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RESUMEN

La diversidad genética de plantas tiene un impacto directo no solamente en el
fenotipo de los organismos sino también en cémo estos interactdan con el medio.
El estudio de cémo la diversidad genética afecta distintos procesos de la vida de
los organismos es fundamental para el desarrollo de procesos de mejoramiento,
especialmente si hablamos de especies que forman parte de la cadena alimenticia
o productiva humana. En esta tesis, seleccionamos parientes silvestres de los
cultivos (CWR) de distintas especies de plantas para probar cémo afecta la
diversidad genética en caracteres fenotipicos relacionados con la adecuacién y con
interacciones ecoldgicas. Seleccionamos a poblaciones de CWR ya que se sabe
presentan altos niveles de diversidad genética, ademas de su importancia en
términos de conservacién. En primer lugar, en un esfuerzo por integrar la
informacién disponible, realizamos un meta-andlisis del efecto fenotipico de la
modificacidon genética en cinco cultivos de importancia mundial. Encontramos que
la modificacidon genética, tanto por domesticacién como por ingenieria genética,
tiene efectos mas alld de los buscados debido a que en la modificacién, por
procesos a nivel genético pueden arrastrase caracteres no blanco. Algunos de estos
caracteres pueden tener relevancia en la adecuacion, llevando a las poblaciones a
trayectorias evolutivas diferentes. En segundo lugar, realizamos un experimento
sobre las consecuencias de la diversidad genética en el desempefo in vitro.
Utilizando el algoddn como modelo, probamos cémo la presencia de transgenes en
poblaciones silvestres puede afectar el desempefio in vitro. Encontramos que la
presencia de transgenes provoca costos ecoldgicos en los organismos que
comprometen su desempeno, comprometiendo también el éxito que podrian tener
estos en bancos de conservacion de germoplasma. Finalmente, quisimos probar
como la diversidad genética de poblaciones silvestres de algodén puede
determinar la interaccién con las comunidades microbianas de raiz. Encontramos
que cada metapoblacién de algoddn en México, tiene la capacidad de seleccionar
distinta composicion y estructura de las comunidades microbianas, lo cual podria
estar relacionado con la adaptacién y sobrevivencia de los organismos a ambientes
extremos. Finalmente, concluimos que la diversidad genética de plantas cultivadas
es primordial en la determinacién de diferentes aspectos de la vida de los
organismos, no solamente de caracteres fenotipicos sino también en procesos que
son parte de la construccion de nicho en plantas.



ABSTRACT

Plant genetic diversity has direct effects on the phenotype and in the way that the
organisms interact with their environment. The study of the processes by which
genetic diversity affects organisms is of special relevance when we talk about
economically important crops, since the results of such studies are crucial for the
development of novel genetic improvement events. In this thesis, we selected crop
wild relatives (CWR) from different species to test the effect of genetic diversity in
functional phenotypic traits and into ecological interactions. We chose CWR
because of the high levels of genetic diversity that they usually exhibit besides their
relevance for genetic conservation. First, to integrate the available information, we
perform a meta-analysis of phenotypic consequences of genetic modification in five
economically important crops. We found that genetic modification, either by
domestication or genetic engineering, has non-target effects caused by the drag of
phenotypic traits in the modification process. These phenotypic traits could also be
related to plant fitness, leading to different evolutionary trajectories in the
populations. Secondly, we experimented with the in vitro consequences of genetic
diversity. Using cotton plants as a model, we test if the presence of transgenes could
have effects in in vitro performance. We found ecological costs associated with
transgene presence, that negatively impacted performance in in vitro conditions.
This, in turn, could also have consequences for the success of such populations in
germplasm bank conservation strategies. Finally, we wanted to test the effect of
genetic diversity of the wild cotton populations into the microbial communities
associated to plant roots. We found that each metapopulation selects microbial
communities with different diversity and structure which could be related to the
adaptation and survival of the populations in extreme environments. In conclusion,
we demonstrate that crops genetic diversity is fundamental in the determination of
different life aspects of the organisms, not only for phenotypic traits but also for
processes related to niche construction.
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PROLOGO

A raiz de la inmensa diversidad de formas, tamafos y colores que observamos en
los seres vivos, surge una de las preguntas mas relevantes en biologia: ;cuéles son
los procesos que dan origen a la diversidad bioldégica? En 1953, posterior a la
publicacion de la estructura del ADN por Watson y Crick, comienzan a surgir
estudios centrados en responder esta pregunta desde la genética. Sin embargo,
actualmente seguimos sin entender a profundidad los procesos que originan la
diversidad, cémo surgen los fenotipos que observamos, y de estos, jcuéles tienen
una base genética y cudles una base ambiental? Es decir, seguimos sin entender
completamente cémo afecta la diversidad genética al fenotipo de los organismos.
Esto es relevante si pensamos en que todas esas preguntas sin resolver tienen
consecuencias en la sobrevivencia y adaptacion de los organismos que estudiamos.
No solamente en medidas de adecuacién, sino también en cdmo estos organismos
interactUan con otros en la naturaleza, afectando procesos tanto a nivel ecolégico

como evolutivo.

Esta tesis representa un esfuerzo por integrar y generar informacion
que nos ayude a entender cémo la diversidad genética en plantas tiene
consecuencias en el fenotipo y en la interaccién con otras especies, lo cual a su vez,
influye directamente en procesos ecoldgicos y evolutivos. Este fendmeno se
abordard desde dos perspectivas: i) desde el estudio de las consecuencias en
adecuacion que ocurren cuando se altera la diversidad genética natural de una
especie, enfocdndonos en ambientes controlados (experimentos de jardin comudn y
propagacion in vitro), y ii) desde el estudio de las consecuencias que tiene la
diversidad genética en las interacciones ecoldgicas, especificamente en cémo el
genotipo puede determinar la interaccion planta-microorganismo. La estructura de
la tesis estard conformada entonces por una introducciéon general en la que se
desarrollard el marco tedrico compartido a lo largo de la tesis y tres articulos

cientificos identificados como capitulos: Capitulo I, un meta-anélisis en el que se
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abordan los efectos fenotipicos que tiene la ingenieria genética en plantas
domesticadas comparando contra sus parientes silvestres y las consecuencias de
esto en términos de adecuacién, Capitulo Il; un articulo con evidencia experimental
de los efectos de la diversidad genética de plantas en ambientes de cultivo in vitro
y las consecuencias de esto para la conservacién y Capitulo I, un articulo con
evidencia experimental del efecto de la diversidad genética de plantas en
interacciones ecoldgicas, especificamente en la interaccion planta-rizosfera y las
consecuencias de esto en términos de la adaptacién de organismos en ambientes
naturales. Finalmente, se desarrollan las conclusiones generales y perspectivas de
este trabajo. Ademas, se incluyen los Apéndices |, Il y lll que corresponden al
material suplementario de cada uno de los articulos cientificos. Asi como los
apéndices IV, V y VI correspondientes a otros trabajos publicados a lo largo del

doctorado.

Esta tesis fue realizada en el Laboratorio Nacional de Ciencias de la
Sostenibilidad (LANCIS), del Instituto de Ecologia de la UNAM, bajo la direccién de
la Dra. Ana Elena Escalante Hernandez. Fue financiada por una beca doctoral
CONACyT (CVU: 660255) y diversos proyectos: “Programa para la Conservacién de
las  poblaciones  silvestres de  Gossypium  hirsutum en  México”
(DGAPO03/WNO003/18) de la Direccién General del Sector Primario (DGSPRNR) que
pertenece a la SEMARNAT y CONABIO, y el proyecto UNAM-PAPIIT: IN214719,
ambos de la Dra. Ana Wegier. Ademas, por el proyecto “Contribucion de la
Biodiversidad al Cambio Climatico” de la Secretaria de Medio Ambiente y Recursos
Naturales (SEMARNAT), del Dr. Daniel Pifiero Dalmau.
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INTRODUCCION

1 DIVERSIDAD GENETICA

Los seres vivos, desde organismos unicelulares hasta los grandes mamiferos marinos
que conocemos exhiben variacidon genética. Si pensamos, por ejemplo, en las flores
de la especie Ipomoea purpurea que facilmente vemos al caminar por la Ciudad de
México, o por el campo, podemos recordar la amplia variedad de colores que
presentan. Esta variacién fenotipica en sus flores estd dada por la estructura y
variacion genética de la especie que, en combinacién con el ambiente en el que se
desarrollan, pueden dar lugar a distintos colores de flores. La diversidad genética
se puede entender como el nimero de caracteristicas genéticas dentro de una
especie que han resultado de procesos microevolutivos y demogréaficos que actdan
en las poblaciones. En 1930, Ronald A. Fisher postuld, en el Teorema Fundamental
de la Seleccién Natural, una correlacion directa entre la variacién genética de una
poblacion y la tasa evolutiva por seleccion natural. Hoy en dia sabemos que la
variacién genética es una condicion fundamental para la evoluciéon, pues es el
recurso sobre el cual actla la seleccion natural (Fisher 1930). La diversidad genética
de una poblacién esté fuertemente relacionada con la respuesta de los individuos
ante variacion ambiental, es decir, a mayor variacién genética, mayor probabilidad
de respuesta ante cualquier cambio. Es relevante entonces reconocer que la
variacién genética dentro de una poblaciéon puede verse afectada por las cuatro

fuerzas evolutivas: la seleccidén natural, la deriva génica, el flujo génico y la mutacién.

INTRODUCCION 12



1.1 DIVERSIDAD GENETICA EN POBLACIONES NATURALES

Las poblaciones naturales de plantas, generalmente, exhiben altos niveles de
diversidad genética. Para ilustrar este fenédmeno nos concentraremos en el caso
particular de las poblaciones de parientes silvestres de los cultivos (CWR por el
inglés: Crop Wild Relatives). En términos generales, un CWR se define como una
especie silvestre emparentada con un cultivo al cual puede aportar material
genético pero que, contrario al cultivo, no ha sido domesticada (Hunter & Heywood,
2011). Estas poblaciones se encuentran generalmente en los centros de origen y
diversidad de las especies. En el caso de México, al ser centro de origen de cultivos
como maiz, frijol, calabaza y algoddn es posible encontrar sus poblaciones de CWR

creciendo en el pais (Acevedo et al, 2009).

Los CWR han sido utilizados histéricamente como reservorios de
diversidad genética y fenotipica a partir de los cuales se han seleccionado las
caracteristicas que presentan los cultivos que conocemos actualmente. Las
poblaciones de CWR en condiciones silvestres presentan interacciones complejas
con el ambiente donde crecen, que van desde interacciones con otras poblaciones
de la misma especie, hasta interacciones con otros miembros de la cadena trdfica.
Estos procesos sumados a las tasas variables de cruzamiento, y a procesos
adaptativos que surgen de la vida en ambientes cambiantes, han originado una
vasta diversidad genética en las poblaciones CWR que les permite adaptarse

constantemente a los cambios ambientales en condiciones silvestres (Amos &
Harwood, 1998).

Altos niveles de diversidad genética en CWR también tienen
consecuencias en la variacién fenotipica que observamos en las poblaciones; por
ejemplo, es comun observar una gran variacién en plantas silvestres, variacion que
se presenta en distintos tamanos, formas y colores de los frutos. Ante esto, en 1965
se considerd por primera vez a los CWR como un grupo blanco de conservacion
(Harlan 1965). Sin embargo, actualmente los esfuerzos de conservacion no se limitan
Unicamente a la variacion genética depositada en los CWR, sino a los procesos

ecoldgicos y evolutivos que les dan origen (Moritz 2002 y Wegier 2013).

INTRODUCCION 13



La necesidad de conservar no sélo la diversidad genética de
poblaciones naturales sino los procesos que le dan origen resulta evidente cuando
reflexionamos sobre las condiciones tan particulares en las que estos procesos
ocurren. El ambiente tiene un fuerte impacto en la adaptacién de los organismos,
en donde la seleccién natural actla localmente y puede resultar en diferenciacion
genética y fenotipica entre poblaciones geograficamente separadas (Slatkin &
Hudson, 1991). En poblaciones naturales es frecuente notar este fendmeno en
donde, a pesar de crecer en zonas geograficas relativamente cercanas, debido a
procesos de adaptacion local en cada uno de los microambientes en donde se
desarrollan los organismos, podemos encontrar diferencias en las poblaciones de
una especie. Es decir, podemos encontrar diferenciacion genética y fenotipica a

nivel intra-especifico.

1.2 DIVERSIDAD GENETICA EN POBLACIONES
MODIFICADAS

El mejoramiento genético en plantas es un proceso histérico que cambid
sustancialmente el curso de la humanidad. Tanto la domesticacién tradicional por
seleccidn artificial como las nuevas tecnologias de ingenieria genética son procesos
que tienen fuertes consecuencias en los organismos. Estas consecuencias son
inmediatas en forma de cambios genéticos y fenotipicos pero también pueden ser
a largo plazo, provocando efectos evolutivos en las poblaciones modificadas. Ante
estos procesos de alteracion continua en los organismos, las interacciones entre el

genotipo, el fenotipo y el ambiente pueden ser también afectadas.

Domesticacion

La domesticacion es un proceso de mejoramiento que ha sido realizado
historicamente por poblaciones humanas. Este proceso consiste en la seleccién
artificial de caracteristicas de los organismos basado en ventajas agronémicas
(Diamond 2002) y tiene consecuencias genéticas, fenotipicas y evolutivas en las
poblaciones de interés. Los procesos de seleccion artificial actian sobre los CWR

pues son los organismos que exhiben los rasgos fenotipicos que se busca

INTRODUCCION 14



seleccionar, por lo tanto, la domesticacién conlleva una diferenciacién tanto

genética como fenotipica entre los CWR y sus versiones domesticadas (Caja 1).

El proceso de domesticacion en plantas tiene consecuencias mas alla
de la expresion de un rasgo deseado. En muchos casos, el entre-cruzamiento
continuo para lograr el establecimiento de rasgos fenotipicos especificos a través
de las generaciones, provoca un cuello de botella que puede reducir
significativamente la diversidad genética (Gepts 2004 y Pickersgill 2007). Asimismo,
dado que el desarrollo es un proceso complejo en el que existen interacciones a
nivel genético, muchas veces la seleccién de caracteristicas especificas puede
provocar que otros caracteres se arrastren en la modificacion, provocando lo que se
conoce como efectos no esperados de la modificacion (Filipecki & Malepszy, 2006,
Burke et al, 2007). Uno de estos efectos no esperados mejor documentados es la
convergencia fenotipica entre especies que fueron domesticadas con distinto
propdsito. A este fendmeno se le conoce como sindrome de domesticacién y se
define como el conjunto de caracteristicas fenotipicas asociadas con el cambio
genético desde la especie silvestre hasta su forma domesticada (Pickersgill 2007).
Los tipos de sindrome de domesticacion mas comunes son la dominancia apical, la
pérdida de dispersion y dormancia de las semillas y la pérdida de mecanismos
naturales de defensa (Vaughan et al, 2008 y Lu 2013). Estos efectos no esperados de
la modificacién, aunque no necesariamente comprometen el éxito de los
organismos domesticados en términos de productividad, si comprometen su
adaptacién a condiciones naturales. Debido a esto, uno de los efectos mas
draméticos de la domesticacion es el estado en el que la planta domesticada es

incapaz de sobrevivir sin intervencién humana (Meyer & Purugganan, 2013).

Ingenieria genética

Gracias a los rapidos avances en gendmica e ingenieria genética (IG), la humanidad
ha sofisticado considerablemente los procesos de domesticacién, pasando de
procesos de seleccion artificial sobre caracteres existentes en los organismos a
introducir rasgos novedosos en ellos. En 1973 Herbert Boyer y Stanley Cohen, a
través de una serie de técnicas moleculares y de ingenieria, crearon una bacteria
resistente al antibidtico kanamicina. Esta bacteria fue el primer Organismo

Genéticamente Modificado (OGM) y el parteaguas para la modificacidon genética
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tanto de plantas como de animales. Un OGM se define como un organismo al que
se le confiere una nueva funcién o rasgo a través de la insercion de genes mediante
ingenieria genética (Stewart et al, 2010). A través de esta tecnologia se han
transformado gran parte de los cultivos que conforman la base alimenticia mundial,
en los que podemos encontrar en muchos casos, rasgos novedosos para la especie.
Actualmente, se han utilizado otros métodos para realizar procesos de modificacién
genética en organismos, el mas reciente y novedoso es el CRISPR-Cas? (del inglés,
Clustered Regularly Interspaced Short Palindromic Repeats) un sistema de defensa
bacteriano utilizado como editor de genes (McManus & Sharp, 2002; Ma et al, 2017).
Con esta nueva tecnologia se han realizado procesos de modificacién en plantas,
sin embargo (Feng et al, 2013; Bortesi & Fischer, 2015) debido a su reciente uso

estos mejoramientos alin no han sido comercializados o liberados al ambiente.

La IG en plantas se realiza generalmente sobre organismos
previamente domesticados (Setlow 1991); es decir, un OGM es también un
organismo domesticado. Sin embargo, y aunque tanto en la domesticacion
tradicional como en la ingenieria genética los organismos sufren modificacion
genética, los procesos que median esta modificacién son cuantitativamente
diferentes. Por un lado, en la domesticacién tradicional, las nuevas combinaciones
genéticas se obtenienen por cruzas sexuales entre organismos que presentan los
rasgos buscados y que pertenecen a la misma especie. Mientras que, en la IG, los
rasgos novedosos se obtienen mediante la insercion de genes de, en algunos casos,

organismos no relacionados (Agrawal et al, 1999 y Nodari y Guerra, 2001).

A nivel molecular, la IG representa un proceso de caja negra. Para
lograr la transformacion de un organismo, multiples copias del gen deseado son
introducidas al genoma mediante diversas técnicas. Estas pueden ser desde
biolistica hasta la insercion mediada por la bacteria Agrobacterium tumefaciens,
siendo esta Ultima la mas utilizada en transformacién de cultivos (Zhang 2013).
Durante el proceso, se espera que una o mas copias del gen sean insertadas
exitosamente y expresadas en la célula transformada, para después, crecer in vitro
y convertirse en un organismo completo (Stewart 2010). Esto conlleva que al final
del proceso de transformacién no se sepa exactamente cuéntas copias del gen se

insertaron y en qué sitio del genoma ocurrié la insercion. Lo cual, tiene
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consecuencias a nivel genético que, a pesar de la amplia utilizacion de la tecnologia,

siguen sin entenderse del todo.

Una de las premisas de la IG es que un OGM vy su linea isogénica
(version genética y domesticada equivalente sobre la cual se hace la transformacion)
son sustancialmente equivalentes excepto por el rasgo novedoso que se insertd
(Cellini et al, 2004). Sin embargo, al igual que en el proceso de domesticacion
tradicional, en la modificacion por IG, la insercion de genes novedosos puede
potencialmente provocar efectos no esperados al existir interacciones a nivel
genético y ambiental entre el genoma receptor y los genes insertados. Los efectos
no esperados entonces, podrian, al igual que en la domesticacién tradicional, tener
efectos cuantitativos en el genotipo, fenotipo y posiblemente en la adecuacién de

los organismos modificados.

CAJA 1. CONSECUENCIAS MORFOLOGICAS DE LA DOMESTICACION

El proceso de domesticacidon tiene fuertes consecuencias morfolégicas
dadas por la constante seleccién artificial de caracteres. En el caso de la
papaya, el proceso de domesticacion ha sido tan extremo que la similitud
con su pariente silvestre ha desaparecido casi por completo. El cambio en el
tamano del fruto, en el nimero de semillas y algunas caracteristicas en el
arbol son las consecuencias mas evidentes del sindrome de domesticacién
en esta especie.

Imagen modificada de: Chavez-Pesqueira y Nunez-Farfan (2017).
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2 DIVERSIDAD GENETICA'Y SU RELACION CON
EL FENOTIPO

En 1909, Wilhelm Johannsen introdujo por primera vez la distincién entre genotipo
y fenotipo (Caja 2). A partir de ese momento, se han realizado grandes esfuerzos en
biologia y en medicina para entender la relacion entre ellos y cdmo, y hasta en qué
medida el genotipo determina al fenotipo. Sin embargo, seguimos sin entender a
fondo los procesos por los cuales surgen los fenotipos, la relacién que tienen con el
genotipo (Venter et al, 2001) y como afectan la sobrevivencia de los organismos.
Con el objetivo de contestar estas interrogantes es necesario desarrollar algunas
cuestiones tedricas sobre lo que entendemos por fenotipo, y sobre los factores a
nivel genético y ambiental que pueden alterar las trayectorias de los organismos,
llevando a fenotipos novedosos que no se explican en su totalidad por una base

genética.

CAJA 2. CONCEPTO DE FENOTIPO

El fenotipo se define como las caracteristicas visibles de un organismo, que pueden
incluir la fisiologia, morfologia y comportamiento, con una relacion muy estrecha con
la adecuacion. Hasta antes de los avances en gendmica y biologia molecular se crefa
que la interaccidon genotipo-fenotipo guardaba una relacién 1:1; es decir, a un gen
siempre le correspondia un fenotipo. Ahora sabemos que el fenotipo es resultado de
una compleja red de interacciones entre distintos genes y entre los genes y el
ambiente y que hay pocos ejemplos en donde se conserva la interaccion 1:1 (Lobo &
Shawk, 2008). Como consecuencia, muchos organismos genéticamente equivalentes

exhiben diferenciacion fenotipica.

2.1 FACTORES QUE AFECTAN LA RELACION GENOTIPO -
FENOTIPO

Durante el estudio de cdmo surgen los caracteres fenotipicos en los organismos,
han existido distintos debates. Histéricamente, uno de los més antiguos fue natura

vs nurtura, o ;qué determina los caracteres, la genética o el ambiente? Ahora
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sabemos que la relacién genotipo-fenotipo no es 1:1 y que la expresién de los
fenotipos estd dada por una combinacién de procesos a nivel genético y ambiental.
Procesos que a grandes rasgos pueden ser divididos en dos grupos: i) interacciones

gen x gen (G x G) y ii) interacciones gen x ambiente (G x A).

