exudados y lixiviados del buffel.
La estructura y diversidad del microbioma de raiz del pasto buffel contiene géneros bacterianos
potencialmente capaces de sintetizar compuestos como vitaminas, compuestos promotores de
crecimiento, antibidticos y antifungicos que estimulan el desarrollo y la prevalencia del buffel en los

distintos ambientes en los que se dispersa, permitiendo que se expanda de manera exitosa.

Solirubrobacter, un género bacteriano ubicuo en ambientes de rizésfera y en suelos, encierra un
potencial metabdlico amplio, tanto para uso de carbohidratos como para tolerar estrés ambiental. Las
familias génicas mas grandes identificadas en los genomas corresponden a funciones de
transduccion de senales, revelando que la capacidad de sensar e interpretar estimulos ambientales
de particular importancia para este género, considerando que las cepas identificadas hasta el
momento no tienen la capacidad de desplazarse mediante flagelos. Identificamos una gran diversidad
ambiental de Solirubrobacter, tanto a nivel de cepas como a nivel funcional, evidenciando la gran
cantidad de informacion sobre el género que permanece aun inexplorada. Su distribucion geografica
parece estar influenciada por factores regionales, siendo mas prevalente en suelos mexicanos que en
otros suelos evaluados a escala continental. En cambio, su presencia en ambientes de rizésfera es
ubicua y las variaciones detectables en cuanto a abundancia y diversidad parecen no depender de la
ubicacién geografica sino del tipo de hospedero. Paradodjicamente, Solirubrobacter parece no
interactuar directamente con la planta sino con los microorganismos que forman parte del microbioma

de raiz.

A través de la construccion de un pangenoma ambiental extendido identificamos funciones presentes

en condiciones ambientales particulares. Es decir, que su presencia en suelos y raices,
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independientemente de la distancia geografica, conlleva a que su contenido genético esté adaptado a
las caracteristicas particulares de cada nicho que habita. Sin embargo, considerando su amplia
distribucion geografica y su prevalencia en rizésferas y en suelos contrastantes entre si consideramos
que Solirubroabcter es un microorganismo generalista. Los esfuerzos futuros por incrementar el
numero disponible de genomas permitiran ahondar mas en la descripcion del género y el rol que

juega en los ambientes que habita.

Conocer los mecanismos y caracteristicas que un organismo requiere para dispersarse, sobrevivir y
reproducirse en un ambiente determinado contribuye a nuestra comprension del funcionamiento de
los ecosistemas. El papel que desempefia el microbioma de raiz con respecto a las plantas invasoras
nos permitiria proponer estrategias de control que reduzcan las ventajas competitivas que tienen este
tipo de plantas. De manera similar, conocer el contenido génico de los microorganismos nos ayuda a
inferir el tipo de ambientes en el que cada microorganismo se desenvuelve de manera exitosa. El
estudio de estas interacciones ecolégicas podria finalmente contribuir a la comprensién de los
procesos microbianos que se llevan a cabo en el suelo, asi como al establecimiento y desarrollo de

plantas.
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11. PERSPECTIVAS

Este trabajo logréo hacer una aportacion sodlida para solventar la falta de informacion acerca del
microbioma de raiz de Pennisetum ciliare y del contenido genético y de las caracteristicas de
Solirubrobacter como género bacteriano. Sin embargo, aun existen numerosas areas de estudio

pendientes que requieren investigacion adicional.

La caracterizacion de los aleloquimicos que sintetiza y secreta el buffel a través de la raiz, asi como
aquellos que acumula en la parte aérea y que se lixivian con la lluvia, no se ha evaluado a detalle, por
lo que seria necesario identificar su naturaleza quimica y su concentracion para poder determinar de
manera mas especifica el efecto de dichos compuestos sobre el microbioma rizosférico. De igual
modo, la secuenciacion de un metagenoma total del microbioma del pasto buffel contribuira a
describir las funciones contenidas en los microorganismos que se asocian al buffel, expandiendo asi
la informacion respecto a las interacciones plantas microorganismo que en este caso se mantuvieron

limitadas a inferencias metabdlicas a partir de estudios de cepas de los géneros identificados.

Con respecto a Solirubrobacter también hay multiples aspectos que demandan un analisis mas
exhaustivo. La ubicuidad de Solirubrobacter y el escaso numero de aislados y genomas disponibles
en las bases de datos reflejan la necesidad de aislar cepas de diferentes regiones geograficas. La
caracterizacion fisiolégica de estas cepas y analisis gendmicos podra contribuir a identificar cepas
nuevas que nos permitan entender mejor el rol que juega esta bacteria en los ambientes en los que
se desarrolla. Asimismo, estudiar la relacion entre el contenido génico de Solirubrobacter y las
caracteristicas fisicoquimicas de suelos mostrara de manera mas integra las adaptaciones al
ambiente de esta bacteria. Los metagenomas de suelos mexicanos fueron analizados
fisicoquimicamente al momento de la toma de muestra, por lo que el analisis que se propone podria
iniciarse. Determinar la abundancia de elementos modviles podria reflejar la capacidad de adaptacion
a distintos ambientes, asi como su potencial para interactuar con otros microorganismos. De igual
manera, la construccién de genomas de Solirubrobacter a partir de los metagenomas con suficiente
profundidad de secuenciaciéon podria brindar informacion nueva respecto al potencial genético.
Finalmente, tomando en cuenta que Solirubrobacter se ha identificado asociada a insectos,
consideramos que seria conveniente evaluar su presencia en ambientes distintos a los ya

examinados en este trabajo.
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13. ANEXOS

Los protocolos y métodos bioinformaticos utilizados para este trabajo de tesis estan disponibles en las
siguientes ligas:

https://github.com/genomica-fciencias- unam/buffelgrass

https://qgithub.com/genomica-fciencias-unam/Solirubrobacter
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