Interacciones G x G

En el siglo XX, Reginald C. Punnet y William Bateson postularon por primera vez la
existencia de interacciones entre genes (G x G) que pueden llevar a la aparicién de
fenotipos complejos. Existen distintos tipos de interaccién G x G, tales como:
epistasis, pleiotropia, genes modificadores y elementos transponibles
(transposones), cada uno de los cuales tiene consecuencias fenotipicas y evolutivas
para los organismos. En este trabajo nos centraremos en los dos primeros tipos:
epistasis y pleiotropia, por estar estrechamente relacionados con nuestra pregunta

general.

Epistasis

La epistasis es un fenédmeno que ha recibido diferentes significados a lo largo de su
estudio. Sin embargo, la primera definicidon, conocida como epistasis clasica y
acufada por Bateson en 1907, refiere al efecto del enmascaramiento de un alelo
sobre otro encontrado en un locus diferente; y es un proceso que es considerado
ubicuo en las redes regulatorias de genes en organismos vivos (Azpeitia et al, 2011).
Se entiende entonces que las consecuencias fenotipicas de un gen dado cambiaran
si existen fendmenos de epistasis. Esto tiene como consecuencia que uno de los
principales efectos de la epistasis sea la generacién de variacion fenotipica y el
cambio en la adecuaciéon de las poblaciones (Wolf et al, 2000). Por lo tanto, la
epistasis puede tener consecuencias evolutivas para los organismos que la

presentan.

Pleiotropia

La pleiotropia es el fenémeno en donde un mismo gen puede dar lugar a caracteres
fenotipicos diferentes y no relacionados (Paaby 2013) (Figura 1). Actualmente es un
proceso bien estudiado en donde algunos mecanismos se han esclarecido, lo que

ha llevado a la diferenciacion, a grandes rasgos, de dos tipos de pleiotropia:
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verdadera y espuria. La pleiotropia verdadera se da cuando dos rasgos fenotipicos
surgen de un mismo locus, mientras que la espuria ocurre cuando un producto (que
surge de un locus) se utiliza en diferentes vias o desencadena una cascada de
sefalizacién que termina en diferentes fenotipos (Solovieff et al, 2013). Asimismo, la
pleiotropia juega un papel importante en los procesos evolutivos. Si, por ejemplo,
existe seleccion (natural o artificial) sobre un rasgo fenotipico controlado por un gen
que a su vez determina otros rasgos, estos se veran también afectados por el

proceso de seleccion.

1 1

C Gen 1 ) ( Gen 1 )

Figura 1. Representacién gréfica de los tipos de pleiotropia. A: pleiotropia verdadera —
proceso en el que un gen en un mismo locus determina dos fenotipos. B: pleiotropia espuria —
proceso en el que un gen determina un fenotipo que es parte de la cadena regulatoria de

otro, afectando ambos fenotipos indirectamente. Modificado de Solovieff et al. (2013).

Interacciones G x A

La respuesta diferencial de los genotipos ante variacion ambiental se conoce como
interaccién organismo-ambiente. El estudio de este proceso se ha realizado
utilizando lo que conocemos como norma de reaccién, que se entiende como el
repertorio fenotipico de un genotipo a lo largo de una variable ambiental (Rivera-
Yoshida, 2019) (Figura 2). Uno de los atributos mas estudiados de la norma de

reaccién es la plasticidad fenotipica.
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Genotipo |
(muy pléastico)

% Genotipo I
_ — — (poco plastico)

Fenotipo
(ej. altura)

Ambiente
(ej. disponibilidad de nutrientes)

Figura 2. Norma de reaccién. En un ambiente variable, un genotipo pléstico (Genotipo )
puede modificar su fenotipo en respuesta a, por ejemplo, el aumento en la disponibilidad de
nutrientes; mientras que un genotipo no plastico (Genotipo ) exhibe poca variacion en el

fenotipo sin importar la variacién ambiental. Modificado de Pigliucci (2005).

Plasticidad

La plasticidad fenotipica se entiende como la habilidad de un genotipo para
producir distintos fenotipos en distintos ambientes (Pigliucci, 2005), y es un proceso
que juega un papel fundamental en la adaptacién de los organismos. En muchos
casos, la plasticidad representa la primera respuesta de los organismos ante
ambientes cambiantes, y puede tener un valor adaptativo si permite a un genotipo
tolerar mejor la variacion ambiental, de modo que aumente su adecuacion (Pigliucci,
2005). Algunos autores mencionan que este proceso, conocido como plasticidad
adaptativa, se ve favorecido cuando las poblaciones se enfrentan a escenarios
particulares, como pueden ser la presencia de ambientes cambiantes; o bien,
cuando por seleccion se favorecen fenotipos distintos en cada ambiente, o cuando
ningun fenotipo es apto para todos los ambientes (Ghalambor et al, 2007, Pigliucci,

2001).
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3 CONSECUENCIAS DE LA DIVERSIDAD
GENETICA EN PLANTAS

A lo largo de las secciones anteriores desarrollamos, en primer lugar, cuéles son los
procesos que pueden originar y afectar la diversidad genética, seguido de algunos
de los mecanismos por los cuales ésta, a su vez, puede impactar en distintos
procesos de la vida de los organismos. En esta seccidon nos concentraremos en
desarrollar cémo la diversidad genética de las plantas tiene consecuencias en el
fenotipo, entendiendo que el fenotipo no comprende Unicamente caracteres
morfoldgicos y fisioldgicos, sino también procesos de interaccidon que pueden llegar
a definir la sobrevivencia de los organismos en un ambiente determinado. Esta
perspectiva a su vez nos permitird reflexionar sobre las consecuencias de la

diversidad genética en términos ecoldgicos, evolutivos y de conservacion.

Consecuencias evolutivas

La diversidad genética de organismos y poblaciones tiene efectos directos sobre el
fenotipo. En muchos casos, los caracteres fenotipicos afectados pueden tener
relevancia evolutiva al ser componentes de la adecuacion. En plantas, el estudio de
las consecuencias de la diversidad genética en la adecuacion se ha realizado
mediante el monitoreo de distintos caracteres, tales como: altura, nimero de
semillas, tasa de germinacion, viabilidad de polen entre otros, bajo condiciones
ambientales controladas. A este tipo de experimentos se les conoce como jardin
comun, y contempla la comparacién de organismos genéticamente distintos bajo
condiciones ambientales idénticas, con el objetivo de entender los efectos del
genotipo y la variacion ambiental sobre el fenotipo (Ballentine & Greenber, 2010).
Es por esto que actualmente es una de las aproximaciones mas utilizadas para

probar la contribuciéon del componente genético en una variable de interés.

A partir de estas estrategias experimentales hemos aprendido, por
ejemplo, que los procesos de modificacidon genética (ver seccion 1.2) al reducir la
diversidad, pueden tener fuertes impactos en caracteres fenotipicos que son
relevantes en la adecuacion. Hemos aprendido también que, a través de los

mecanismos descritos en la seccién 2.1, en los procesos de modificacién pueden
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ser arrastrados caracteres no blanco, afectando de igual manera rasgos fenotipicos
relacionados con la adecuacion (Bergelson & Purrington 1996; Purrington &
Bergelson 1997; Chun et al. 2013). A partir de estos hallazgos se puede entender
que muchos de los procesos que pueden alterar la diversidad genética en plantas
(naturales o mediados por el hombre) potencialmente afectardn también caracteres
fenotipicos relacionados a la adecuacién, llevando a las poblaciones a trayectorias

evolutivas diferentes.

Consecuencias ecoldgicas

Todos los seres vivos que conocemos interactian estrechamente con otros
organismos y su ambiente. Estas relaciones se denominan interacciones ecoldgicas
y son parte fundamental de la vida y adaptacién de los organismos. Las relaciones
ecoldgicas pueden ser benéficas o perjudiciales, a corto o largo plazo. De cualquier
manera, son fundamentales para el mantenimiento de las dindmicas ecoldgicas que

ocurren en los ecosistemas.

Las interacciones ecoldgicas en un ecosistema pueden afectarse por
diversos factores tanto abidticos como bidticos. Dentro de los factores bidticos se
encuentran no sélo efectos provocados por otras especies, sino también
caracteristicas intrinsecas a los organismos; las cuales pueden ser fisioldgicas,
morfoldgicas y conductuales, todas en cierta medida, con una base genética. Es
sabido que individuos con diferencias genéticas pueden interactuar de formas
inesperadas (Hughes 2008), afectando procesos a nivel ecoldgico. El estudio de
cdmo la diversidad genética de una poblaciéon puede tener efectos en la ecologia
ha sido abordado desde hace afios. Por ejemplo, gracias a los estudios en
agronomia sabemos que si se utilizan plantas genéticamente diversas dentro de un
mismo campo se puede promover la productividad del sistema (Wolfe 1985) y
reducir los dafios por herbivoria (Zhu et al, 2000). Mas recientemente supimos que
el impacto de la diversidad genética en procesos ecoldgicos puede ser detectado

incluso a nivel individuo; como es el caso de la variacion en la interaccion planta-
polinizador (Johnson & Agrawal, 2008 y Clare 2013)
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Es importante reconocer entonces que la estructura y diversidad
genética de los organismos y sus poblaciones tiene consecuencias que van mucho
mas alld de caracteres morfolégicos. Aunque estas consecuencias pueden ser
divididas en ecoldgicas y evolutivas, es relevante mencionar que no son
independientes, y que una no puede ser estudiada sin el entendimiento de la otra.
Histéricamente se pensaba que la evolucidon ocurria a escalas temporales tan
grandes que no podria afectar dindmicas ecoldgicas. Ahora sabemos que cambios
ecolégicos pueden llevar a cambios evolutivos vy viceversa, en escalas
contemporéaneas. Este fenédmeno se ha reconocido recientemente y se denomina

retroalimentacion eco-evolutiva (Pelletier et al, 2009 y Bolnick et al, 2011).

4 MODELO DE ESTUDIO: Gossypium hirsutum —
ALGODON MEXICANO

El algoddn es una planta de amplia importancia econémica y ecoldgica, y es
fundamental en el origen y desarrollo de varias civilizaciones (Fryxel 1979; Stewart
et al, 2010; Wegier et al, 2011). El género Gossypium se compone de cuatro
especies, donde la méas cultivada es G. hirsutum, también conocida como algodén
mexicano. Su importancia radica en ser la fibra natural més utilizada y la tercera
fuente de aceite vegetal (FAO 2017). Ademas de su clara importancia econdmica,
su posible centro de origen y diversidad se ubica en México, por lo que podemos

encontrar a las poblaciones silvestres de la especie en las costas del pais.

4.1 HISTORIA EVOLUTIVA

La distribuciéon del género Gossypium es global, por lo que podemos encontrar
plantas de las distintas especies del género alrededor del mundo. Esto ha resultado
en que algunas de estas especies hayan pasado por procesos de seleccion artificial
de manera paralela y por culturas completamente diferentes. Este proceso de
domesticacion paralela se dio en cuatro especies: G. hirsutumy G. barbadense del
continente americano y G. arboreumy G. herbaceum de Africa y Asia (Fryxel 1979).

Los procesos de domesticacién paralelos y aislados han provocado que cada una
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de las especies, a pesar de haber sido seleccionadas con el mismo objetivo,
presenten variacion genética y fenotipica dada por sus historias Unicas de

diversificacion y utilizacion (Fryxel 1979, Wegier 2011).

4.2 DIVERSIDAD GENETICA DE LAS POBLACIONES DE
ALGODON

Como mencionamos en secciones anteriores, las poblaciones naturales de una
especie se caracterizan por presentar altos niveles de diversidad genética. En el caso
del algoddn, la diversidad originada por procesos evolutivos a lo largo de millones
de afios ha sido moldeada por manejo y seleccidn artificial, por lo que actualmente
en su centro de origen podemos encontrar, conviviendo en el mismo ambiente, a
poblaciones silvestres (CWR), cultivos domesticados y mas recientemente, cultivos
de OGM.

Poblaciones silvestres

Un centro de origen se entiende como el &rea geografica donde un grupo de
organismos desarrolld sus caracteristicas distintivas por primera vez (Vavilov 1992y
England 2003). Una de las caracteristicas de estos sitios es que presentan la mayor
cantidad de las poblaciones silvestres de una especie. Bajo este contexto, México
es considerado el potencial centro de origen y diversidad de G. hirsutum, en parte
debido a la presencia de las poblaciones silvestres y a que es el Unico lugar donde

estas se encuentran como vegetacion dominante (Stewart et al, 2010).

En 2013, Wegier y colaboradores determinaron que el algodén en
México presenta una estructura metapoblacional. En este trabajo, se propuso la
existencia de ocho metapoblaciones diferentes que conforman el algodén silvestre:
1) Metapoblacién Baja California sur (Sur de Baja California sur; MBC), 2)
Metapoblacién Pacifico Norte (Centro y Sur de Sinaloa y Norte de Nayarit; MPN), 3)
Metapoblacién Golfo Norte (Norte de Veracruz, Este de San Luis Potosi y Sur de
Tamaulipas; MGN), 4) Metapoblacion Bahia de Banderas (Suroeste de Nayarit y
Noroeste de Jalisco; MBB), 5) Metapoblacién Golfo Sur (Centro y Sureste de

Veracruz; MGS), 6) Metapoblacién Pacifico Sur (Sureste de Guerrero, linea costera
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de Oaxaca, Centro Oeste, Centro y Sur de Chiapas; MPS), 7) Metapoblacién Pacifico
Centro (linea costera del Centro y Sur de Jalisco, Colima, Michoacén, Noroeste y
Centro de Guerrero; MPC) y 8) Metapoblacién Peninsula de Yucatan (Quintana Roo,
Yucatan, Campeche, Noreste y Este de Tabasco; MPY) (Figura 3). Debido a esta
dindmica metapoblacional, cada una de las sub-poblaciones comparten flujo génico
que presenta un patrén a larga distancia, lo que implica que no sélo poblaciones
geograficamente cercanas pueden compartir genes, sino que las mas alejadas

también, lo cual tiene implicaciones ecoldgicas y evolutivas para la especie (Wegier
2013).

Gran parte de los sitios que abarca la distribucion potencial de las
metapoblaciones se caracterizan por presentar altos niveles de perturbacion
humana y poca cobertura vegetal. Bajo este panorama, se ha propuesto que la
sobrevivencia de las poblaciones en este tipo de ambientes podria estar dada por
su capacidad de crecimiento en alta exposicién solar, algunas caracteristicas de su
reproduccién y el hecho de presentar poblaciones compuestas por plantas en
distintos estadios de desarrollo (Wegier 2013).

La presién selectiva al sobrevivir en zonas altamente perturbadas,
sumada a las diferencias ambientales que caracterizan cada una de las regiones
geograficas donde crecen las metapoblaciones silvestres de algodén, pueden
haber influido fuertemente en la impresionante variacion ecoldgica, genética y
fenotipica que estas poblaciones exhiben (Wegier 2013). Debido a esta amplia
variacion, las poblaciones silvestres de algoddn son un buen modelo para probar
hipdtesis relacionadas a las consecuencias de la variacién intra-especifica de una

especie, o a la adaptacion de poblaciones silvestres en ambientes cambiantes.
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Figura 3. Distribucién potencial de las metapoblaciones silvestres de algoddn en México.
Cada color representa la distribucion potencial de cada una de las metapoblaciones. MBC:
Metapoblacién Baja California Sur; MPN: Metapoblaciéon Pacifico Norte, MBB: Metapoblacion
Bahia de Banderas, MPC: Metapoblacién Pacifico Centro, MPS: Metapoblacién Pacifico Sur,
MGN: Metapoblacién Golfo Norte, MGS: Metapoblacion Golfo Sur, Metapoblacién Pacifico
Sur.

Poblaciones modificadas

Como mencionamos anteriormente, el algodén ha sido domesticado en distintos
momentos y lugares del mundo con el objetivo de aprovechar su fibra para la
produccién de textiles y otros productos. Estos procesos de domesticacion se
realizaron de manera paralela y actualmente podemos encontrar una gran variedad
de plantas mejoradas e hibridos. Ademas, recientemente se han realizado
mejoramientos por ingenieria genética para conferir caracteristicas novedosas al
algoddn. Ambos procesos de modificacion en la especie se describiran brevemente

a continuacion.

Algoddn domesticado

El algoddn domesticado es una de las especies cultivadas mas importantes
econdmicamente a nivel mundial. Tiene especial relevancia ademas debido a que,

dentro de los 15 cultivos més importantes del mundo, es el Unico que no es parte
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de la cadena alimenticia (Stewart et al, 2010, Wegier 2013). Esto se debe a que el
proceso de seleccién artificial se origind con la fibra como blanco de seleccién.
Actualmente, la especie G. hirsutum es la fibra natural mas utilizada y la tercera
fuente de aceite vegetal (FAO 2017).

El proceso de domesticacion en el algoddén, como en muchas otras
especies, ha causado consecuencias genéticas y fenotipicas mas alla de la seleccién
de la fibra. El sindrome de domesticacién en la especie se presenta principalmente
en la forma de dominancia apical, alargamiento de tricomas en las hojas,
disminucion en el nimero de semillas, entre otros (Veldazquez-Lépez et al, 2018)
(Figura 4). Ademas, al igual que en otros cultivos, las poblaciones domesticadas de
algodén presentan muy baja variacion genética, que podria ser producto de cuellos

de botella genéticos ocurridos en el proceso de seleccion artificial (Wegier 2013).

G. hirsutum G. barbadense G. herbaceum
cult. AD1 cult. AD2 cult. Al

DOMESTICACION

G. hirsutum G. darwinii G. herbaceum
wild AD1 wild ADS wild A1

Figura 4. Fibra asociada a versiones silvestres y domesticadas de tres especies de algodén.
Especies del género domesticadas de manera paralela para el aprovechamiento de fibra. En la
imagen se observa el cambio dramatico en el tamafio de la fibra (largo de tricomas) de los
individuos silvestres (wild) a domesticados (cult.), ademas de variacién en el color. Imagen
modificada de: Bao et al. (2011).
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Algodén GM

El primer algodén modificado genéticamente se obtuvo en 1987 por dos grupos de
trabajo independientes (Firoozabady et al, 1987 y Umbeck et al, 1987). La
transformacion en ambos casos, se logré a través de la bacteria Agrobacterium
tumefaciens (Zhang 2013). A mediados de 1990, productores de distintos paises
adoptaron cultivares de algoddn mejorados a través de ingenieria genética; siendo
uno de los primeros cultivos en producirse a campo abierto (Zhang 2013).
Actualmente, un total de 65 eventos (Caja 3) de algoddn transgénico han sido
registrados a nivel mundial (ISAAA 2019). En 1996 fue liberado el primer algoddn

GM en México y, a la fecha, un total de 35 eventos han sido liberados en el pais.

La modificacién genética en el cultivo de algoddn se ha concentrado
en dos rasgos particulares: 1) resistencia a plagas y 2) tolerancia a herbicidas. El
primero, también conocido como cultivos “Bt”, son plantas modificadas para lograr
la expresion de una proteina con actividad entomopatdégena. Estas proteinas
provienen de la bacteria Bacillus thuringiensis y pertenecen a la familia proteica
“Cry”, que son expresadas en las hojas de las plantas. El segundo grupo se basa en
la expresién de tolerancia al herbicida glifosato, compuesto que representa el
ingrediente activo del herbicida Roundup®. La expresion se logra gracias a la
insercion de una enzima proveniente de Agrobacterium sp. CP4 (EPSPS) que

bloguea la sintesis de aminoacidos aromaticos (Zhang 2013).

A partir de la liberacién de algodén GM en México, gran parte de los
productores adoptaron su uso principalmente en el norte del pais. Hoy en dia, los
cultivares de algodén, domesticados y GM, presentan una distribucion geogréfica
mas amplia que la de las poblaciones silvestres; encontrandose a lo largo de la
republica, mientras que los parientes silvestres se presentan geogréaficamente
restringidos principalmente en zonas periféricas del habitat natural (Stewart et al,
2010).

La convivencia en el ambiente entre poblaciones silvestres, cultivos
domesticados y transgénicos ha provocado eventos de flujo de genes entre estos
tres tipos de poblaciones. Gracias a que algunos de estos eventos de flujo se dieron
entre cultivos GM y poblaciones silvestres, es posible rastrear los transgenes con

técnicas moleculares y corroborar que los eventos de flujo génico sucedieron. En
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2011, Wegier y colaboradores encontraron la presencia de transgenes en cinco de
las ocho metapoblaciones silvestres de algoddén. Actualmente, se sigue
encontrando la presencia de transgenes en las poblaciones silvestres, frecuencia
que ha aumentado a través de los afios, lo que podria significar que gracias al

continuo flujo de genes han sucedido eventos de introgresion.

Considerando lo anterior, el algoddn en México representa un modelo
Unico para estudiar preguntas relacionadas con los efectos de la diversidad genética
en el fenotipo e interacciones ecoldgicas. Por un lado, contamos con poblaciones
silvestres altamente diversas tanto genética como fenotipicamente que nos
permiten probar hipdtesis relacionadas con la diversidad natural. Por otro lado,
tenemos el continuo de plantas domesticadas a mejoradas con ingenieria genética
que nos permite responder preguntas acerca de los efectos fenotipicos de la
modificacidon genética mas alld de los rasgos buscados. Por Ultimo, debido a los
procesos de introgresion mencionados anteriormente contamos también con
plantas silvestres que han adquirido genes de domesticacién y transgenes a través
de flujo, lo que nos permite investigar acerca del comportamiento de transgenes en
organismos silvestres, sus consecuencias fenotipicas y su impacto en la

conservacion.

CAJA 3. EVENTO DE TRANSFORMACION GENETICA

Un evento de transformacién se refiere a una recombinacion de ADN Unica que tuvo
lugar en una célula vegetal que se usa posteriormente para la generaciéon de individuos
completos (GMO-Compass, 2019).
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cuello de botella

dominancia apical
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fondo genético

GLOSARIO

Habilidad de los organismos, o poblaciones, para sobreviviry
reproducirse en un ambiente determinado. La consecuencia
de esta sobrevivencia es que los individuos contribuyen genes
a la siguiente generacién (Orr et al, 2009; Futuyma 2009). La
adecuacion media entre dos organismos (genotipos) puede
ser medida con la férmula:

W = pW; + gW:
Donde:
p= frecuencia del genotipo 1
g= frecuencia del genotipo 2
Wi = adecuacién del genotipo 1
W.= adecuacién del genotipo 2

Método de transformacion genética que consiste en el
bombardeo de copias de fragmentos ADN a alta velocidad
hacia una célula.

Evento que drasticamente reduce la variaciéon genética de una
poblacién (Doebley et al, 2006).

Fendmeno que ocurre en plantas en donde la rama principal
(dpice) domina e inhibe el crecimiento de ramas secundarias
(Barbier et al, 2017).

Adaptacion en semillas que previene la germinacion durante
condiciones ambientales que podrian no favorecer la
sobrevivencia de las pléntulas. Una de las funciones maés
importantes de la dormancia es el retraso de la germinacién,
lo que permite la dispersién de las semillas y que no todas las
semillas germinen al mismo tiempo (Fenner & Thompson,
2005).

Reproduccion de organismos que son cercanos
genéticamente, que resulta en un incremento en la
homocigosis (en el caso de organismos emparentados) y
consecuentemente en un aumento en la ocurrencia de rasgos
recesivos (Biemont 2010).

Migracién de genes de una poblacion a otra (Palsboll 2007).
Conjunto de genes que componen un genoma (Yoshiki y
Moriwaki 2006).
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genes modificadores

genotipo

locus

metapoblacién
mutacién

norma de reaccidn
plasticidad fenotipica
adaptativa
transposones

seleccién natural

deriva génica

Genes que afectan el fenotipo y/o la expresién molecular de
otros genes. Estos genes pueden afectar la penetrancia,
dominancia, expresién y pleiotropia (Nadeu 2001).
Repositorio de informacién heredable que en conjunto con el
ambiente genera y mantiene el fenotipo (Fontana 2002).
Localizacién fisica de un gen en un cromosoma (Lewin 2001).
Ensamblaje en el que las poblaciones existentes se encuentran
en un equilibrio entre extincién, colonizaciéon y recolonizacion
(Hanski y Gaggiotti 2004).

Alteracion en la secuencia de nucledtidos del genoma de un
organismo (Scitable 2019)

Funcién que relaciona los ambientes a los que un genotipo
estéd expuesto con el fenotipo que dicho genotipo produce
(Pigliucci 2005).

variacion en el aspecto (fenotipo) que brinda ventajas
evolutivas al permitir a los genotipos tener mayor adecuacién
ante condiciones ambientales adversas o poco habituales
(Ghalambor et al, 2007).

Secuencias de ADN que se mueven de un lugar a otro en el
genoma (Pray, 2008).

Sobrevivencia y/o reproduccién diferencial de organismos que
difieren en una o més caracteristicas (Futuyma 2009).
Cambios al azar en las frecuencias de dos o més alelos dentro
de una poblacién (Futuyma 2009).
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PREFACIO

Las consecuencias de la diversidad genética en plantas pueden estudiarse desde
distintos dngulos. Uno de estos es el estudio de las consecuencias fenotipicas que
tiene la modificacién de la diversidad genética en plantas de interés. Dado que los
procesos de mejoramiento genético tienen una larga historia en la humanidad,
ademas de consecuencias directas en plantas de importancia mundial, resultan ser
un buen modelo para investigar preguntas relacionadas con cémo la modificacién

genética puede tener consecuencias fenotipicas inesperadas.

Como se describié previamente, los procesos de modificaciéon pueden ser
tanto por domesticacién como por ingenieria genética. Si bien en estos procesos la
seleccidn artificial es dirigida hacia rasgos particulares, sabemos que muchas veces,
a través de procesos a nivel genético (ver seccion 2.1) o en el desarrollo, otros
caracteres pueden verse afectados. Entender los mecanismos por los cuales surgen
los efectos no intencionados de la modificacién y sus consecuencias para las
poblaciones que los sufren es fundamental, no sélo para seguir realizando procesos

de mejoramiento en el futuro, sino también para entender sus limitaciones.

El estudio de cémo varian los rasgos fenotipicos entre versiones silvestres,
domesticadas y genéticamente modificadas (GM) de un mismo cultivo se ha
realizado durante décadas. En este tipo de trabajos, se comparan bajo condiciones
controladas un niumero determinado de rasgos (relacionados con la adecuacién)
entre individuos con distinto nivel de modificacién genética. Sin embargo, y aunque
la caracterizacion fenotipica de los organismos en estos estudios es amplia, la mayor
parte de los resultados se centran en conocer como las modificaciones en rasgos
especificos afectan o no la adecuaciéon, dejando de lado otros rasgos que podrian

ser comprometidos en el proceso.

En este capitulo, valiéndonos de la amplia informacién disponible sobre

caracteres fenotipicos en cultivos domesticados, GM y sus parientes silvestres; se

CAPITULO | 34



presenta un meta-andlisis con el objetivo de detectar posibles efectos no
intencionados de la modificacién en rasgos fenotipicos relacionados con la
adecuacién. Seleccionamos cinco cultivos de importancia mundial: calabaza, arroz,
girasol, maiz y canola, y colectamos toda la informaciéon disponible sobre
comparaciones de rasgos fenotipicos entre organismos silvestres, domesticados y
GM de cada cultivo. Se analizd la informaciéon con el objetivo de probar distintas
hipotesis: i) conocer si los distintos tipos de modificaciéon (domesticacion y
transgénesis) pueden alterar el fenotipo de modo que existan diferencias en las
caracteristicas estudiadas entre organismos silvestres, domesticados y transgénicos
del mismo cultivo y ii) dado que la transgénesis estd disefiada para impactar
Unicamente una caracteristica, las diferencias fenotipicas entre plantas
domesticadas y transgénicas deberian ser menos que al comparar silvestres y

domesticadas.

En resumen, encontramos diferencias estadisticas en casi todas las
comparaciones de rasgos fenotipicos entre los distintos tipos dentro de un mismo
cultivo. Al analizar de manera integral todos los rasgos dentro de un mismo cultivo,
encontramos que cada tipo de organismo (silvestre, domesticado y GM) se puede
diferenciar claramente en funcién de su fenotipo. Esto significa que contrario a
nuestras hipotesis, los procesos de modificacién genética tienen impacto en rasgos
fenotipicos mas alld de los buscados. Mismos que son detectados a gran escala y
en un gran numero de cultivos diferentes. Dado que la mayoria de los efectos no
intencionados de la modificacién fueron detectados en rasgos relacionados a la
adecuacion de los organismos, estos podrian tener efectos a largo plazo, llevando
a los organismos a trayectorias evolutivas inesperadas. Por esto, y considerando que
los protocolos de anélisis de riesgo de tecnologias de ingenieria genética (IG) se
han enfocado histéricamente en el estudio de los rasgos blanco, proponemos que,
al existir efectos no intencionados de la modificacién genética, este tipo de
protocolos se ajusten a investigar efectos globales en los organismos. Finalmente,
los resultados encontrados en nuestra investigacion muestran cémo las
intervenciones humanas han causado por afios fuertes impactos en las poblaciones
de plantas que utilizamos. Aunque histéricamente estas estrategias han resuelto los
objetivos de produccién de alimento, es importante reflexionar acerca de las

consecuencias de su impacto en la agro-biodiversidad.

CAPITULO | 35



'.\' frontiers
in Plant Science

ORIGINAL RESEARCH
published: 05 December 2017
doi: 10.3389/fpls.2017.02030

OPEN ACCESS

Edited by:

Charles Roland Clement,
National Institute of Amazonian
Research, Brazil

Reviewed by:

Rubens Onofre Nodari,
Universidade Federal de Santa
Catarina, Brazil

Shabir Hussain Wani,
Michigan State University,
United States

*Correspondence:
Ana E. Escalante
aescalante@iecologia.unam.mx

Specialty section:

This article was submitted to
Agroecology and Land Use Systems,
a section of the journal

Frontiers in Plant Science

Received: 10 August 2017
Accepted: 14 November 2017
Published: 05 December 2017

Citation:

Hernandez-Teran A, Wegier A,
Benitez M, Lira R and Escalante AE
(2017) Domesticated, Genetically
Engineered, and Wild Plant Relatives
Exhibit Unintended Phenotypic
Differences: A Comparative
Meta-Analysis Profiling Rice, Canola,
Maize, Sunflower, and Pumpkin.
Front. Plant Sci. 8:2030.

doi: 10.3389/fpls.2017.02030

®

Check for
updates

Domesticated, Genetically
Engineered, and Wild Plant Relatives
Exhibit Unintended Phenotypic
Differences: A Comparative
Meta-Analysis Profiling Rice, Canola,
Maize, Sunflower, and Pumpkin

Alejandra Hernandez-Teran’, Ana Wegier?, Mariana Benitez'3, Rafael Lira* and
Ana E. Escalante™

! Laboratorio Nacional de Ciencias de la Sostenibilidad, Instituto de Ecologia, Universidad Nacional Auténoma de México,
Mexico City, Mexico, ? Laboratorio de Genética de la Conservacion, Jardin Botéanico, Instituto de Biologia, Universidad
Nacional Auténoma de México, Mexico City, Mexico, ° Centro de Ciencias de la Complejidad (C3), Universidad Nacional
Auténoma de México, Mexico City, Mexico, * Facultad de Estudios Superiores Iztacala, Universidad Nacional Autdnoma de
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Agronomic management of plants is a powerful evolutionary force acting on their
populations. The management of cultivated plants is carried out by the traditional
process of human selection or plant breeding and, more recently, by the technologies
used in genetic engineering (GE). Even though crop modification through GE is
aimed at specific traits, it is possible that other non-target traits can be affected by
genetic modification due to the complex regulatory processes of plant metabolism and
development. In this study, we conducted a meta-analysis profiing the phenotypic
consequences of plant breeding and GE, and compared modified cultivars with
wild relatives in five crops of global economic and cultural importance: rice, maize,
canola, sunflower, and pumpkin. For these five species, we analyzed the literature with
documentation of phenotypic traits that are potentially related to fithess for the same
species in comparable conditions. The information was analyzed to evaluate whether
the different processes of modification had influenced the phenotype in such a way
as to cause statistical differences in the state of specific phenotypic traits or grouping
of the organisms depending on their genetic origin [wild, domesticated with genetic
engineering (domGE), and domesticated without genetic engineering (domNGE)]. In
addition, we tested the hypothesis that, given that transgenic plants are a construct
designed to impact, in many cases, a single trait of the plant (e.g., lepidopteran
resistance), the phenotypic differences between domGE and domNGE would be either
less (or inexistent) than between the wild and domesticated relatives (either domGE or
domNGE). We conclude that (1) genetic modification (either by selective breeding or GE)
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can be traced phenotypically when comparing wild relatives with their domesticated
relatives (domGE and domNGE) and (2) the existence and the magnitude of the
phenotypic differences between domGE and domNGE of the same crop suggest
consequences of genetic modification beyond the target trait(s).

Keywords: genotype-phenotype, unintended phenotypic effects, phenotypic profiling, Oryza sativa, Brassica
napus, Helianthus annuus, Zea mays, Cucurbita pepo

INTRODUCTION

Plant domestication and the phenotypic modifications it
produces have a long history with humans and have involved
practices ranging from traditional management to genetic
engineering (GE). The effectiveness of traditional practices, or
human selection, is possible because the selected traits have
a genetic basis that are phenotypically expressed in particular
agroecological and cultural environments (Gepts, 2004; Meyer
and Purugganan, 2013). Consequently, domestication processes,
either with or without GE, may have important evolutionary
effects in cultivated plants (Abbo et al., 2014; Hake and Ross-
Ibarra, 2015). Genetically modified crops are also domesticated
plants, since the genetic modifications are performed in isogenic
lines of the crop of interest (Setlow, 1991). Nonetheless, these
domestication processes are qualitatively different. On the one
hand, in traditional plant breeding new genetic combinations
are, in general, obtained by sexual crosses between individuals
of the same species. In GE, on the other hand, DNA sequences
(of potentially non-related organisms) are inserted into the
crop of interest via bioballistics, Bacillus thuringiensis (Bt crops)
(Agrawal et al., 1999; Nodari and Guerra, 2001) and other novel
techniques (e.g., CRISPR, RNA;) (McManus and Sharp, 2002; Gaj
et al., 2013). Thus, the main differences between the two genetic
modification techniques involved in domesticated plants are (i)
the origin of the novel or foreign DNA that is incorporated in
the modified organism, and (ii) the procedure to accomplish such
incorporation (Gepts, 2001; Nodari and Guerra, 2001).
Agronomic modification via human selection, domestication
without genetic engineering (domNGE), or through genetic
engineering (domGE) have phenotypic effects that may not
correspond, in magnitude, to the associated genetic changes
(Burke et al., 2007). Some of these phenotypic changes are
unintended and are usually unrelated to the target traits
(Filipecki and Malepszy, 2006). Some studies have attributed
these unintended phenotypes to pleiotropic effects in which
certain phenotypic traits may be linked and affected by the genetic
modification of another trait (Filipecki and Malepszy, 2006), as
well as to bottlenecks, selective sweeps, phenotypic plasticity, or
gene x environment (G x E) interactions (Remington et al,
2001; Pozzi et al., 2004; Gunasekera et al., 2006; Doust et al.,
2014). This phenomena, in which the domesticated organisms
show phenotypes that do not correspond to the target traits of
domestication, has been documented in many crops, such as
potato (Solanum tuberosum), soybean (Glycine max), and wheat
(Triticum aestivum) (Dale and McPartlan, 1992; Gepts, 2004;
Lenser, 2013). Some of these modified non-target traits have
been found to be related to species fitness, which in turn can

have a direct impact in the evolution of the plants in potentially
unexpected ways (Meyer and Purugganan, 2013).

The unintended phenotypic effects and their evolutionary
(and potentially ecological) consequences are of particular
relevance if we consider that most of the modifications are
done in economically important crops. As such, unintended
changes in phenotypes have been observed in crops that are key
for global food production, such as rice (Oryza sativa), canola
(Brassica napus), sunflower (Helianthus annuus), pumpkin
(Cucurbita pepo), and maize (Zea mays) (Snow et al.,, 1998;
Spencer and Snow, 2001; Halfhill et al, 2005; Guadagnuolo
et al, 2007; Cao et al., 2009). Moreover, for cases such as
maize, pumpkin, and rice, their cultivation represents important
sources of cultural value that involve practices related to their
diversification, achieved through the traditional selection of
ancestral populations (Purugganan and Fuller, 2009; Chen et al.,
2015), and represent an important cultural and genetic repository
(Altieri and Merrick, 1987).

Moreover, in the context of food security under climate
change and high uncertainty scenarios, in situ conservation
of agrobiodiversity is of key importance, including not only
phenotypic and genetic diversity, but also the accompanying
management practices and the environmental context that allows
future adaptation (including wild relatives) (Kahane et al., 2013).
Therefore, and beyond the merely evolutionary consequences
of unintended phenotypic changes, agrobiodiversity studies that
look into specific trait changes can help improve protocols of
biosafety and risk assessment (Smyth and Mchughen, 2008).

Although the phenomena of the unintended effects of genetic
modification have been widely reported, these observations are
the product of many individual studies. Thus, we propose
a meta-analysis profiling approach in order to perform an
unbiased analysis with high statistical power. Meta-analysis
profiling allows for the integration of large quantities of data in
order to identify patterns among different studies that share a
common theoretical framework, but that have been conducted
independently (Fiehn et al., 2000). This approach represents a
valuable tool that has been used to identify patterns in plant
functional genomics (Fiehn et al., 2000) and in phenotypic
traits related to growth in plants (Kjemtrup et al., 2003). In
the present study, we aimed to profile as many observations as
possible into a meta-analysis of the phenotypic consequences
of agronomic improvement in five economically and culturally
important crops: rice, canola, sunflower, pumpkin, and maize.
For the analysis, we included functional phenotypic traits
that are potentially related to plant fitness, independently of
whether these traits were modified through traditional practices
(domNGE) or genetic engineering (domGE), so we could
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determine whether there were unintended phenotypic and thus
evolutionary consequences. This profile includes 120 scientific
publications (110 papers and 10 theses), which cover the period
1990-2017.

MATERIALS AND METHODS

Data Collection

In order to determine whether genetic modifications have
unintended phenotypic consequences in plants, we identified
suitable studies for our analysis by looking for articles published
in agricultural and ecological journals, as well as in the thesis
database for the National Autonomous University of Mexico
(UNAM) for the case of maize. We focused on five of world’s
most economically important species: rice, canola, sunflower,
pumpkin, and maize. We searched for information in the
Scopus®, GoogleScholar®, and UNAM theses databases. For
Scopus® and GoogleScholar® databases, we employed Boolean
operators for each crop, such as “Cucurbita [AND] wild [OR]
domesticated [OR] GMO [AND] fitness.”

To be included in the database, all publications had to satisfy
three selection criteria: (1) An estimate of plant fitness between
wild relatives and domesticated varieties with and without GE
must have been measured; (2) Tests must have been performed
under conditions in which the agent of selection was absent;
and (3) The genetic background must have been controlled to
minimize differences affecting the fitness traits being measured.
In cases where experiments included extreme biotic and/or
abiotic conditions (e.g., soil fertilization, heat, drought), only
the data of the controls were used, since we considered these
treatments as perturbations and not as natural environmental
variation. In the case of maize, we also used information from
thesis reports in which a yield comparison between wild relatives
and domesticated relatives was performed. All thesis reports
had gone through a peer review process [Reglamento General
de Estudios de Posgrado (RGEP), UNAM]' and were obtained
from the National Autonomous University of Mexico theses
database. We applied these criteria rigorously, rejecting hundreds
of comparisons that did not satisfy all of them.

Of all the available information, only 110 articles and 10
theses, representing 990 comparisons of wild relatives and
domesticated varieties with and without GE of the five species
were incorporated into our dataset. The comparison for each
genotype and the number of analyzed publications by crop are
shown in Table 1. The data reported in the articles were collected
for the period 1990-2017, representing the timeframe of the first
release of genetically modified organisms to date. Although the
available literature sometimes reports more phenotypic traits,
only six were chosen in the analysis presented here: height (cm),
number of flowers, days to flowering, number of seeds, pollen
viability (%), and number of fruits. Those traits were chosen
because they are functional traits that have potential impacts
in survival and reproduction of the plants (Dafni and Firmage,

Uhttp://www.ddu.unam.mx/index.php/reglamento- general- de- estudios-de-
posgrado

2000; Saatkamp et al.,, 2011; Huang et al., 2016; Williams and
Mazer, 2016), besides their availability in most of the published
studies. The full dataset can be found in the Supplementary Data
Sheet S1.

Data Analysis

To standardize data from different traits, we followed a procedure
based on Song et al. (2004). The method consists in taking all
the values of a single trait from low to high, and normalizing
between zero and one. Outlier data points were identified
using the Viechtbauer and Cheung (2010) approach. In this
approach, a multivariate detection method (Cook’s distance)
is used to calculate the distance among all data points, and
then the data points that do not fall into the general model
are identified as “influential data points” or outliers. Given the
potential biological meaning of outliers (extreme phenotypes),
we decided to investigate the experimental origin of each data
point before removing it from the database. We considered that
the only biologically meaningful outliers would be those which
corresponded to common garden experiments of the domGE
with their domNGE isogenic lines, in which case, and despite
the outlier category of the data point with respect to the general
model, we did not remove these data points from the rest of the
analysis. This process was performed for all traits and all crops.
As we mentioned before, in most cases the genetic modification is
performed in domesticated lines, therefore we decided to separate
the three categories in all crops with the labels: “wild” for wild
relatives, “domNGE” for domesticated organisms that have not
gone through a GE process, and “domGE” for those which have
been genetically modified to show new traits.

To determine statistical differences among wild, domNGE,
and domGE categories within species, we used a Generalized
Linear Model (GLM). In the cases where the p-value was less
than 0.05, we carried out a Glht (Tukey) as a post hoc test
in the R Multcomp package (Hothorn et al.,, 2008). A graphic
representation of the data was constructed as a Spider Chart
using R Fsmb package (Nakazawa, 2014). In addition, to
determine differences between categories (wild, domNGE, and
domGE) within species, we conducted a Discriminant Analysis
(DA) with the R MASS package (Venables and Ripley, 2002)
using the genotypes as categories and the values of each trait
as predictor variables. To test the significance of differences
between categories of the DA per crop, we conducted a follow-
up Multivariate Analysis of Variance (MANOVA). Finally, we

TABLE 1 | Comparisons for each category [wild, domesticated without genetic
engineering (domNGE), domesticated with genetic engineering (domGE)] and total
number of publications analyzed in each crop (N = number of reviewed
publications).

Crop Wwild domNGE domGE Comparisons N
Rice 64 57 98 219 33
Canola 34 114 52 200 22
Sunflower 27 81 11 119 11
Pumpkin 19 37 33 89 19
Maize 54 254 58 366 35
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delimited groupings by drawing 95% confidence interval ellipses
around the centroids using the ggplot2 R package (Wickham,
2009). All the analyses were conducted in R program (version
1.17.15) (R Core Team, 2013) and all the scripts utilized for
the analyses are available online at https://github.com/LANCIS-
escalante-lab/plant_phenotype_metaanalysis.

RESULTS

The results of the 990 comparisons show significant phenotypic
differences among the three categories (wild, domNGE, and
domGE) for almost all of the analyzed crops and the majority
of the traits. With regard to outlier management, the number of
points that lie outside the normal distribution was significantly
less than the total number of comparisons for each crop. In the
case of canola, the outliers represent 2% of the total comparisons,
for sunflower 1.8%, for rice 4.3%, and for maize 12%. In the case
of pumpkin, we did not find any outliers.

The differences between wild relatives and the domesticated
categories (either domNGE or domGE) were expected, but
unexpected differentiation between the domesticated categories
(domNGE and domGE) was also observed in the analyzed
traits (which were not the target of selection or genetic
modification). Since the proportion of outliers within the dataset
is relatively small, this general pattern observed in the results
is maintained regardless the outlier treatment, with only some
specific differences per crop (Figure 1 and Supplementary
Figure S1).

Phenotypic Variation Can Be Identified

As Wild, domNGE, and domGE

Through the DA of the phenotypic traits of all crops (height,
days to flowering, number of seeds, pollen viability, number
of flowers, and number of fruits), we found a clear distinction
of phenotypic variation in three groups, which correspond
with the wild, domNGE, and domGE categories [Figure 1, all
(a) panels]. These three groups are different in size, position,
and/or direction along the axes of the DA. In some cases, the
overlapping of the groups is larger than in others. For instance, in
canola, although the groups can be differentiated, the overlapping
of the three groups is the largest compared with the other
analyzed crops (MANOVA F(; 55y = 1.541, p = 0.166), while
in maize (MANOVA F(3 116) = 8.5571, p = 1.058e°7) and rice
(MANOVA F(3 100y = 11.284, p = 2.868¢ ™ !1) the overlapping is
the smallest of all, with pumpkin (MANOVA F(; 45y = 13.357,
p = 1.066e~98) and sunflower (MANOVA F(2,43) = 4.1348,
p = 0.00081) in an intermediate range of overlapping [Figure 1,
all (a) panels]. Moreover, the percentage of variation explained
by the discriminant axes varies considerably among crops,
with the most extreme cases being maize and sunflower. For
maize, the total phenotypic variation is distributed in the two
discriminant axes (LD1 = 74%; LD2 = 25%), while in sunflower
and canola, the variation is mainly explained by LD1 (93 and 90%,
respectively). A more detailed analysis of the DA results shows
that the dispersion of the phenotypic variants within groups is,
in most cases, larger in wild groups than in domesticated ones

(domNGE and domGE) [Figure 1, all (a) panels]. The only case
where the phenotypic variation found in the wild group was less
than that found in the domGE groups was in sunflower.

Variation in Phenotypic Traits Changes

from Wild to Domesticated Populations

The DA results show a change in the direction of variation
between wild and domesticated (domNGE and domGE)
categories [Figure 1, all (a) panels]. This observation implies that
the traits that define the phenotypic variation within each group
are different, at least between wild and domesticated categories
[Figure 1, all (b) panels]. In fact, in almost all the cases, the
phenotypic variation of the domesticated groups goes in the same
direction, while the wild group is almost orthogonal, and more
evenly distributed between the two axes. This observation holds
for all of the five analyzed crops.

The weight of the different traits in the resulting grouping
per crop is provided by the associated coeflicients of each
discriminant function (Supplementary Table S1). Thus, it is
possible to identify the traits that are statistically more important
in the observed differences among groups. For rice, “height” is the
trait with the highest coefficient for LD1 and “days to flowering”
for LD2. For canola, “number of seeds” is the trait with the highest
coefficient for LD1 and “height” for LD2. For sunflower, “days to
flowering” has the highest value for LD1 and “number of seeds”
for LD2. For pumpkin, “number of fruits” and “number of seeds”
were the traits with highest values for LD1 and LD2, respectively.
Finally, for maize, “height” is the trait with the highest value for
both LDs.

The GLM analysis identifies the traits that explain pairwise
differences in phenotypic variation among groups and the results
are shown in the (c) panels of Figure 1. For instance, for
sunflower none of the four analyzed traits show significant
differences between wild and domesticated populations. In
contrast, for maize, pumpkin, and rice almost all of the analyzed
traits show significant differences (days to flowering, number of
seeds and height for maize, number of fruits, number of seeds and
number of flowers for pumpkin, and height, number of seeds, and
pollen viability for rice) [Figure 1, (c) panels].

Changes in Phenotypic Variation among
Wild, domNGE, and domGE

The normal sequence of reduction of genetic (and potentially
phenotypic) variation in the process of domestication and human
interventions suggests that wild relative populations represent
the largest pool of diversity, which is then reduced during
domestication and genetic modification through GE (Flint-
garcia, 2013). Moreover, since GE constructs start from isogenic
lines (representing the domNGE), and since the modifications
are allegedly directed to modify specific phenotypic traits (not
included in the present analysis), it was expected that the
phenotypic variation of the analyzed populations would be
a sequence of subgrouping and reduced phenotypic variation
going from wild to domNGE and finally domGE. However,
through the DA and GLM analyses [Figure 1, panels (a) and
(), respectively], we find evidence that, overall, supports these
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FIGURE 1 | Phenotypic differences between wild and domesticated with and without genetic engineering (GE) in five crops. In all panels: (a) Discriminant analysis
(DA), (b) Spider-Chart of the means of each analyzed trait, and (c) results of pairwise comparisons with Generalized Linear Model (GLM). In all (c) “DomPp” = both
domesticated populations (GE and NGE). In all panels: “blue” wild relatives, “red” domesticated without GE, and “green” domesticated with GE. *p < 0.01;

**p < 0.001; ***p < 0.0001.

expectations for the comparison of wild and domesticated only mean values for all traits and populations, is found on
categories (lomNGE and domGE), but that do not hold for Figure 1, (b) panels.

the comparisons between domesticated categories (dlomNGE vs. Regarding the comparison between the wild and domesticated
domGE). A graphical representation of these results, showing (domNGE and domGE) categories, we observe that only canola
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fits the expectation of subgrouping. In contrast, regarding
the reduced phenotypic variation of domesticated groups
compared with their wild relatives, 4/5 analyzed crops fit the
expectation (sunflower was the exception). These four crops
(rice, canola, pumpkin, and maize) show that, although the
phenotypic variation is reduced in the domesticated groups,
this is not a subgroup within the wild group. The exceptional
case, of sunflower, shows that domGE groups have increased
phenotypic variation compared with both domNGE and wild
relative groups. The results of the GLM [Figure 1, (c)
panels], which investigates pairwise differences between wild and
domesticated groups (Wild-DomPp), show that rice, pumpkin,
and maize have statistically significant differences for almost all
traits.

Regarding the comparison of domNGE vs. domGE, we
observe that, on the one hand, rice and canola are cases
in which the results show some subgrouping of domGE
within domNGE populations. On the other hand, maize,
sunflower, and pumpkin represent almost the opposite scenario,
with almost no overlap, nor subgrouping of the domGE
within domNGE populations. Regarding the expectation of
reduced phenotypic variation in domNGE, we observe a case
of increased phenotypic variation, and specifically we found
that domGE groups of sunflower have more variation than
their domNGE relatives. Moreover, we also found statistically
significant differences in the pairwise comparisons between
domNGE and domGE groups in almost all crops and traits
[Figure 1, (c) panels]. For rice, we found differences between
domesticated groups in “pollen viability” and “height;” for canola
we found differences in “pollen viability;” for pumpkin the
differences were found in “number of fruits” and “flowers;”
finally, in maize we found statistical differences in “days to
flowering,” “height,” and “number of seeds.” Overall, these results
suggest unintended phenotypic effects, and no consistency in
the specific traits that change due to human interventions
in wild populations, either through domestication or GE
modifications.

DISCUSSION

Human interventions in plants of economic, cultural, or
nutritional importance via traditional practices (domestication)
and, more recently, via GE have a long history in crop
management. Despite the major importance of the consequences
of these human-driven interventions in crops, no systematic
investigation of the actual consequences in plant populations
exists. In this study, we conducted a meta-analysis profiling the
phenotypic consequences on non-target traits that domestication
and GE have had for five global important crops, and here
we discuss the potential causes and implications of our
observations.

The nature of any meta-analysis implies a large amount
of data points or measurements that may correspond to
many different individual studies, with different environmental
conditions and subject to different sources of error. Given
this, it is important to consider carefully both the meaning

and treatment of outlier data points, and the implications
in the results of the implicit environmental variation. On
the one hand, in this study we only removed those outliers
that did not correspond to common garden experiments, and
thus had biological relevance; in this case the occurrence of
extreme phenotypes or big evolutionary leaps [possible “hopeful
monsters” (Goldschmidt, 1940; Gould, 1977)]. Nonetheless, of
all the comparisons in our analysis, only 3.2% were identified
as outliers and, among these, 1% was “true” outliers (not
coming from common garden experiments). Moreover, a very
limited number of traits of the phenotype were included
in the analyses, which precludes us from making major
biological or evolutionary inferences about the identified outliers
in the different crops, although we recognize the relevance
of a more in-depth investigation of those outliers in the
evolution of domesticated plants. On the other hand, and
regarding the contribution of environmental variation to our
overall results, given that different data points correspond to
experiments conducted in different environmental conditions,
it is not possible to rule out that the observed variation in
phenotypes corresponds (in some proportion) to the variation
in environmental conditions, and therefore caution should be
taken in attributing the observations solely to the genotypic
background of populations.

Direction and Magnitude of Phenotypic
Variation Changes between Wild and

Human-Modified Plant Populations

The differentiation of wild and domesticated populations
was expected due to the genetic changes that occur in
the evolutionary process of domestication. The genetic
changes can be the result of genome level modifications
(e.g., genetic bottlenecks), but also can be the result of
more localized effects associated with genetic linkage of
selected regions (e.g., selective sweeps) (Gepts, 2004, 2014;
Pozzi et al, 2004). The phenotypic and genetic variation
of wild populations represents the pool from which some
variants are selected, thus reducing the original variation via
domestication and GE of isogenic domesticated lines (Innan
and Kim, 2004). This phenomenon of paired phenotypic
variation reduction due to genetic bottlenecks has in fact
been described in previous studies with the same crops in
this study and others (Miller and Tanksley, 1990; Tenaillon
et al., 2004; Stupar, 2010). Nonetheless, we found a notable
exception in sunflower, in which variation increases from
that observed in the wild relatives. This exceptional case
could be explained by the large phenotypic and genetic
variation found in the continuum of landraces, hybrids, and
genetically modified organisms that increases the phenotypic
amplitude in the domesticated populations (McAssey et al.,
2016).

Moreover, for most cases, we also observe change in the
axis of the variation that could be attributed to the selection
of certain variants for the target traits that will then vary in
another direction, carrying along linked phenotypic variation
in non-target traits. Altogether, the expected reduction of
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phenotypic variation and the change in the direction of this
variation is in accordance with the concept of the domestication
syndrome (Doebley et al., 2006; Meyer et al., 2012). However,
we did not find consistency in the specific traits that varied
among the three categories (wild, domNGE, and domGE).
Potential explanations for this lack of shared traits in the
differentiation of populations among crops could be, on the one
hand, that although some phenotypic and general traits have
been linked to the domestication syndrome, there are many
others that are particular to each crop which are associated
with specific aspects of their biology. For example, one of
the most extreme cases of domestication is maize, where
the phenotypic similarities between teosinte (wild ancestor)
and contemporary maize are very small. The most important
traits that define the domestication syndrome in maize are
the change in the number and arrangement of ears and
the presence of shorter lateral branches (Wills and Burke,
2007). Nevertheless, in many crops difficulties and ambiguities
still exist in defining the domestication syndrome. One good
example of such difficulties is Asian rice, in which the high
levels of introgression between wild relatives and domesticated
populations have caused genetic exchange that makes it difficult
to identify the phenotypic traits that distinguish wild from
domesticated populations (Vaughan et al, 2008). On the
other hand, during the domestication process via selection,
the phenotypic targets (or traits) are different for different
crops. For instance, while in the case of rice the target of
selection is the number of grains (seeds) (Vaughan et al,
2008), in the case of pumpkin, it is size and number of fruits
(Meyer et al, 2012). In the same sense, GE of crops has
different goals, thus different traits are introduced to different
crops. For example, for canola a broad range of traits added
through GE exists, such as insect resistance (Lepidopteran),
herbicide tolerance (glyphosate/glufosinate), and virus resistance,
while in pumpkin, the most frequent genetic transformation
is focused on mosaic virus resistance (ZYMV) (Supplementary
Table S2).

Unexpected Phenotypic Changes in
Human-Modified Plant Populations -
Changes in Non-target Traits

As mentioned before, given that the GE constructs start
from isogenic lines (represented here as domNGE), and that
the modifications are allegedly directed to modify specific
phenotypic traits not included in the present analysis, it
was expected that the phenotypic variation of the domGE
would be a subgroup of that in the domNGE group.
This expectation is based on the premise that GE works
usually with foreign DNA in order to introduce traits that
are not present in the species, and this is performed in
isogenic hybrid lines; thus, theoretically, the only differences
between a Genetically Modified Organism (GMO) and
its isogenic line will be the added trait(s) (Cellini et al,
2004). However, we did not find evidence that supports
this expectation, suggesting unintended phenotypic effects
of GE modifications. Specifically, we identified the most

dramatic cases in rice, pumpkin, and maize, where almost all
analyzed traits differ statistically between domNGE and domGE
categories.

Generally, the intended effects of a genetic modification
refer to a specific phenotype. But the transgene may also
impart a range of phenotypes that constitute the unintended
effects of the transgene. These new (unintended) phenotypes
can appear due to the interaction of the transgenes with
another genes (pleiotropic effects) (Rijpkema et al., 2007)
or by position effects; thus, these unintended phenotypes
are usually unpredictable (Miki et al, 2009). The cases
in which the transgene, due to genetic interactions, causes
unexpected phenotypes have been seen in canola (Légere, 2005),
sunflower (Snow et al., 2003), rice (Chen et al., 2006), and
maize (Guadagnuolo et al., 2007) among others. Although
we intended to control the data for major environmental
variation in the comparisons, we cannot rule out phenotypic
plasticity due to GxE interactions that may be introducing
a confounding effect in the observations. Moreover, these
phenotypic differences between closely related (genetically)
organisms can also be associated with other factors that
depend on the origin and specific context of domestication
that may end up in different phenotypic scenarios, causing
phenotypic diversity between organisms of the same species
(Gepts, 2001).

In addition to pleiotropy, other phenomena related to the
genetic modification, such as position effects, that result from
non-directed insertions of DNA fragments (i.e., transgenes) in
the target genomes can occur (Filipecki and Malepszy, 2006).
These position effects can have deleterious consequences on
the engineered organisms, but also non-deleterious effects that
allow survival of the organisms with no major or apparent
phenotypic consequences (Ladics et al., 2015). Nonetheless,
in the present study, all the GE crops analyzed were subject
to non-directed insertions and we did find significant and
unintended phenotypic effects. Currently, GE technology has
apparently overcome the problem of position effects through
the use of CRISPR/Cas9 (Clustered Regularly Interspaced Short
Palindromic Repeats) technologies, which guarantees a more
accurate genetic modification through a precise insertion in
known locations within the target genomes (Ma et al., 2017).
However, the precision of the insertion does not necessarily
prevent unintended genetic interactions, such a mutagenesis
and pleiotropic effects that could be traced to the phenotypes
(Solovieft et al., 2013). The precision of this technology has
been recently challenged by research that reveals the presence of
high-frequency off-target mutagenesis induced by CRISPR/Cas9
in human and animal cells (Fu et al,, 2013; Schaefer et al.,
2017).

In maize, phenotypic variation of domGE is reduced and
shifted along LD1 compared with domNGE, which is worth
noting given the potential implications of introgression (gene
flow) with domesticated non-transgenic populations (Quist,
2007) that in turn could decrease the overall variation of
domNGE and affect the genetic and cultural repository of
diversity that these populations represent. Given the potential of
introgression and the risk of affecting the genetic and cultural
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repositories of biodiversity, the analysis of these unintended
effects is extremely valuable for understanding the destiny
of hybrids in natural habitats, particularly in the context of
environmental biosafety (Arriola and Ellstrand, 1997; Snow et al.,
2003).

Evolutionary Significance of Unintended
Phenotypic Changes

In all of the analyzed cases, we can see phenotypic differences
among categories (wild, domNGE, and domGE). However,
it is worth noting that these differences, although evident
through DA and spider charts [Figure 1, panels (a) and
(b)], are not all statistically significant in the GLM pairwise
comparisons between groups [Figure 1, (c) panels]. In
particular, for sunflower, there is no statistically significant
result for the GLM analysis, although differences among
populations can be observed in both DA and spider chart
analyses. This apparent inconsistency could be rooted in
some fundamental reflections about evolutionary processes.
For instance, it is known that genetic variation, even if
not reflected as statistically significant differences between
populations, can be of evolutionary significance (West-Eberhard,
2003). Given that phenotypic variation is directly exposed
to natural selection, even small differences that are not
statistically significant can have evolutionary consequences
for the populations and species. The best example of this
is domesticated plants, in which both natural and human
selection act on phenotypes, leading to rapid fixation of
even rare variants (Zhang et al, 2009; Tang et al., 2010)
that statistically could appear as non-significant variation
within or among populations. Moreover, this reflection leads
to further examination of the finding of these unintended
phenotypic effects in the analyzed crops, as it calls attention
to the consequences (phenotypic) of genetic introgression
events in different economically, culturally, or ecologically
relevant crops (domGE—domNGE; domGE—wild). This is
particularly important because there is evidence of some of
these introgression events [e.g., maize (Quist and Chapela,
2001), rice (Song et al, 2006), and cotton (Gossypium
hirsutum) (Wegier et al, 2011)]. Although we did not
examine consequences of introgressed populations in this
study, our results suggest that unintended effects of introgression
are possible, and thus need further investigation looking at
phenotypic traits that are usually out of scope (such as those
associated with fitness), and that can shed more light on
the evolution of domesticated (GE and NGE) and wild crop
populations.

In addition, the results presented here show how human
interventions in plant populations have different consequences
in reducing and changing the direction of phenotypic variation
to produce food. Historically, these strategies have proven
to be effective, but it is worth reflecting on the unintended
effects that some interventions can have in these natural
resources that might reduce our options to adapt in the
future. The reflection on the strategies to follow in this
adaptation to future climate change conditions must include

a revision of the regulations of crop technologies given the
major consequences that this can have in global food security
(Smyth and Mchughen, 2008). For example, given the current
regulations, it is worth mentioning that the results presented
here are in contradiction with the concept of substantial
equivalence between NGE and GE crop lines, which argues
that given the fact that the lines are isogenic, the resulting
lines will only differ in the added trait (Cellini et al,
2004), which can be in fact demonstrated if only the added
or target traits are analyzed, but the contrary can happen
when looking at non-target traits (Smyth and Mchughen,
2008).

Finally, and in the context of climate change, there is an
undeniable urgency to adapt to future uncertain conditions
(Wise et al., 2014). However, there is little recognition that
some of the current ecosystems (agroecosystems included)
may transition to entirely different and unpredictable
states, with different goods, services, and natural resources,
and that adaptive cycles of decision will be needed in the
most ample spectrum of possibilities (Wise et al., 2014).
Thus, it is of major importance to preserve options for
future decisions, which includes genetic and phenotypic
options, in other words biodiversity (Rockstrom et al,
2014).

CONCLUSION

The results presented show how human interventions in
plant populations have different consequences in reducing and
changing the direction of phenotypic variation to produce food.
In particular, we found that (1) genetic modification (either
by selective breeding or GE) can be traced phenotypically
when comparing wild relatives with their domesticated ones
(GE and NGE), and (2) the existence and magnitude of the
phenotypic differences between domGE and domNGE of the
same crop suggest consequences of genetic modification beyond
the target trait(s). Further studies documenting phenotypic
changes in human modified crops must include as many
traits as possible, preferably non-target traits, to design
interventions that do not compromise the decision spectrum
in the face of trade-offs for adaptation to current versus future
conditions.
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CAPITULO I

IMPACTO DE LA VARIACION GENETICA EN EL
DESEMPENO IN VITRO DE Gossypium hirsutum L.
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PREFACIO

Tal como se demostré en el Capitulo |, los procesos de modificacidon genética en
plantas, tanto por domesticacidén como por ingenieria genética (IG), tienen fuertes
impactos fenotipicos que van mas alla de los rasgos buscados, muchos de los cuales
pueden ocurrir en caracteres relacionados con la adecuacion, llevando a los
organismos a trayectorias evolutivas inesperadas. Estos efectos han sido detectados
en organismos que han sido blanco de transformacion genética, sin embargo, ahora
sabemos que debido a que en diferentes partes del mundo, cultivos domesticados
y genéticamente modificados (GM) conviven en el ambiente con parientes
silvestres, han ocurrido eventos de flujo de genes, por lo que actualmente podemos

encontrar hibridos entre cultivos y parientes silvetres de los cultivos (CWR).

Estudiar las consecuencias fenotipicas de genes de domesticaciéon e IG en la
naturaleza es de especial relevancia sobre todo cuando se encuentran en
poblaciones silvestres. La importancia radica en que como mencionamos en
secciones anteriores, los parientes silvestres de los cultivos, al representar los
repositorios de diversidad genética mas grandes a partir de los cuales se pueden
lograr futuros mejoramientos, son blanco de conservacién desde hace décadas.
Actualmente, se ha reportado la hibridacion entre al menos 29 cultivos y parientes
silvestres alrededor del mundo, sin embargo, seguimos sin conocer cuéles son las

consecuencias de esto en términos ecoldgicos y evolutivos.

Considerando lo anterior, y tomando en cuenta la necesidad de preservary
conservar la diversidad genética de los cultivos para futuros escenarios de
incertidumbre ante el cambio climéatico, resulta relevante investigar qué sucede
cuando hibridan poblaciones silvestres y cultivos, y qué consecuencias potenciales

podria tener esto en términos de conservacion.

En el presente capitulo, presentamos evidencia experimental de las
consecuencias fenotipicas que tiene la presencia de genes de domesticacion e IG
en una de las estrategias de conservacion mas utilizadas en plantas alrededor del

mundo. Escogimos el ambiente in vitro para probar los efectos fenotipicos en
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términos de adecuacion (propagacion) de organismos con distinto fondo genético.
Esto porque ademéas de ser una técnica muy utilizada en estrategias de
conservacion, es un ambiente sumamente controlado, en el que es posible controlar
no sélo variables ambientales sino genéticas al usar clonas de los organismos como
réplicas. Comparamos entonces el desempefio in vitro medido en diferentes rasgos
fenotipicos entre individuos de algoddn silvestres y domesticados, con y sin

transgenes.

Encontramos en general un efecto perjudicial en poblaciones silvestres con
la presencia de transgenes en el desempefio in vitro, dado por menor crecimiento
y tasa de propagacién. Hipotetizamos que esta penalizacidon en el crecimiento
podria ser causada por procesos a nivel genético como los mencionados en el
Capitulo |, pero también por costos ecoldgicos/energéticos de la expresion de los
transgenes. Este hallazgo nos permitié reflexionar sobre las consecuencias
fenotipicas que tienen los genes de domesticacién e ingenieria genética, y cobmo
podrian comprometer el crecimiento de los organismos. Finalmente, con base en
nuestros resultados, proponemos que al ser el cultivo in vitro una de las técnicas
mas utilizadas en estrategias de conservacion, se realicen monitoreos de la
presencia de transgenes en los organismos a conservar. Acciones como esta
podrian ayudarnos a ahorrar esfuerzos en el establecimiento de organismos que
podrian expresar un compromiso en el crecimiento causado por los procesos de
hibridacién, lo que a su vez, podria permitirnos también enfocar esfuerzos hacia la
conservacion de la diversidad genética y fenotipica de parientes silvestres que no

hayan sufrido procesos de hibridacién.
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ABSTRACT

One of the best ex situ conservation strategies for wild germplasm is in vitro con-
servation of genetic banks. The success of in vitro conservation relies heavily on the
micropropagation or performance of the species of interest. In the context of global
change, crop production challenges and climate change, we face a reality of intensified
crop production strategies, including genetic engineering, which can negatively impact
biodiversity conservation. However, the possible consequences of transgene presence
for the in vitro performance of populations and its implications for biodiversity
conservation are poorly documented. In this study we analyzed experimental evidence
of the potential effects of transgene presence on the in vitro performance of Gossypium
hirsutum L. populations, representing the Mexican genetic diversity of the species,
and reflect on the implications of such presence for ex situ genetic conservation of
the natural variation of the species. We followed an experimental in vitro performance
approach, in which we included individuals from different wild cotton populations
as well as individuals from domesticated populations, in order to differentiate the
effects of domestication traits dragged into the wild germplasm pool via gene flow from
the effects of transgene presence. We evaluated the in vitro performance of five traits
related to plant establishment (N = 300): propagation rate, leaf production rate, height
increase rate, microbial growth and root development. Then we conducted statistical
tests (PERMANOVA, Wilcoxon post-hoc tests, and NMDS multivariate analyses) to
evaluate the differences in the in vitro performance of the studied populations. Although
direct causality of the transgenes to observed phenotypes requires strict control of
genotypes, the overall results suggest detrimental consequences for the in vitro culture
performance of wild cotton populations in the presence of transgenes. This provides
experimental, statistically sound evidence to support the implementation of transgene
screening of plants to reduce time and economic costs in in vitro establishment, thus
contributing to the overarching goal of germplasm conservation for future adaptation.
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INTRODUCTION

Interest in plant germplasm conservation addresses the need to preserve a diverse genetic
pool, thus providing options for future decision-making (Rockstrom et al., 2014). Such
options must include genetic and phenotypic diversity to face current and future challenges
in crop production. The conservation of these variants can help in developing or finding
solutions to disease, changing environments, and low yields, among others, and is necessary
for safeguarding biodiversity and cultural identity (Hawkes, 1977; Plucknett et al., 1983;
Hajjar & Hodgkin, 2007). In most crops, the largest genetic variation exists in the Crop
Wild Relatives (CWR) found in the centers of origin of the species (Hawkes, 1977).
Accordingly, research groups in food security identified CWR as a target group for
conservation (Harlan, 1965; Hunter & Heywood, 2011; Castafieda Alvarez et al., 2016). Due
to the importance of CWR for conservation, international agreements have made the in
situ and ex situ preservation of their genetic diversity one of their goals (Aichi Target 13)
(Leadley et al., 2014).

Plant tissue culture methods represent a robust approach for many purposes, from being
a tool designed to pursue a variety of basic research questions to helping ex situ preservation
of genetic diversity (Engelmann, 1991; Gosal ¢» Kang, 2012). The most successful example
of tissue culture in commercial and conservation applications is micropropagation:
the propagation of plants from small parts under in vitro conditions. The success of
micropropagation in tissue culture is due to ease of having multiple genetic clones from
different geographic locations, thus lowering the risk of loss of such genotypes (Kumar ¢
Reddy, 2011; Rajasekharan ¢ Sahijram, 2015).

Despite the great advantages of micropropagation for in vitro conservation of plant
species, different factors can compromise its success, such as culture medium composition,
environmental conditions and genotype, among others (Li et al., 2002; Tyagi et al., 2004;
Kumar ¢ Reddy, 2010). In fact, it has been shown that different cultivars of the same species
can have different in vitro performance or success (Gubis et al., 2003; Pathi ¢ Tuteja, 2013).
This reveals the sensitivity of in vitro culture to even small genetic variation. In the past
few decades, the use of Genetically Modified Organisms (GMO) has become extensive
(ISAAA, 2017) and a source of new genetic variation even in countries that are considered
centers of origin of important crops (Lu, 2008). In some cases, the release of GMOs in areas
with CWR or with other crops and weeds, has caused gene flow events across populations
of different economically important cultivars, such as maize, cotton, papaya, bent grass,
alfalfa and canola (Quist & Chapela, 2001; Warwick et al., 2008; Pifieyro Nelson et al., 2009;
Wegier et al., 2011; Greene et al., 2015; Manshardt et al., 2016). Thus, given the extensive
use of GMO technologies in economically important cultivars, it becomes relevant to
analyze all evidence related to the effects of this introduced variation on the in vitro culture
germplasm conservation efforts.
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Mexico is the center of origin for cotton (Gossypium hirsutum L.) (Ulloa et al., 2006
Burgeff et al., 2014), and its metapopulations have been found on the coasts of the country,
while extensive cultivars can be observed in the northern states, and backyard/home
garden plants and native varieties have been reported in the southeastern states (Veldzquez-
Lopez et al., 2018). Previous studies have described the genetic diversity of the Mexican
metapopulations, including the presence of transgenes in some of them (Wegier et al.,
2011), suggesting gene flow associated with specific transformation events (i.e., transgene
introduction) from extensive cultivars to metapopulations. Ellstrand (2018) has posed the
hypothesis that the majority of Mexican cotton metapopulations do not correspond
with wild relatives of cotton (truly wild), but are instead a mix of escaped cultivar
individuals that have evolved in wild conditions (weedy-wild). Nonetheless, even if
the cotton metapopulations are weedy-wild relatives, they are part of the primary genetic
pool (Heywood et al., 2007) and are thus of conservation interest due to their genetic
diversity (Ellstrand, 2018). Phenotypic consequences of genetic flow (including transgene
flow) into wild and domesticated lines in other species have been suggested in previous
studies (Herndndez-Terdn et al., 2017); therefore, in vitro culture performance could also
be affected, in principle, by genetic modification. This could have important consequences
for the success of germplasm conservation strategies.

In the present study, and given the genetic diversity of G. hirsutum in Mexico, we analyzed
experimental evidence of the effects of transgene presence on the in vitro performance of
representative population clones of G. hirsutum diversity, and reflect on the implications
of such effects for ex situ genetic conservation. For these reasons, and given that transgene
presence in cotton metapopulations (hereafter wild germplasm) can be directly attributed
to gene flow from domesticated populations, we included individuals from domesticated
populations in our comparisons in order to differentiate the effect of domestication traits
dragged into the wild germplasm pool via gene flow from the mere presence of transgenes.
Thus, we hypothesize that (i) given that transgenes are directed to specific traits (e.g., defense
and herbicide tolerance), which are not related to in vitro performance, we will not find
differences in such performance between populations with and without transgenes, and
(ii) the only differences to be found in the in vitro performance will be those associated
with the domestication process, between wild and domesticated populations.

MATERIAL AND METHODS

Experimental design

To evaluate the potential effects of transgene presence on the in vitro culture performance of
wild cotton plants and its consequences for germplasm conservation efforts, we conducted a
systematic analysis of the performance of specific traits of an in vitro germplasm collection
of cotton plants. We included a representative sample of the genetic diversity of wild
population plants with (Wr) and without (W) transgenes (i.e., no isogenic lines), to test
the effect of transgenes on the in vitro performance of metapopulation variants. Given the
interest of this study for conservation strategies, we intentionally look for diversity of the
genetic background of the analyzed clones, in other words population level diversity. In
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addition, and as a preliminary attempt to distinguish the effects attributable to transgenes
from the effects attributable to flow from domesticated or cultivar populations into wild
populations, we included domesticated plants with (D) and without (D) transgenes in the
experiment and analyses.

Germplasm collection

In order to have a germplasm collection that is representative of the genetic diversity of wild
cotton populations in Mexico, we collected seeds from individual plants in populations
spanning its natural distribution or in metapopulations (Wegier ef al., 2011). Ten seeds of
each individual plant in the collection were germinated in prepared substrate (Peat Moss,
agrolite, vermiculite (3:1:1)) and 50 g of slow-release Osmocote fertilizer (14N-14P-14K,
[Scott’s, Marysville, Ohio]), in a greenhouse under controlled conditions (25 + 5 °C). Once
the seedlings emerged, the apex and the first three axillary buds were explanted to start
the in vitro culture. We also included germplasm of domesticated plant individuals from
farmer’s markets in Mexico City as representatives of the domesticated cotton populations.

In vitro culture establishment and propagation
Establishment

All the experimental procedures were done under the license of the Servicio Nacional
de Inocuidad y Calidad Agroalimentaria (SENASICA) trough the Aviso de Utilizacion
Confinada de OGM (folio: 007_2016). Once disinfected (Appendix S1), the axillary buds
were transferred to culture tubes containing 6 ml of MS basal medium (Murashige ¢» Skoog,
1962). Each tube was sealed with Parafilm M (Bemis, USA) to prevent contamination. The
culture tubes were incubated in a growth room at 24 °C for a 12-hours photoperiod.

Propagation

Propagation was initiated with individual explants that reached 8 cm height or the height
of the culture tube, or when the initial culture exhausted the culture medium. Propagation
consisted in removing the explants from the culture tubes, cutting each of the new axillary
buds and planting them in a culture tube with fresh medium. The process was performed
under sterile conditions in a laminar-flow hood (ThermoFisher, Massachusetts, USA). For
more information, see Appendix S1.

Detection of transgenes in the germplasm collection

To characterize the populations under evaluation (i.e., Wild (W) and Domesticated (D)),
we looked for two constructions of lepidopteran resistance and one of herbicide tolerance
(CrylAb/Ac, Cry2Ab and CP4EPSPS) in all individuals of the collection. This allowed us to
detect 23 of the 33 transgenic cotton events released in Mexico (ISAAA, 2018). For the wild
cotton populations (W and W) we carried out two independent tests to verify the presence
of the genetic events: enzyme-linked immunoabsorbent assay (ELISA), and sequencing of
Polymerase Chain Reaction (PCR) products. For the domesticated cotton populations (D
and D), transgenic events were verified only with a PCR-sequencing assay. The ELISA tests
were performed in duplicate using the following kits: Bt-CrylAb/1Ac ELISA Kit, Bt-Cry2A
ELISA Kit, and Roundup Ready ELISA Kit (Agdia, Elkhart, Indiana, USA). The results were
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read in a MultiskanFC Microplate Photometer (ThermoFisher Scientific, Massachusetts,
USA). We considered a sample to be positive only when its absorbance was equal to or
above three standard deviations from the average intensity of all negative controls and
blank samples. In all ELISA plates a blank sample (extraction buffer), a negative, and a
positive control provided in each detection kit were included. ELISA results are available
as supplementary material (ELISA_results.xslx).

For the PCR assays, DNA extraction was performed in duplicate for each individual,
following the DNA Miniprep CTAB method reported in Wegier et al. (2011). The quality
and concentration of the DNA were analyzed in a NanoDrop 2000 (ThermoFisher Scientific,
Massachusetts, USA). The PCR assay was performed with the primers CrylAb/Ac (F
5’ACCGGTTACACTCCCATCGA 3, R 5’CAGCACCTGGCACGAACT 3'), Cry2Ab (F
5'CAGCGGCGCCAACTCTACG 3/, R 5TGAACGGCGATGCACCAATGTC 3'), and
CP4EPSPS (F 5'GCATGCTTCACGGTGCAA 3/, R 5TGAAGGACCGGTGGGAGAT 3')
from Eurofins Scientific (Brussels, Belgium). The assay was carried out according to the
references provided in Appendix S3. Subsequently, the amplicons result of the PCR assay
were verified by Sanger sequencing. The sequencing was done in the Laboratorio de
Secuenciacién Genémica de la Biodiversidad y de la Salud in the Instituto de Biologia,
UNAM. Raw sequences are available in GenBank platform (accession number MK089921
to MK089930; Appendix S5).

Data collection

To evaluate the potential consequences of transgene presence for the in vitro performance of

cotton populations, we measured different traits of individuals in our germplasm collection.

All data analyzed is included as supplementary material (Supplementary_dataset.xlsx).

During the establishment of the in vitro germplasm collection we documented differences
in propagation success in a period of two years that included a total of 4,377 axillary buds

(corresponding to 74 individual original plants, 27 with transgenes and 47 without

transgenes). From this original sample, we randomly selected 20 individuals (five wild with

transgenes (Wr), five wild without transgenes (W), five domesticated without transgenes

(D) and five domesticated with transgenes (Dr)), and 15 replicates per individual (N = 300)

to evaluate in vitro performance of four phenotypic traits (leaf rate, height rate, microbial

growth, and root development). This collection was intended to be a fair representation of
the wild cotton metapopulations genetic backgrounds diversity, since it includes five out
of the eight populations reported in Mexico (Wegier et al., 2011) plus ten individuals from

the domesticated genetic background. Data for these traits were collected weekly during a

four-month period. As mentioned above, all the experiments were conducted in a growth

room at 24 °C under a 12-hours photoperiod. A detailed scheme of the experimental design
is available in the Appendix S2.
Specifics for the evaluated traits are:

(i) propagation rate, calculated as the number of buds derived from a single individual
every two weeks during two years of continual propagation, or the slope of the linear
regression model using the Im function in R (no. buds Vs. time) (Wt N = 1800, W
N =2577, D N =490, Dy N =633);
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(ii) leafrate, or leaf production rate, calculated as the number of leaves derived from a
single individual every week during four months of in vitro culture, or the slope of the
linear regression model using the Im function in R (no. leaves Vs. time) (Wt N =75,
W N =75,DN =75, Dy = 75);

(iii) height rate, or height increase rate, calculated as the height (cm) of a single individual
measured every week during four months of in vitro culture or the slope of the linear
regression model using the Imm function in R (cm Vs. time) (Wr N =75, W N =75,D
N =75, Dy = 75);

(iv) microbial growth, measured as observable growth of either bacterial or fungal
organisms associated to plant tissue, potentially attributable to possible endophyte
overgrowth (Wr N =75, W N =75, D N =75, Dr = 75). In accordance with
Quambusch & Winkelmann (2018), we only considered as possible endophytes those
microorganisms growing directly on the explant, not in the culture media;

(v) root development, determined by the average number of days that it took for the roots
to develop after in vitro establishment, multiplied by the number of individuals that
developed roots, and divided by the total number of analyzed individuals (Wt N =75,
W N =75,D N =75, Dy = 75).

No transformation of the dataset was carried out for further analysis.

Data analysis

To determine if there are statistical differences among experimental groups for all the
traits simultaneously, we carry out a Permutational Multivariate Analysis of Variance
(PERMANOVA) (Legendre ¢ Anderson, 1999) based on 1,000 permutations using adonis
function in vegan R package (Oksanen et al., 2018). As a post-hoc test we carry out a
Wilcoxon rank sums test in order to distinguish differences in the individual traits. This
statistical approach was performed based on Rebollar et al. (2017). In addition, to evaluate
the potential differences between the analyzed populations, we conducted a Non-Metric
Multidimensional Scaling (NMDS) with Manhattan distance in the vegan R package
(Oksanen et al., 2018). We selected the NMDS due to its flexibility, which allowed us to use
different types of variables and make few assumptions about the nature of the data (Legendre
& Legendre, 2012). Given that the number of entries for “propagation rate” was higher
than for the rest of the evaluated traits, we subsampled these entries with the “sample”
function in R. To evaluate if the subsample dataset was representative of the full dataset,
we conducted a paired sample T-test. All the analyses were conducted using R software
(version 2.4-6) (R Core Team, 2013).

RESULTS

In vitro culture performance is significantly different between W and
W+ populations

The analysis for the in vitro culture performance traits in wild populations with (Wr) and
without (W) transgenes shows statistically significant differences between populations for
all traits (PERMANOVA, F =7.81, p=0.0009) and for three out of the five individual
traits according to the Wilcoxon test (“height rate” p =4.95e—12 ; “microbial growth”
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Figure 1 In vitro culture performance traits of W and Wy populations. W, wild populations without
transgenes, and Wr, wild populations with transgenes. (A—E) median and standard error of all analyzed
traits in both populations. P values were obtained through Wilcoxon test. (F) Non-Metric Multidimen-
sional Scaling (NMDS) that include all the analyzed traits in the two populations. The ellipses represent
95% confidence interval around the centroids.

Full-size G DOI: 10.7717/peer;j.7017/fig-1

p=8.3e—06; “propagation rate”; p = 0.006). Figure 1 A—1E shows the values for all analyzed
traits per population. In particular, we want to emphasize that “height rate” as an in vitro
performance trait had the largest difference between W and W populations.

Multivariate analysis of in vitro performance traits (NMDS) in W and W populations
(Fig. 1F) shows different phenotypic variations attributable to each population (W and
Wr). “Propagation rate” is a trait positively related to W population; in contrast, “microbial
growth” is positively related to Wt population.

In vitro culture performance differs between W and D populations
The analysis for the in vitro culture performance traits in wild (W) and domesticated
(D) populations does show statistically significant differences between populations for
all traits (PERMANOVA, F =9.43, p = 0.0009), and for four out of the five individual
traits: “leaf rate” (Wilcoxon, p = 9.74e—05), “propagation rate” (Wilcoxon, p =0.002),
“root development” (Wilcoxon p = 0.001), and “height rate” (Wilcoxon p = 2.52e—11)
(Figs. 2A-2E).

Moreover, although the graphic representation of multivariate analysis of in vitro
performance traits (NMDS) in W and D populations shows overlapping of the
ellipses representing each population, the statistical analysis of multivariate differences
(PERMANOVA) in both populations is statistically significant (Fig. 2F).
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Figure 2 In vitro culture performance traits of W and D populations. D, domesticated populations
without transgenes, and W, wild populations without transgenes. (A—E) median and standard error of all
analyzed traits in both populations. P values were obtained through Wilcoxon test. (F) Non-Metric Multi-
dimensional Scaling that include all the analyzed traits in the two populations. The ellipses represent 95%
confidence interval around the centroids.

Full-size B8 DOI: 10.7717/peerj.7017/fig-2

In vitro culture performance differs between Wy and Dt populations
and between D and Dy populations

The analysis for in vitro culture performance traits in wild (W) and domesticated (Dr)
populations with transgenes shows statistically significant differences between populations
in four out of the five in vitro performance traits (Wilcoxon “height rate” p = 0.008;
“leaf rate” p = 4.47e—05; “propagation rate” p = 0.02; “root development” p =0.02)
(PERMANOVA, F =5.62, p=0.002). Figures 3A-3E shows the values for all the analyzed
traits per population. In particular, we want to emphasize that although Wr has higher
values for “root development”, “leaf rate” and “height rate” traits, Dt population has
higher “propagation rate”.

In the case of the analysis of domesticated populations with (Dr) and without (D)
transgenes, we also found statistically significant differences in three out of the five
analyzed traits (Wilcoxon “microbial growth” p =0.001; “propagation rate” p = 0.03;
“root development” p = 0.04) (PERMANOVA, F =3.86, p =0.0008) (Figs. 3G-3K),
showing that Drin general has a better in vitro performance.

The multivariate analysis of in vitro performance traits (NMDS) in Wt and Dt
populations (Fig. 3F) shows different phenotypic variations attributable to each population
(Wr and Dr), which coincides with the same analysis for W and D populations (with no
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Figure 3 In vitro culture performance traits of Dr and Wy and between D and Dy populations. In
genotype, Dr, domesticated populations with transgenes, Wr, wild populations with transgenes, D: do-
mesticated populations without transgenes. (A—E) (G-K) median and standard error of all analyzed traits
in both populations. P values were obtained through Wilcoxon test. (F) (L) Non-Metric Multidimen-
sional Scaling that include all the analyzed traits in the analyzed populations. The ellipses represent 95%

confidence interval around the centroids.
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transgenes identified; Fig. 2F). Moreover, “propagation rate” is positively related to Dy
population, while the rest of the traits seems positively related to W population.

In the analysis of D and Drpopulations, the NMDS (Fig. 3L) shows overlapping of the
ellipses representing the data set distribution of both populations, despite the significance
of the statistical analysis (PERMANOVA).

To look at the full data set (W, Wr, D, Dr), and beyond the pairwise hypotheses,
we carried out the NMDS and PERMANOVA analyses. The results of the full data set
analyses are coherent with the pairwise comparisons, which supports the above mentioned
observations (Fig. S5).

DISCUSSION

Conservation of the genetic and phenotypic diversity in the CWR has been acknowledged
as key in the preservation of diverse gene pools to secure genetic alternatives for future
decisions and interventions regarding crop production. Of the different conservation
strategies that exist, in vitro gene banks represent a robust approach to preserve genetic
diversity without introducing unintended variations into the genetic pool (Engelmann,
19915 Gosal & Kang, 2012). In recent decades, the use of GMOs has become extensive
(ISAAA, 2017), and a source of new genetic variation, even in centers of origin of important
crops (Lu, 2008). This makes it important to evaluate evidence of the effects, if there are
any, of this introduced variation on in vitro culture germplasm conservation efforts.

In order to analyze evidence of potential effects of transgene presence in cotton
metapopulations, we compared in vitro performance traits in metapopulations with
(Wr) and without (W) transgenes. We found significant differences in in vitro culture
performance between W and Wt populations for three out of the five analyzed traits (Figs.
1A—1E). Previous studies with different crop populations have shown that even small
genotypic changes can have major impact in phenotypes and fitness traits both in field
experimental settings (Herndndez-Terdn et al., 2017) and in in vitro culture (Gandonou
et al., 2005; Landi & Mezzetti, 2006; Kumar ¢ Reddy, 2011). Thus, it can be argued that
the observed differences in in vitro culture performance could be the result of natural
genetic variation within and among populations, however when we look at potential
differences among W metapopulations, we found no statistically significant differences
(Appendix S4). Nonetheless, the observed differences between W and W populations
could be attributed, as in other studies, to pleiotropic effects, where certain phenotypic
traits may be linked to and affected by the genetic modification of another trait (Filipecki ¢
Malepszy, 2006). In this sense, some studies have shown that genetic modification can alter
metabolic pathways due to position effects of transgenes or somaclonal variation during
tissue culture (Agapito-Tenfen et al., 2013; Mesnage et al., 2016). In the specific case of
cotton (Wang et al., 2015), some authors have found overexpression of metabolites related
to energy metabolism pathways that could indicate an increased demand for energy,
and concomitant changes in resource allocation and development. Pleiotropic effects,
have also been attributed to bottlenecks, selective sweeps, phenotypic plasticity or gene x
environment (GxE) interactions (Remington et al., 2001; Pozzi et al., 2004; Gunasekera et
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al., 2006; Doust et al., 2014). In addition, ecological costs in different plant species have
been associated with the expression of transgenes (Chen et al., 2006). Specifically, some
studies show that the physiological production of transgene toxins (e.g., Cry proteins) is
extremely costly, limiting the energy destined for growth and reproduction. This trade-off
caused by the genetic modification has been found in Brassica (Snow, Andersen ¢ Jorgensen,
1999) and Arabidopsis (Bergelson et al., 1996). Although in our study we cannot attribute
these performance differences only to the presence of transgenes (i.e., no strict control of
genotypes), we can say that all individuals identified as W were positive for the expression
of transgene proteins in the ELISA approach, which is suggestive of a potential cost that gets
reflected in the in vitro performance of Wt populations. In general, in vitro performance
differences between W and W could be explained, at least with the information here
collected, by ecological costs associated to the expression of transgenes and by potential
pleiotropic and GxE interactions associated with small genetic differences.

In order to isolate the effect of domestication from the effect of transgenes on the in vitro
performance of cotton populations, we compared the in vitro performance of both wild
metapopulations and domesticated populations with and without transgenes. In the case
of comparisons of populations without transgenes (W-D) we found significant differences
in four out of the five analyzed traits (Figs. 2A—2E). Such phenotypic differentiation,
regardless of substantial evolutionary divergence and genetic differentiation (Fang et al.,
2017), is somehow unexpected, since differentiation between these populations is the result
of a selective process focused on traits that are not related to in vitro performance, such as
length, size and color of the fiber, loss of seed dispersal and germination speed (Lubbers
& Chee, 2009; Gross & Strasburg, 20105 Veldzquez-Lopez et al., 2018). Nonetheless, strong
selective forces associated with domestication and divergence times between populations are
together of sufficient strength to show phenotypic differentiation even in an environment
to which both W and D populations were naive to (in vitro conditions).

Regarding the comparison of wild (Wr) and domesticated (Dt) populations with
transgenes, we found significant differences in four out of five analyzed traits, with
Wr populations being better performers than Dt populations in the in vitro culture in
general (Fig. 3), with the important exception of one trait, “propagation rate”. This better
performance of Dt populations for “propagation rate” could be the result of a history of
selection in in vitro culture, which is part of the conventional process of genetic engineering,
through which transgenes are introduced in the domesticated plants’ genetic backgrounds
(Hooykaas ¢ Schilperoort, 1992). This suggests that since GMOs have previously gone
through an in vitro process, it could be possible that GM plants that have been selected
for culture are better adapted to these conditions. In contrast, for the rest of traits, Wr
populations perform better (higher “height rate”, “leaf rate”, and “root development”),
to which a potential mechanistic explanations or hypotheses are hard to articulate. One
possibility is that, given the reduced genetic variation of D populations in comparison
with W populations, the general performance of D populations might be expected to be
worse in environmentally astringent conditions (Flint-garcia, 2013; Lu, 2013), such as in
vitro culture.
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Regardless of the trait performance direction of populations (W and Dr), we can argue
that given the existent differences between D and W genotypes without transgenes (see
above and Veldzquez-Lopez et al., 2018), it is expected that additional genetic changes (due
to gene insertion) could contribute to increased phenotypic differentiation. Nonetheless,
given that we did not determine the exact location of the inserted transgenes in the genome,
itis not possible to give a mechanistic explanation to the specific trait differences. Overall, we
can conclude that our results suggest that the presence of transgenes, originally associated
with domesticated populations, has a significant impact on the in vitro performance of the
genotypes, regardless of their wild or domesticated origin.

Implications of transgene presence for In vitro wild germplasm
conservation
One of the best ex sifu conservation strategies for wild germplasm are in vitro banks
(Gosal & Kang, 2012). In vitro conservation success depends on efficient and reliable
micropropagation or in vitro performance of the species of interest (Mycock, Blakeway
& Watt, 2004). Despite the reality of crop intensification, including genetic engineering,
the possible consequences of the presence of transgenes for the in vitro performance
of populations are poorly documented. In this study, we present results that suggest
detrimental consequences for the in vitro culture performance of wild cotton populations
in the presence of transgenes, which calls for monitoring transgenes in the plants to be
micropropagated for conservation or future genetic improvement, as has been suggested
by other authors, as conservation strategies and protocols (Bhatia, 2015). Moreover, it
is worth noting that in the present study, with a minimal investment of three primer
sets for transgene detection, we were able to identify 23 out of 33 transformation events
reported for cotton populations in Mexico (ISAAA, 2018). As it stands, our results provide
experimental evidence to support the implementation of transgene screening of plants to
reduce time and economic costs in in vitro establishment, helping the overarching goal of
germplasm conservation for future adaptation.

In current scenarios of global change, uncertain future conditions pose the major
challenge of securing resources for future adaptations (Wise et al., 2014). In this sense,
it is of utmost importance to preserve options for future decisions and to guarantee the
right to biodiversity and cultural identity for future generations, which includes genetic
and phenotypic options (Rockstrom et al., 2014). Crop biodiversity preservation is, in
other words, part of our life insurance for future adaptation in a changing planet. In this
sense, future work on conservation strategies and policies should put effort in expanding the
knowledge about the consequences of transgene presence (Lu, 2013) beyond the immediate
gene pool of wild populations. This means extending the efforts breadth towards other
interfertile species; in other words, to the genetic primary pool.

CONCLUSIONS

The results presented show how transgene presence in CWR cotton populations has
negative consequences for their in vifro culture performance. In particular, reviewing our
hypotheses, we found that (1) in vitro culture performance is significantly different between
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W and Wt populations, and (2) in vitro culture performance is different between wild and
domesticated populations regardless of transgene presence. Overall, our results suggest
that the presence of transgenes in wild populations imposes a cost (e.g., metabolic cost of
maintaining the expression of toxins) that is reflected in their in vitro performance and that
could endanger the success of germplasm conservation efforts. Further studies controlling
for specific genotypes and specific transgene constructions would help to better disentangle
the costs associated with specific genomic contexts and genetic modifications to improve
genetic screenings for in vitro banks.
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CAPITULO Il

INTERACCION PLANTA-MICROORGANISMO:
IMPACTO DEL GENOTIPO HOSPEDERO EN EL
ENSAMBLE DEL MICROBIOMA DE RAIZ

CAPITULO Il 67



PREFACIO

Al pensar en las consecuencias fenotipicas de la diversidad genética en un
organismo, generalmente imaginamos caracteres morfolégicos y cémo estos varian
entre individuos genéticamente diversos. Sin embargo, el estudio de las
consecuencias de la diversidad genética puede ser abordado desde una
perspectiva mas ecoldgica, estudiando por ejemplo cémo los organismos
interactlan con otros. Y aunque las interacciones ecoldgicas no representan un
caracter fenotipico especifico en un organismo, pueden verse como un “fenotipo
extendido” al influir directamente en la sobrevivencia y adaptacion de los

organismos al ambiente.

El estudio de las interacciones tiene una larga historia en ecologia. Como se
menciona en la introduccién de esta tesis, muchas de las interacciones ecoldgicas
son determinantes para la vida de los organismos y tienen efectos directos en la
adecuaciéon. A estos procesos se les ha reconocido recientemente como
retroalimentaciones eco-evolutivas, y nos hablan de los efectos que tiene la
ecologia sobre la evolucién y viceversa. Partiendo de esta teoria, consideramos que
el estudio de las consecuencias fenotipicas de la diversidad genética tiene sentido
si lo hacemos no solamente desde el estudio de caracteres morfoldgicos sino desde

su efecto en las interacciones ecoldgicas.

En el caso de las plantas, una de las interacciones mas interesantes pero
también con mayor complejidad es la que ocurre en la zona donde interactian las
raices de las plantas, el suelo y un gran nimero de microorganismos. Esta
interaccién, planta-rizésfera es determinante en la salud y crecimiento de las

plantas, al otorgar una serie de beneficios intrinsecos. Es sabido que gran parte de
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los beneficios rizésfera-planta son dependientes de la diversidad y composicién de
las comunidades bacterianas que alli habitan. Sin embargo, los mecanismos detras
del ensamble de las comunidades no se han logrado descifrar del todo. En este
sentido, se sabe que a través de la produccion diferencial de metabolitos
secundarios en la raiz, el genotipo de la planta hospedera puede jugar un papel

determinante en la relacion planta-rizdsfera.

En este capitulo quisimos explorar el efecto de la diversidad genética en la
interaccién planta-rizésfera. Nuevamente usando el algodén como modelo de
estudio, y valiéndonos de la amplia diversidad genética y fenotipica de sus
poblaciones silvestres, probamos la hipdtesis de si es posible recuperar la
diferenciaciéon genética del hospedero en la estructura y diversidad de las
comunidades microbianas de raiz. Utilizamos estrategias de jardin comun y cultivo
de tejidos para controlar variables ambientales y la diversidad genética individual y
caracterizamos las comunidades microbianas asociadas a la raiz de cinco de las ocho

metapoblaciones silvestres del algodon.

En resumen, encontramos que en efecto la presencia de la planta juega un
papel determinante en la estructuracién de las comunidades microbianas pero que
ademas, estas son sensibles a la variacién genética de las poblaciones, a nivel intra-
especie. Este resultado nos permitié indagar en aquellos grupos especificos que
resultaron ser mas abundantes en la rizésfera de las distintas poblaciones, e
hipotetizar sobre su funcion en este ambiente. Finalmente, abundamos en posibles
mecanismos detras de la especificidad del microbioma asociado a cada poblacién
de algoddn en México, y discutimos sobre su importancia y relevancia en escenarios

de conservacion de diversidad genética de poblaciones silvestres.
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ABSTRACT

The rhizosphere, and associated microbes, is an extremely variable environment that
provides several benefits to the plant host as a strong determinant for its health, growth and
productivity. Nonetheless, the factors behind the assembly of the microbial communities
associated with the rhizosphere such as the role of plant genotypes is poorly documented and
understood. In the present study we aimed to test the role that intraspecific genetic variation
has in the rhizospheric microbial community assemblages, using genetically distinct wild
cotton metapopulations as a model of study. We followed a common garden experiment
including five wild cotton populations, controlling for plant genotypes, environmental
conditions and soil microbial community inoculum, in order to statistically test for
differences in the microbial communities associated with genetic variation of the plant hosts.
Microbial communities of the treatments were characterized by culture independent
16SrDNA amplicon sequencing with Illumina MiSeq platform. Two lines of evidence were
analyzed, one at the level of microbial community diversity (alpha and beta), and another
focused in diversity structure of such communities, determined by co-occurrence networks.
Overall, the results provide evidence of the role of host genotype in selecting for different

rhizospheric microbial community assemblages.
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INTRODUCTION

Almost all-known organisms, from the simplest forms to humans, live in close association
with microorganisms. Microbial communities associated to host are known as microbiome
and it has been shown crucial for growth, immunology, homeostasis, and health of their host
(Berendsen, Pieterse and Bakker 2012; Theis et al. 2016; Mohajeri et al. 2018). It is known
that regardless of the host type, two major factors affect the microbial communities in the
microbiome: environment, and host-related factors (Haichar et al. 2008; Lakshmanan,
Selvaraj and Bais 2014). It has been proposed that host factors, specifically the genotype,
plays a crucial role in the assembly, diversity, and structure of the microbial communities.
Nonetheless, the mechanisms and scope of the host genotype influence on the microbial
communities assembly, dynamics, and functional consequences remain as open questions.
Thus, given that many of the featured microbe-to-host benefits are dependent on the diversity
structure of the microbial communities (Garbeva et al. 2008; Mendes et al. 2011) it becomes
relevant to study the factors affecting them.

One of the most diverse and dynamic host-associated microbial communities is in the
rhizosphere, defined as the interaction zone of plant roots, soil, and microorganisms (Hiltner
1904; Philippot et al. 2013). Interactions in the rhizosphere lead to many different types of
plant-microorganism symbiotic associations (Philippot et al. 2013), along with different
chemical feedbacks which strongly affect plant growth, health, development and, in plant
crops, productivity (Schnitzer et al. 2011; Wagg et al. 2011; Qiao et al. 2017). Like in other
microbiomes, plant genotype has been associated with the assembly and maintenance of the
rhizospheric microbial communities (Berendsen, Pieterse and Bakker 2012; Lakshmanan,

Selvaraj and Bais 2014). Previous studies have shown that plant species are able to shape
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their rhizosphere microbial communities creating a species-specific effect. It has been
proposed that this specific selection of the microbial communities is mediated by the
rhizodeposition process (Miethling ef al. 2000; Garbeva et al. 2008; Weinert et al. 2011),
which is the release of carbon compounds from the roots to the soil (Uren 2000; Bais et al.
2006). The plant invests 24-30% of the total carbon fixed by photosynthesis in
rhizodeposition (Bais et al. 2006), and it is believed that the specific composition of these
exudates is dependent on the plant genotype (Chaparro, Badri and Vivanco 2014; Ofek et
al. 2014; Rovira 2015). The genotype effect on the composition of the exudates has been
well documented in studies looking at different plant species that exhibit variation not only
in the microbial communities of the rhizosphere but also in the composition of the root
exudates, variation that increases with phylogenetic distance (Wieland, Neumann and
Backhaus 2001; Bouffaud et al. 2014). Studies looking for host effects in individuals of the
same species have been performed in animal populations (e.g. gut and vaginal microbiome
in humans (Spor, Koren and Ley 2011; Goodrich ef al. 2014)) suggesting that even intra-
species genetic variation could have consequences for the assembly of microbial
communities, including rhizospheric communities. Nonetheless, to date, there is little
information about the importance of plant intra-specific variation in the rhizospheric
community assembly, thus hindering our understanding of the mechanisms behind the

specificity of this association.

Cotton (Gossypium hirsutum L.) is an economically, and culturally important crop
that has its center of origin and diversity in Mexico (Ulloa ef al. 2006; Burgeff et al. 2014),
where the wild relatives of the species can be found in the coasts. Wild cotton exhibits a

meta-population dynamic which is represented by eight populations that are geographically,
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ecologically, and genetically distinguishable (Wegier et al. 2011). In particular, the
differentiation in the genetic structure among the populations is the result of
microevolutionary and demographic processes that act in the populations (Hawkes 1977).
Altogether, the fact that G. hirsutum have been originated in Mexico and the genetic and
phenotypic diversity of its populations, makes the plant cotton a suitable model to study
questions related to the impact of the genotype into the rhizosphere microbial communities
from an intra-species perspective. Moreover, further understanding in the intraspecific
structure of microbiomes may contribute to the assessment and design of conservation

strategies of this valuable crop in its center of origin and diversity.

In the present study, we analyzed a representative sample of the cotton wild relatives
in order to determine if the genetic differentiation of the populations is traceable into the
rhizospheric microbial communities. For this, we used tissue culture techniques to control
for the individual variation and obtain clonal replicates of each analyzed population. We grew
the populations under controlled conditions in a common garden experimental setting, which
included a common microbial community inoculum, allowing the plant genotypes to select
for the microbial communities from the same pool of microbial diversity. We hypothesize
that since genotype is a determinant factor in the assembly of the rhizosphere microbial
communities, each cotton population will host specific diversity structure of microbial
communities, with potentially important functional implications for plant growth and

conservation of wild plant relatives.
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MATERIAL AND METHODS

Experimental design

To evaluate the effect of the plant host genotype into the rhizosphere microbial communities,
we designed a common garden experiment. In the experiment, we compared wild cotton plant
individuals from different natural populations in Mexico. Specifically, for each population,
we included one plant individual and 15 clonal replicates from five of the eight wild cotton
populations to have a good representation of the genetic variation at the intra-species level
(N=75). To obtain the clonal replicates per plant individual we used tissue culture techniques
(Hernandez-Teran et al. 2019). Negative controls of the experiment consisted of pots without
plant (N=15). All the samples contained a mix of sterilized substrate and a common microbial
community inoculum obtained from a coastal dune. Samples of the microbial communities
associated with the plant roots were taken at a single time point after nine months of the start
of the experiment, associated to fully developed cotton plants. In order to determine the
microbial communities diversity structure associated with the different plant genotypes, we
took samples of the rhizospheric soil (N=75), bulk soil of the negative controls (N=15), and
the microbial community inoculum (N=1) and extracted the DNA to sequence the 16S rRNA

gene.

Plant material
The wild cotton populations in Mexico live together with genetically modified (GM) cotton
crops and, due to gene flow events, some of the metapopulations show presence of transgenes

(Wegier et al. 2011). Since the aim of this study was to evaluate the effect of the natural
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genetic variation of the host into the rhizosphere microbial communities, we analyzed the
presence of transgenes in all wild cotton populations following the methods reported in
Hernandez-Terén ef al, 2019. Only five of the eight metapopulations (Wegier ef al. 2011)
were free of the screened transgenes (CrylAb/Ac, Cry24 and CP4 EPSPS, for more
information see Herndndez-Teran et al, 2019), and thus selected for the present study: Baja
California Sur (BCSM), Central Pacific (CPM), South Pacific (SPM), Yucatan Peninsula
(YPM), and Gulf South (GSM). From these five populations we collected and germinated

seeds according to the protocol reported in Herndndez-Teran et al, 2019.

Tissue culture propagation

We included one plant individual and 15 clonal replicates from the five selected wild cotton
populations (N=75). Clonal replicates were obtained after seed germination, seedling
disinfection and establishment. Cuttings of the established seedlings were propagated using
tissue culture techniques until 15 clonal replicates per population. Clonal replicates were
incubated in a culture room under controlled conditions until roots were evident. All methods

related to tissue culture were done according to Hernandez-Teran et al, 2019.

In vitro-to-soil establishment

Once all clonal replicates grew enough to develop roots, we proceeded with soil
establishment of plants. We used a sterilized mixture of Peat Moss, agrolite, vermiculite
(3:1:1) and 50 g of slow-release Osmocote fertilizer (14N-14P-14K, [Scott’s, Marysville,
Ohio]). Given that the substrate was previously sterilized, soil from a coastal dune in
Veracruz state was used as common microbial inoculum to all samples by adding 25¢g of soil

per kg of substrate (Robles and Barea 2004). The inoculum served as the pioneer microbial
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communities necessary to start the microbial community assembly. Since the in vitro-to-soil
transfer causes high stress levels in the plant, we standardized an acclimation process for all

individuals which is available at Supplementary Material (Figure S1).

Common garden conditions

The common garden experimental design was implemented in a Biosafety greenhouse
facility at the Instituto Nacional de Investigaciones Forestales, Agricolas y Pecuarias
(INIFAP). This particular greenhouse facility is in compliance with international biosecurity
standards (Adair and Irwin 2001). The environmental conditions for this greenhouse were:

temperature at 30 +- 5°C and automatized sprinkling for four times a week.

Sampling

Root microbial communities were sampled after nine months of soil establishment of plants,
which corresponds with the adult developmental stage of the species (Stewart ef al. 2010).
For the rhizosphere samples, we extracted the plants from the pots, and manually shook the
roots to remove the excess of soil, subsequently, we sampled 25gr of the adhered soil. For
the control soil samples, we took 25gr of the soil contained in the control pots. Both sample
types were stored at -80°C until DNA extraction. In total, we took samples of the rhizospheric
soil (N=75), bulk soil of the negative controls (N=15), and the original microbial community

inoculum (N=1) and extracted the DNA to sequence the 16S rRNA gene.

DNA extraction and 16S rDNA sequencing
Genomic DNA of each rhizosphere or control soil sample was extracted using PowerSoil

DNA Isolation Kit™ (MoBio Laboratories, Solana Beach CA, USA) according to
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manufacturer’s instructions with the following modifications: 0.5 g of sample instead of 0.25
g were used, incubation periods at 4°C were increased from 5 to 20 minutes, and we added
an incubation step at 55°C for five minutes prior to DNA elution. Inoculum sample was
extracted 5 times in order to obtain sequencing replicates. From the genomic DNA per
sample, the V4 region of the 16S rRNA gene (515F/806R [Caporaso et al. 2011]) was
amplified and sequenced using Illumina MiSeq instrument at Research and Testing

Laboratory (Lubbock, TX, USA).

16S rRNA sequence data processing

[Nlumina raw sequences were processed with QIIME2 v. 2017.6.0 (Bolyen et al. 2019).
Sequences demultiplex, denoising and quimera check (QC) filtering were done with the
DADAZ2? pipeline (Callahan et al. 2016). Since the sequences presented low quality at the
extremes, we removed 30 bp at the 5’extreme, and 40 bp at the 3 extreme of the forward
sequences, and 40 bp at the 5 extreme and 30 bp at the 3 extreme of the reverse sequences.
This edition process was done by modifying the parameters trim left f, trun len f,
trim_left r, and trun_len_r. All the subsequent steps were done with default arguments. Due
to small number of sequences, we decided to remove two samples from two different
populations (CPM —rep.1 with 6418 sequences and SPM —rep.1 with 8086 sequences). After
this process, we kept 5,674,346 of total reads, and an average of 61,014 sequences for each
sample. The amplicon sequence variants (ASVs) were aligned with maft (Katoh ez al. 2002)
and used to construct a phylogeny with fasttree2 (Price et al, 2010). Taxonomy for ASV was
assigned with the sklearn-based classifier (Bokulich et al. 2018) using the Greengenes 13 8

database (McDonald ef al. 2012). Rarefaction curves for all analyzed samples are available
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as supplementary material (Figure S2). The raw data (paired end files) were deposited in the

NCBI sequence read archive (SRA) with the accession number PRINAS590533.

Diversity analyses

In order to determine the influence of the plant host genotype into the structure and diversity
of the root microbiome, we carried out different analysis on the microbial communities
diversity based on 16S rDNA sequence data. Analyses were performed at two taxonomic
levels: phylum for alpha diversity and first descriptors of beta diversity, and family for
biomarkers (beta diversity) and diversity structure (networks) analyses.

- Alpha and beta diversity — As first descriptors of diversity and composition of the root

microbial communities of the five wild cotton populations we performed alpha and beta
diversity analysis. Alpha diversity. We calculated the Chaol index using the function
diversities in the “microbiome” R package (Lahti and Shetty 2017) and ANOVA and post-
hoc Tukey tests were conducted in “vegan” R package (Oksanen et al. 2018). Beta diversity.
We carried out a Non-Metric Multidimensional Scaling (NMDS) with Bray-Curtis distance
at phylum level in the “phyloseq” R package (McMurdie and Holmes 2013). To investigate
statistical differences across samples we carried out paired Wilcoxon tests of the NMDS
scores between all sample types (i.e. controls and plant treatments). In order to detect
differentially abundant groups in the populations we performed a Linear Discriminant
Analysis (LDA) effect size (LefSe) at phylum level with the web-based tool
“MicrobiomeAnalyst” (Dhariwal ef al. 2017). Subsequently, and in order to analyze more
deeply the information of the LefSe, we extracted the information and performed a heatmap

of the groups obtained in the LefSe but at the family level. The heatmap was constructed only
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with the statistically significant groups (p <0.01) using the “heatmaply” R package (Galili et

al. 2018).

Diversity structure - co-occurrence networks

In order to determine if the co-occurrence patterns of the microbial groups, as a proxy to
community structure, differ between populations we inferred networks in the software CoNet
(version 1.1.1) (Faust and Raes 2016) by using ASV tables at family level. We constructed
one network per population (N replicates= 15, except for CPM and SPM populations with
N= 14). The co-occurrences were tested statistically with Pearson, Spearman, and Kendall
tests, considering only correlations >0.85 and with p <0.01. Edges were established only
when the co-occurrences/exclusions were supported by the three statistical methods. Besides,
we applied a multi-test correction with the Benjamini-Hochberg procedure (Benjamini and
Hochberg 1995).

To further our diversity structure characterization, we calculated standard network
indexes and inferred the modules of each network. In order to make a visual summary of the
networks we inferred the modules and their connections using the ModuLand app (Szalay-
Beko et al. 2012) for Cytoscape. For each module, we represented the taxa composition as
pie charts constructed in the “ggplot2” R package (Wickham 2009) with the module
information obtained in ModuLand.

Finally, we calculated metrics of the topology of the networks using the
NetworkAnalyzer app in Cytoscape. For modularity measures we used the “iGraph” R
package (Csardi and Nepusz 2006). In order to compare the diversity structure (in terms of
network topology) among populations we conducted a Principal Component Analysis (PCA).

To visualize potential patterns in the networks structure and reflect on its biological
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significance, we constructed a heatmap with all the network metrics. All procedures related
to network inference and metric calculation were done in the software Cytoscape 3.0
(Shannon et al. 2003). For statistical analyses we employed the R software (version 2.4-6)

(R Core Team, 2017).

RESULTS

The root microbial community composition differs between wild cotton populations
Alpha diversity

For all the samples (N=89) we identified 7,874 ASV's. Relative abundance of phyla among
the three types of samples (inoculum, bulk and rhizosphere soil) revealed differences in
composition (Figure S3-A). While for alpha diversity analysis calculated as Chaol diversity
index, we found that the lower values were associated to inoculum samples (Figure S3-B).
Regarding plant samples and control soil, the relative abundance analysis revealed that all
samples are dominated by Proteobacteria, with more variation in the Chloroflexi,
Acidobacteria, and Chlorobi phyla (Figure 1A). For alpha diversity (Chaol index) analysis
we identified significant differences among plant populations (Figure 1B). Also, in terms of
Chaol, all the populations samples showed significant differences (ANOVA, p <0.01)
compared to the control samples, with the sole exception of “CPM”. Moreover, the control
showed the lowest values for diversity, while “BCSM” and “YPM” populations showed the

highest values.
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Beta diversity

Both beta diversity analyses (Figure 2) showed differences in the bacterial communities
associated to the rhizosphere microbial communities and control samples. Specifically, for
NMDS analysis (Figure 2A), we observed a distinction of the plant populations and control
samples (PERMANOVA, F= 10.29, p= 0.001), but also a statistical distinction across
populations (Table S1).

LefSe analysis allowed the identification of specific groups that were differentially
abundant across samples (plant populations and control samples), this information is
presented as supplementary material (Figure S4). The information of differentially abundant
groups was visualized through a heatmap representation at the taxonomical level of family
(Figure 2B). From this representation we observed that all the populations and control are
characterized by different bacterial families that could be “endemic” groups or biomarkers
for the populations. For example, the Pirellulaceae, Rhodothermaceae and
Rhodobactereacea were highly abundant in the “BCSM” population. For the “GSM”
population the Rhizobiaceae, Chthoniobacteriaceae and Alicyclobacillaceae families
appears to be the biomarkers. In the “CPM” population we observed the Hyphomicrobiaceae,
Planctomycetaceae and Coxiellaceae families highly abundant. For “SPM” population, we
found Caulobacteraceae, Burkholderiaceae and Erythrobacteraceae as abundant families.
While the “YPM” seemed to be the population with the highest number of biomarkers, being
the most abundant groups (Alteromonadaceae, Streptomycetaceae and Rhodobiaceae) also
absent in the rest of the populations. It is worth to mention that the abundant families for
control samples (Xhantomonadaceae, Nocardioidaceae and Alcaligenaceae), were almost

completely absent in the plant samples.

ScholarOne Support 1-434/964-4100

Page 14 of 43



Page 15 of 43

oNOYTULT D WN =

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

FEMS Microbiology Ecology

The diversity structure of the rhizosphere microbial communities differs among wild
cotton populations

To analyze the structure of the cotton-associated microbial communities we inferred co-
occurrence/exclusion networks (Figure 3 left) for all samples (plant and control treatments).
The mathematical analyzes of the inferred networks allowed us to appreciate that the
structure of their microbial community is significantly different. According to the PCA and
heatmap, we identified that the communities associated with plant samples and control can
be separated in two groups and two separated samples according to their structure similarity
(Figure 4B). The group comprising “SPM” and “CPM?”, had the highest density and average
number of neighbors measures. The group conformed by “BCSM” and “’ showed low values
for network centralization and high values for network diameter. While the separated samples
were “YPM” which showed the highest values for connected components and network
heterogeneity and control, which had the highest values for network radius and also the
lowest centralization. It is worth noticing that when we look at the networks focusing on the
topological aspects of their nodes (bacterial families), we do not appreciate a pattern across
populations regarding the relative importance of specific phyla for the structure of the

network (centrality metric).

Furthermore, when we look at the centrality of the nodes at the family level, we can
see that the most connected nodes are different for all samples (Table S3). For instance, in
the control network, the node with higher centrality was represented by a member of the
Moraxellaceae family (Proteobacteria), for the “BCSM” population was a
Desulfovibrionaceae (Proteobacteria), for “GSM” was a Microthrixaceae (Actinobacteria),

for “CPM” was a Methylobacteriaceae (Proteobacteria), for “SPM” a Ilamiacea
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(Actinobacteria), and finally, for “YPM” the node with higher centrality was Legionellaceae
(Proteobacteria). These observations hold when we look at the module enrichment analysis
of the networks (Figure 3, right). Overall, the network analyses provide evidence of different
diversity structure of the rhizosphere microbial communities across the experimental samples

and controls.

DISCUSSION

The rhizosphere is an extremely variable environment that provides several benefits to the
plant host (Garbeva et al. 2008; Mendes et al. 2011). Various studies have established that
the plant-microbe interaction in the rhizosphere is determinant for the health, growth and
productivity of the host (Wagg ef al. 2011; Ursell et al. 2013). Despite the evidence for the
importance of this interaction, the factors behind the assembly of the microbial communities
associated with the rhizosphere is still not fully understood. In particular, the role of plant
genotypes as a determinant factor in the microbial assemblages is poorly documented. In the
present study we aimed to test the role that intraspecific genetic variation has in the
rhizospheric microbial community assemblages, using cotton plants as a model of study. We
followed a common garden experiment, controlling for plant genotypes, environmental
conditions and soil microbial community inoculum, in order to statistically test for
differences in the microbial communities associated with genetic variation of the plant hosts.
Two groups of evidence were collected, one at the level of microbial community diversity
(alpha and beta), and another focused in diversity structure of such communities, determined
by co-occurrence networks. Overall, the results provide evidence of the importance of host

genotype in producing different rhizospheric microbial community assemblages.
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Different plant genotypes select for different and specific microbial communities from
a common inoculum

In order to determine how specific is the influence of the genotype in the assembly of
rhizospheric microbial communities, we experimentally tested for differences in the
microbial communities associated with different plant genotypes associated to different wild
populations of cotton, controlling for environmental conditions. Both alpha and beta diversity
analysis showed differences in the microbial communities associated with the different
treatments (i.e. plant genotype, and no-plant controls) (Figure 1; Figure 2).

In regard to alpha diversity (Figure 1), we found that composition at the phylum level
varies among treatments and populations (Figure 1A), and also diversity index Chaol (Figure
1B) varies significantly across treatments, being the control (no-plant) samples the ones with
lowest diversity values. Low diversity values in no-plant controls coincides with previous
studies that associate plant release of nutrients (root exudates) to a higher number of
microbial groups in the rhizospheric space (Bulgarelli et al. 2013). Moreover, the differences
in alpha diversity were also found across different plant genotypes (i.e. populations), meaning
that some of these genetically different plants can host higher diversity of microorganisms
than other genotypes of the same species. For instance, we can observe that “YPM” and
“BCSM” genotypes hosts the highest diversity of microbial communities while “CPM” the
lowest (Figure 1B). Different levels of microbial diversity associated with different host-
plant genotypes is of special relevance since more microbial diversity has been associated
with functional redundancy that, in turn, may provide more stability of the systems in the
face of environmental perturbations or external stressors (Allison and Martiny 2008). Hence,

the variation in diversity found between cotton populations could potentially have
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consequences in the response and recovery of the host-microbial systems to perturbations
such as the extreme environmental conditions (salinity, high temperatures) that cotton
populations face in their natural habitats (Stewart et al. 2010), which in turn, could have
consequences on the adaptation and survival of the host plant itself.
Regarding beta diversity, we found that each of the different treatments (i.e. plant genotype,
and no-plant controls) is characterized by a particular microbial composition (Figure 2).
Specific microbial composition that differentiate treatments were represented in a
multidimensional space, showing spatially distinct groupings according with the identity of
the samples, either plant genotype or no-plant control (Figure 2A). Furthermore, we found
differentially abundant microbial groups for all samples through a heatmap visualization of
the LefSe analysis (Figure 2B, Figure S4), which permits to reflect on the potential
mechanisms of host-microbe association and on the possible roles of these microbial groups
in such association. For instance, control samples are very distinct from any of the plant
genotypes samples (Figure 2A, Figure 2B, Table S1) in terms of the resulting microbial
communities composition, which is indicative of the major influence of the plant on the soil
microbial communities (Haichar et al. 2008; Bulgarelli ef al. 2013; Lakshmanan 2015).
Regarding sample differentiation in terms of microbial composition, when we look at
specific plant genotypes samples, we can also identify different compositions, some of which
are less different than others. For instance, “YPM” and “BCSM” genotypes are more similar
in their composition but at the same time can be clearly identified as different from other
plant genotypes such as “GSM” (Figure 2A, Figure 2B, Table S1). In general, the fact that
there are different microbial groups associated with specific genotypes can be taken as

evidence of some type of preference (selection) of the host on specific microbial assemblies,
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as has been documented in other systems such as legumes and rhizobia associations
(Bisseling, Dangl and Schulze-Lefert 2009; Weinert et al. 2011; Marques et al. 2014).

This selection for specific microbial groups allowed us to reflect on the potential roles
that those microbes could have for the plant-rhizosphere association. For example, we found
that “BCSM” genotype shows high abundance of microbial families that are closely related
to N cycling, such as Rhodobacteraceae (Buée et al. 2009; Edwards et al. 2015) and
Plactomycetaceae (Fuerst and Sagulenko 2011; Nie et al. 2015). Besides the enrichment of
the Pirellulaceae family, which has been associated to cotton rhizosphere specifically
(Peiffer ef al. 2013; Qiao et al. 2017). For the “GSM” genotype, we also found microbial
groups related to N fixation (Rhizobiaceae) (Zarraonaindia et al. 2015). Regarding “CPM”
genotype, we found high abundance of the Hyphomicrobiaceae family, which has been
studied for playing roles in improving host ability to sense and respond to drought
(Lakshmanan, Selvaraj and Bais 2014). Finally, “SPM” and “YPM” genotypes showed two
microbial families (Burkholderiaceae and Streptomycetaceae) that are known for playing
roles in diseases control (Berendsen, Pieterse and Bakker 2012; Lakshmanan, Selvaraj and
Bais 2014). In particular, Sprefomycetaceae family is also recognized for the production of
antimicrobial secondary metabolites (Firdkova, Sturdikova and Muckova 2007). The
preference of the host genotypes to certain microbial groups is in accordance with previous
studies which mentioned that this phenomenon could be explained by physiological
requirements of the plants such as P and N deficits, which production is linked to microbial
communities activity (Weinert et al. 2011; Marques ef al. 2014). Altogether, the preference
of the cotton plant genotypes to specific microbial groups that are related with N cycling and
fixation, or are involved in disease control processes and response to environmental

conditions, could be related to physiological, nutritional needs of the plant host.
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Variation in the structure of the rhizosphere associated to different plant genotypes

To determine if the co-occurrence patterns of the microbial groups, as a proxy of structure,
differ between populations we inferred networks and calculated metrics of their topology.
The mathematical analysis of ecological networks enables the identification of structural
patterns that reflect on variations in the biological properties of the communities of the
different populations. In particular, we found that all the microbial communities networks
inferred in this work are clearly distinguishable in terms of topological metrics like density,
clustering, modularity, and centralization (Figure 4A, Table S2). These properties have been
reported in microbial communities networks to be related to robustness and functional
aspects of the systems (Albert Reka, Jeong Hawoong 2000; Melian and Bascompte 2002;
Bastolla et al. 2009; Navarro-Diaz, Valdez-Vazquez and Escalante 2016; Rebollar et al.

2017).

According to the graphic representation of the co-ocurrence networks, two types of
networks were identified; those with high degree of modularity and highly aggregated such
as “SPM” and “CPM” genotypes, and those with less degree of modularity and highly
disaggregated such “BCSM” and “GSM” genotypes (Figure 3 left, right, Table S2). We
hypothesize that these variations could be the result of the host genotype influencing the
microbial communities and promoting the emergence of the co-occurrence patterns between
specific microbial groups that we observed in the inferred networks (Figure 3 left, right). In
particular, variation on network properties like those found in this study (e.g. modularity,
centralization) has been found in other studies modeling microbial communities associated

to plant productive systems (Rebollar et al. 2017), and have also been proposed to reflect
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habitat heterogeneity and phylogenetic clustering of related species, that could potentially
generate non-random patterns of association (Lewinsohn et al. 2006).

When we focus on the topological aspects of the network nodes (bacterial families),
we do not appreciate a pattern across populations regarding the relative importance of
specific phyla for the structure of the network. Furthermore, all the hub nodes (in terms of its
betweenness centrality) are different for all samples. These differences in specific groups can
lead to the generation of novel and specific hypothesis to be tested. Specifically, regarding
to the importance of certain groups in plant growth or interactions between the members of
the plant microbiome. For instance, we found the Methylobacteriacea and Rhizobiacea
classes as hubs nodes for the CPM genotype (Table S3), groups that belong to the rhizobiales
group, which are diazotrophic bacteria that transform atmospheric N, to a form that can be
used by plants (Santi, Bogusz and Franche 2013). For the YPM genotype, we found
Hyphomicrobiaceae and Legionellacea classes as hubs nodes for its network. Being the
Hyphomicrobiaceae family, as we mention before, important in the host response to drought,
which could be an important attribute in environments such as coastal dunes, natural habitat
of cotton plants (Lakshmanan, Selvaraj and Bais 2014). Moreover, the Legionellaceae family
have been found as a health indicator by playing roles in disease suppression in species such
as Beta vulgaris (Mendes et al. 2011) and Musa paradisiaca (Koberl et al. 2017). Finally,
“BCSM” genotype presented Desulfovibrionaceae family as the hub node, a common
microbial group in extreme oligotrophic habitats (Madigan and Martinko 2005) such as the
case of coastal dunes. The differences in centrality values for the genotype networks could
reflect the relative importance of hubs nodes and the robustness of the networks toward the
removal of them (Faust and Raes 2012). This result is indicative of the major influence of

plant host into the assembly of the microbial communities in the rhizosphere, and which
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could be driven by the rhizodeposition process (Miethling et al. 2000; Garbeva et al. 2008;
Weinert ef al. 2011). In particular, the differences in diversity structure between rhizosphere
and control networks is explained by higher values for some metrics (multi-edge node pairs,
characteristic path length, network radius), and lower values for another metrics (connected
components, network heterogeneity and centralization) (Figure 4B). We could speculate,
though, that differences in values for some of those metrics (i.e. network heterogeneity and
centralization) could be related to ecological processes at microbial level that could be driven

by the plant presence.

CONCLUSIONS

Despite the evidence of various studies establishing the plant-microbe interaction in the
rhizosphere as determinant for the health, growth and productivity of the host, the factors
behind the assembly of the microbial communities associated with the rhizosphere is still not
fully understood. In particular, the role of plant genotypes as a determinant factor in the
microbial assemblages is documented mainly at species level, leaving aside the contribution
of intra-specific genetic variation. The results presented in this study show that plant host
genotype is determinant in the assembly and diversity structure of the microbial communities
in the rhizosphere. In particular, we found that 1) host genotype factor is so powerful that
even intra-specific genetic variation (population level) can differentiate the microbial
communities of the rhizosphere in terms of its composition and diversity structure i1) different
plant genotypes are related to the abundance of specific microbial groups which could be
driven by physiological and nutritional needs of the plant that, in the case of cotton species,

could be related to the survival of the plants in extreme environments. Further studies looking
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for the genotype effect into the root exudates could help us to elucidate the specific
mechanisms trough the host can select and modulate the microbial communities in the
rhizosphere.

Finally, taking together our previous findings, considering that Mexico is center of origin and
diversity for cotton, this study provides a valuable baseline for the microbial diversity
associated to wild populations. In turn, this baseline can inform integral strategies for
agrobiodiversity conservation and sustainable production that are based on the ecological and
evolutionary study of wild and domesticated species complexes (Heywood et al. 2007;
Maxted et al. 2010)(e.g. Maxted et al., 2010; Heywood et al. 2007). Moreover, our results
call for precautory and mitigating actions regarding the flow of genes across wild and
domesticated populations (potentially including transgenes), since we show that changes in
the genotype may affect the ecological interactions with the plants microbiome, with

potential functional consequences.
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CONCLUSIONES
GENERALES

A lo largo de este trabajo desarrollamos algunos conceptos clave sobre la
importancia de la diversidad genética en procesos de importancia ecoldgica y
evolutiva en plantas. Entendimos que los procesos que dan origen a la diversidad
genética y fenotipica son especificos para cada especie y estan fuertemente
relacionados con las condiciones ambientales donde se desarrollan naturalmente.
Brindamos ademéas un panorama amplio sobre el papel que juega la diversidad
genética en plantas bajo distintos escenarios, no solamente en términos del
fenotipo entendido como caracteristicas morfoldgicas de los individuos, sino
también como los procesos biolégicos relacionados con las interacciones

ecoldgicas, que son fundamentales para la sobrevivencia de los organismos.

El trabajo de revisién e integracién de la informacién nos permitié detectar
que en la modificacién genética ocurren consecuencias fenotipicas no
intencionadas de manera generalizada y en un amplio nimero de cultivos. Esto es
importante ya que aunque tedricamente se crefa que estas consecuencias
inesperadas podrian ocurrir, ademas de que se habia hablado ampliamente de los
mecanismos, no existian trabajos en los que se demostrara formalmente y a gran
escala. En el mismo sentido, el trabajo experimental sobre la diversidad genética y
su impacto en el rendimiento in vitro de poblaciones de algoddn, brinda un
panorama sobre las consecuencias funcionales de la introgresién de cultivos en un
ambiente con relevancia para la conservacion. El resultado de la presencia de costos
ecoldgicos por la presencia de transgenes en poblaciones de algodén, nos hace
ademas repensar los pasos a seguir cuando se pretende conservar los recursos
genéticos. En conjunto, los resultados de estos esfuerzos son importantes en la
toma de decisiones sobre seguridad alimentaria, y abren la discusion respecto a las

medidas necesarias para asegurar los recursos genéticos en el futuro. Puntualmente,
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este trabajo representa un avance importante en la generacién de evidencia que
apoya la reestructuracion y mejoramiento de los protocolos de anélisis de riesgo de
tecnologias de modificacion genética, ademas de la implementacién de monitoreos

de deteccién de transgenes previo a los esfuerzos de conservacién in vitro.

Reconociendo también que los procesos ecoldgicos y evolutivos de las
poblaciones de plantas van de la mano, generamos informaciéon sobre las
consecuencias de la diversidad genética en la estructuracion de las comunidades
microbianas de raiz. Nuestro hallazgo principal fue que cada genotipo hospedero
(metapoblacién) puede seleccionar comunidades microbianas diferentes bajo
condiciones ambientales idénticas; demostrando por primera vez hasta donde
sabemos, que la variacidon genética intra-especie juega un papel determinante en la
seleccidon del microbioma de raiz. Este hallazgo nos permitié reflexionar sobre los
procesos adaptativos que ocurren en ambientes naturales, pero también en que la
conservacion de las poblaciones silvestres in situ es necesaria para asegurar los

procesos que dan origen y mantienen la diversidad genética.

En conjunto, esta tesis aporta informacién acerca de cémo la diversidad
genética en plantas cultivadas afecta el fenotipo e interacciones ecoldgicas. Plantea
la reestructuracion de los protocolos de anélisis de riesgo implementados
histéricamente y la necesidad de estudiar mas a fondo y repensar las estrategias de
modificacion genética que se han usado desde hace décadas. La evidencia
generada apunta al fortalecimiento de estrategias de conservacién de plantas
silvestres como las principales fuentes de variacién genética, lo cual a su vez
ayudaria a asegurar la posibilidad de nuevos mejoramientos genéticos para

generaciones futuras.
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CONCLUSIONES PARTICULARES

Capitulo |

1. La modificacién genética, ya sea por domesticacién o por ingenieria
genética, puede ser rastreada fenotipicamente cuando comparamos
parientes silvestres contra organismos domesticados

7. La existencia y magnitud de las diferencias fenotipicas entre organismos
domesticados con y sin ingenieria genética dentro de un mismo cultivo,
sugiere consecuencias fenotipicas de la modificacion genética mas alla de
los rasgos buscados

Capitulo Il

1. El rendimiento in vitro entre poblaciones silvestres de algodén con y sin
transgenes y entre poblaciones silvestres y domesticadas es
significativamente diferente

7. La presencia de transgenes en poblaciones silvestres de algodén provoca
costos ecoldgicos que son reflejados en su rendimiento in vitro, lo cual
potencialmente podria afectar el éxito de estas poblaciones en bancos de
conservacion de germoplasma

Capitulo Il

1. El genotipo hospedero es tan determinante que incluso variacién genética
a nivel intra-especie puede provocar una diferenciacién en las comunidades
microbianas de raiz

7. Distintos genotipos de plantas tienen la capacidad de promover el
crecimiento de microorganismos especificos que, en el caso de las
poblaciones de algoddn, podria estar relacionado son la sobrevivencia 'y
adaptacién de estas en ambientes extremos
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PERSPECTIVAS

En todo trabajo cientifico se genera informacion que busca contestar preguntas
particulares, aunque muchas veces algunas de estas preguntas se logran responder,
muchas mas nuevas surgen y permanecen abiertas. En este trabajo integramos y
generamos evidencia que nos ayuda en el entendimiento de los procesos por los
cuales la diversidad genética de plantas cultivadas afecta el fenotipo e interacciones
ecoldgicas. Sin embargo, abre la puerta a nuevas preguntas y nuevos

planteamientos experimentales.

Capitulo I: los resultados de este capitulo resaltan en primer lugar la
importancia del estudio sistematico de la informacién disponible, el cual nos puede
dar luz y poder estadistico en el entendimiento de procesos bioldgicos. Sin
embargo, también hace visible la necesidad de realizar experimentos dirigidos a
probar hipdtesis relacionadas a como pueden arrastrarse caracteres fenotipicos en
los procesos de modificacién. Aunque diversos autores mencionan tedricamente
que esto podria ser a través de procesos a nivel genético como pleiotropia o
epistasis, estudios que busquen los mecanismos especificos de estos fendmenos

son necesarios.

Capitulo Il: como se menciona en la introduccion de este trabajo,
actualmente un total de 29 cultivos de plantas han sufrido procesos de introgresién
entre poblaciones silvestres y domesticadas en la vida silvestre. Considerando
ademas los efectos deletéreos encontrados en las poblaciones silvestres de
algoddn, posiblemente ocasionados por la presencia del transgen, se vuelve
relevante probar el comportamiento de estos organismos en la vida silvestre. Esto
es determinante para conocer el papel que juegan los genes de domesticacién o
ingenieria genética en ambientes no controlados (como el caso del ambiente in
vitro). Lo cual a su vez, nos ayudaria en la toma de decisiones respecto a las

tecnologias de modificacion genética.
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Capitulo llI: el trabajo de este capitulo arrojé informacién novedosa respecto
al papel determinante que juega el genotipo de la planta hospedera en la
determinacién de la estructura de las comunidades microbianas de raiz. Sin
embargo, deja muchas mas preguntas abiertas. En primer lugar, aunque la
clonacién in vitro para la obtencién de réplicas es el primer paso para controlar la
diversidad genética, es necesario contar con la genotipificacién de los individuos a
investigar. En segundo lugar, y con el fin de dilucidar los mecanismos de accién del
hospedero sobre la rizésfera, son necesarios futuros esfuerzos en caracterizar la
diversidad y composiciéon de los exudados de raiz de plantas genéticamente
diferentes, esto debido a que los exudados de raiz parecen ser la sefial que media
la comunicacién hospedero-microbioma. Finalmente, con la evidencia arrojada en
los capitulos anteriores sobre el impacto de la diversidad genética de plantas en
distintos aspectos del fenotipo, y considerando ademas el impacto que la variacién
genética intra-especifica del hospedero tuvo para la estructuracién de las
comunidades microbianas, proponemos un diseno experimental como el realizado
en el Capitulo Il. Esto con el objetivo de probar si la variacion genética de
organismos silvestres con y sin transgenes, y domesticados con y sin transgenes,
puede ser rastreada en la diversidad y estructura del microbioma de raiz. Esto a su

vez con potenciales consecuencias ecoldgicas y evolutivas.
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SUPPLEMENTARY MATERIAL

Appendix S1. Coefficients of each trait in the first two Discriminant axes (LD)
generated for each crop. The absolute magnitude of the coefficient represents its
importance in each Discriminant axis and the sign represents its direction in
Discriminant space in Figure 1 (a panels).

Crop Traits Coefficients of
Discriminants

LD1 LD2

Rice Height 7.04 4.38
Number of seeds -3.03 4.30

Pollen viability -9.43 -8.23

Days to flowering 9.31 0.909

Canola Number of seeds 23.7 -18.6
Height 0.31 247

Days to flowering 0.62 2.46

Pollen viability 2.34 -1.14

Sunflower Height -17.2 -3.97
Number of flowers -1-37 2.36

Days to flowering 16.01 1.38

Number of seeds -0.78 4.44

Pumpkin Number of fruits 95.9 -30.5
Number of seeds -63.6 56.7

Number of flowers 0.4 -3.47

Maize Days to flowering 25 -23.6
Height 8.12 15.63

Number of seeds -9.43 -3.76
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Appendix S2. Genetic transformations included in the dataset for each crop.

Crop Gene Product Phenotype
Rice Bt cry delta-endotoxin Resistance to lepidopteran insects
CpT1 trypsin inhibitor Resistance to a wide range of insect
pests
Bt/CpT1 cry delta-endotoxin/trypsin inhibitor Resistance to a wide range of insect
pests
PPO double stranded RNA Block black spot bruise
development
Bar phosphinothricin  N-acetyltransferase  Tolerance to glufosinate herbicide
(PAT) enzyme
IMI modified acetohydroxyacid synthase Tolerance to imidazolinone
large subunit (AtAHASL) herbicide
nptll neomycin  phosphotransferase Il Metabolism of neomycin and
enzyme kanamycin antibiotics
Canola Bar phosphinothricin  N-acetyltransferase ~ Tolerance to glufosinate herbicide
(PAT) enzyme
CP4 5-  enolpyruvulshikimate-3-phosphate  Tolerance to glyphosate herbicide
synthase (EPSPS) enzyme
CrylAc cry1Ac delta-endotoxin Resistance to lepidopteran insects
Barnase/basta  barnase ribonuclease (RNAse) enzyme/  Male sterility/ restores fertility
r barnase ribonuclease inhibitor
Bar/nptll phosphinothricin ~ N-acetyltransferase  Tolerance to glufosinate herbicide
(PAT) enzyme / neomycin / Metabolism of neomycin and
phosphotransferase Il enzyme kanamycin antibiotics
IMI modified acetohydroxyacid synthase Tolerance to imidazolinone
large subunit (AtAHASL) herbicide
Sunflower OxOx oxalate oxidase White mold resistance
Als herbicide tolerant acetolactate Tolerance to sulfonylurea and
synthase (ALS) enzyme imidazolinone herbicides
Cry1Ab cry1Ab delta-endotoxin Resistance to lepidopteran insects
Pumpkin ZYMV/WMV coat protein of zucchini yellow mosaic  Resistance to ZYMV and WMV
potyvirus (ZYMV) / coat protein of
watermelon mosaic potyvrus 2 (WMV)
CMV/ZYMV/ coat protein of cucumber mosaic Resistance to CMV, ZYMV and
WMV cucumovirus (CMV) / coat protein of WMV
zucchini  yellow mosaic  potyvirus
(ZYMV) / coat protein of watermelon
mosaic potyvrus 2 (WMV)
ZYMV coat protein of zucchini yellow mosaic  Resistance to ZYMV
potyvirus (ZYMV)
Maize CP4 5-  enolpyruvulshikimate-3-phosphate ~ Tolerance to glyphosate herbicide
synthase (EPSPS) enzyme
ZMVPP1 vacuolar H+ pyrophosphatase Drought tolerance
Cry/CP4 cry delta-endotoxin / 5-  Resistance to lepidopteran insects

enolpyruvulshikimate-3-phosphate
synthase (EPSPS) enzyme

/  Tolerance to  glyphosate

herbicide
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Cry cry delta-endotoxin Resistance to lepidopteran insects

BADH betaine aldehide deshidrogenase Drought tolerance

Source: International  Service for the  Acquisition of  Agri-Biotech  Applications  (ISAAA)

(http://www.isaaa.org/gmapprovaldatabase/geneslist/default.asp).
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Appendix S3. Phenotypic differences between wild and domesticated with and
without genetic engineering in five crops. Results of the analyses performed

without management of outliers. In all panels: a) Discriminant Analysis (DA), b)

Spider-Chart of the means of each analyzed trait, and ¢) results of pairwise

comparisons through with Generalized Linear Model (GLM). In all c) “DomPp” =

both domesticated populations (GE and NGE). In all panels: “blue” wild relatives,
“red” domesticated without genetic engineering and “green” domesticated with
genetic engineering. P-value: * < 0.01, ** < 0.001, *** < 0.0001.
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SUPPLEMENTARY MATERIAL

Appendix S1. Specifics of the in vitro culture technique used in the
establishment and propagation of the germplasm collection

Disinfection treatment
Steps
1. Remove the petiole and leaves from the stem of each axillary bud
Wash with soap and distilled water all the buds
Leave 30 sec in 70% alcohol (96%)
Wash with distilled water
Leave 10 min in 30% chloride (4%)
Wash with distilled water
Leave in ethil mercaptian (1 g per 1| of distilled water) as a fungicide agent
till establishment

No bk wd

Culture medium: for 1 | of culture medium we used 4.43 g of PhytoTech MS basal
medium (PhytoTechnology Laboratories, Shawnee Mission, Kansas, USA solidified
with 7 g of Phytagel (Sigma-Aldrich, Darmstadt, Germany) and 30 g of sucrose.
Medium pH was adjusted to 5.7 with 0.1 M NaOH prior to addition of the agar.
Approximately 6 ml of medium was dispensed into borosilicate culture tubes (25 mm
x 95 mm height) and cap-sealed with PhytoTech closures (PhytoTechnology
Laboratories, Shawnee Mission, Kansas, USA). Subsequently, each tube was
autoclaved at 121°C and 1.5 kg cm? for 20 min.

Propagation technique: the propagation process was done under sterile conditions
in a laminar-flow hood (ThermoFisher, Massachusetts, EUA). To remove the explants
from the culture tubes we used forceps and scalpels sterilized into a dry glass bead
sterilizer Germinator500 (Stoelting, lllinois, USA). Growth and culture rooms: the
propagation process was done in a specialized culture room with controlled access
and a double crystal door to avoid air circulation. The environment of the room was
controlled with an air purifier that prevent contamination, additionally, UV irradiation
was done in the entire room twice a week. The growth room had environmental
controlled conditions (humidity and temperature) and was separated from the
culture room by another crystal door. The 12h-photoperiod was provided by cool
white fluorescent lamps (Philips, Mumbai, India).
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Appendix S2. Scheme of experimental design
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Figure S2. Scheme of experimental design. Origin and treatment of the different genotypes (wild
and domesticated) of the germplasm collection. In the wild metapopulations collected; CPM: Center
Pacific metapopulation, BCSM: Baja California Sur metapopulation, NPM: North Pacific
metapopulation, SPM: South Pacific metapopulation, YPM: Yucatan Peninsula metapopulation,
GNM: Gulf North metapopulation, GSM: Gulf South metapopulation. In the “propagation” N
square= T: transgene presence, nT: without transgene presence. In the "experimental design” N
square= W: wild organisms, D: domesticated organisms, Wr: wild organisms with transgenes and Dr:
domesticated organisms with transgenes.

Appendix S3. Transgene detection of in vitro germplasm collection

We perform PCR assays for transgene detection in all the individuals from the
germplasm collection. We specifically look for some of the transformation events
released in Mexico: Cry1Ab/Ac, Cry2Ab, and CP4EPSPS (Table S1). The specific
PCR conditions for each primer were applied according to the references show in
Table S1.

Table S3. Primers sequence used in the transgene detection protocol.

Primer Sequence Amplicon Reference
size

Cry1Ab/Ac F5’ACCGGTTACACTCCCATCGA I 76 bp Zhang et al (2013)
R 5’CAGCACCTGGCACGAACT ¥

Cry2Ab F 5"CAGCGGCGCCAACTCTACG ¥ 260 bp Randhawa et al (2010)
R 5TGAACGGCGATGCACCAATGTC ¥

CP4 EPSPS F 5GCATGCTTCACGGTGCAA 3’ 108 bp Barbau-Piednoir et al
R 5TGAAGGACCGGTGGGAGAT 3 (2014)
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Appendix S4. In vitro performance at metapopulation level

Height rate Groups

Figure S4. Non-Metric Multidimensional Scaling that include the analyzed traits in all
natural populations without transgene presence. The ellipses represent 95% confidence
interval around the centroids. Populations; BCSM: Baja California Sur metapopulation,
CPM: Center Pacific metapopulation, SPM: South Pacific metapopulation and, YPM:
Yucatan Peninsula metapopulation. NMDS Stress: 0.16. PERMANOVA F= 5.91, p= 0.09.
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MDS2

Appendix S5. Integrated analysis of in vitro performance between all

analyzed genotypes

1.0;

0.5;

0.0

—-1.01

Groups

Figure S4. Non-Metric Multidimensional Scaling that include the analyzed traits in all
analyzed genotypes. The ellipses represent 95% confidence interval around the centroids.
Groups; D= domesticated populations without transgenes, Dt= domesticated populations
with transgenes, W= wild populations without transgenes and Wt= wild populations with
transgenes. NMDS Stress: 0.151. PERMANOVA F= 7.13, p= 0.0009.
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Appendix S6. Raw sequences from Sanger verification of PCR
amplicons

>Seq1 Gossypium hirsutum transgenic insert CP4epsps
AATACTACTCGAAGTCCTCTGGTCTTTCTGGAACCGTCCGTATTCCAGGTGACAAGTCT
ATCTCCCACCGGTCCTTCAAGTTTTGTTTCTTGCTGGTTAGCTGCGTGTAATCGAAAAG
GACATCGTGCCAACACATTGTGTTGTAATGTTAAAACCACCCTCCTTCCAGCCCTGCTG
ATCCTCTTCCCTTAATTCAGTCTTGCGCTGGTTCTCCTGCCAAATCCCGTTTCATTTACA
GTAAAAAATTCAATTCACTTATTCATAAAACAACTTGTCTGGGTCTTTGAACAAACCTCT
AAACCAGGATGCAACACTGCCATTATACATGTAAGGGTATACAAGTAGTCTTTCGTTAG
AAGTAGCACAATAACCAATCAAACGAAGCAGATTACGGTGAACAGCCAAGCTGATCAT
CTCCCACCGGTCCTTCAAGATTTTTTTTTC

>Seq2 Gossypium hirsutum transgenic insert CP4epsps
AGAAATCTGACTACGTAGTCCTCTGGTCTTTCTGGAACCGTCCGTATTCCAGGTGACAA
GTCTATCTCCCACCGGTCCTTGACTCGTTTCTTTGGTGTCTCCCACCGGTCCTTCAATC
GATTTAGTGCGGGGGCCTCTTTTATTCCGTTGGCGAGGATAATAAAACCCCCTTTTTGA
CTGATGAGCATATTACCGTACTCTTGTATAACATGGGGCCCTGCCGTGACAATTCCCAT
ACCTTACTATTAAATACGTATGAAATAAACGCACCCACGACCGTTTTGGGTCTCTTAACT
TAGTCTGAGAATAATAAAGGATGCCATGCGGGGGCAGTGTTCACCTACTTCCCAGTGG
TTAGAAGCGGCCTTAAGTGGGGTAATACCTTGCGTTATTTGTCTCAAACCAATTTGACT
ATTCCCCCGGGGCTGCGATTAACTTATTTTTGTGCTGACTAAACTCCAACCCTCACCA

>Seq3 Gossypium hirsutum transgenic insert CP4epsps
GCTACCTGACTCGTAGTCCTCTGGTCTTTCTGGAACCGTCCGTATTCCAGGTGACAAGT
CTATCTCCCACCGGTCCTTCAACGGTGGTTGTTGGTGAGAGGGTTGAATTGTGATTATT
ACCGACGGCCTTTTATTATCATTTTCTTAGCGTTAACACCCTACAATTTGATGGAAGCGG
CTCGACATGACTTATGTACAAGGCCCTCGAGCATACAATGCCCCCCACCACAGGAAAA
TATACGAGATTTTGCCTACTCGTGACCACTTCAAATTATAAAAATTAGATAGAGACGTG
AAAAAAGGGTTTTAATTTTTCCACCCCCCAATTGATTCTAAGAAACAATGGGCGGGCCT
CTGGAGTATAACCCTGAT

>Seg4 Gossypium hirsutum transgenic insert CP4epsps
AAAACTCTCGTAGTCCTCTGGTCTTTCTGGACCGTCCGATATTCCAGGTGACAAGTCTA
TCTCCCACCGGTCCTTCAATCTGTTATTGGTGAACCCATTGTTAAGGAAAATCACCGAG
GTGCCTTACTTCCCTTTATTGTTATTATAAACTCATTCGTCCCTGCTTAGAAACCAAAATA
ATGAATAAACAACGAGCTGCAAAAACCTAATCCATCCAATGCTCTTAAAAGATGGAGA
GTATAACCACCCACTTTTCTCTCCTTAATATAAAACAATAATGAAAAAAGTTGTAAAAGC
ATGTTCTTGTTTGATCCCTTCTTAATGATTATAAGAAAAAAAAAGTCATCTAAGTATGAAT
ATTACTGTTTC
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>Seqg5 Gossypium hirsutum transgenic insert Crylab
GGGGTGCGTGAATCACGAGATCGAGAACAACACCGACGAGCTTAAGTTCTCCAACTG
CGTCGAGGAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGTGAAT
CAGGAAGAGTACGGAGGTGCCTACACTAGCCGTAACAGAGGTTACAACGAAGCTCCT
TCCGGTCCTGCTGACTATGCCTCCGTCCTCTTCCTGATTCACAGTGTAGTCGTTGCAAG
TAACGGTGTTGTTGGGATATAATTTCCTTCCTCGACACAGTTGGAGAACTTAAGCTCGT
CGGTTTTGTTCTCGATGGCGTGGATGGTCACGCAACCCTCATACCCTCCTTGTAGGCG
GTCAAA

>Seqb Gossypium hirsutum transgenic insert Crylab/ac
CTCGCGCTTACTGCCTCAGTCGAGATCGAGAACAACACCGACGAGCTTAAGTTCTCCA
ACTGCGTCGAGGAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGT
GAATCAGGAAGAGTACGGAGGTGCCTACACTAGCCGTAACAGAGGTTACAACGAAGC
TCCTTCCGGTCCTGCTGACTATGCCTCCGTCATCTTCCTGATTTCAGTGTGGTCGCTTG
CAAGTAACGGTTTTGTTGGGATAGATTTCTTCCTCGACGCAGTTGGAGAACTTAAGCTC
GTCGGTGTTGTTCTCGATGGGGTGGATGGTCACGCAACCCTCCTACCCTCCTTGTAGG
CGGTCCAA

>Seq7 Gossypium hirsutum transgenic insert Crylab/ac
GGATTGCACTCTGAGTAGCGAGATCGAGACGCACCGACGAGCGTTAAGTTCTCCAACT
GCGTCGAGGAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGTGAA
TCAGGAAGAGTACGGAGGTGCCTACACTAGCCGTAACAGAGGTTACAACGAAGCTCC
TTCCGGTCCTGCTGACTATGCCTCCGTAAAACATCCTGATCCCCCCTGCACCCCCTGC
AACAACCGGTGTTGTTGGGATAGATTACTTCCTCGACCCAGCCGGATAACTTATACTCG
TACTTGTTGTTTGTGATGACGAGGAATACCTACCTACTTACCACTCCGTGCCTTGAATTA
ACGCTAATGATGAGAGACCATTCGAGCCCATGACAATAACCCTCTCTTGTCTTATCCTT
TTTTTGTTATACCTCTCCCCCCCG

>Seq8 Gossypium hirsutum transgenic insert Crylab/ac
GAGCGCTCTGCAGAGTCCGGTTCGTGACAACACCGACGAGCTTAAGTTCTCCAACTGC
GTCGAGGAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGTGAATC
AGGAAGAGTACGGAGGTGCCTACACTAGCCGTAACAGAGGTTACAACGAAGCTCCTT
CCGGTCCTGCTGACTATGCCTCCGTACTCTTCCTGATATTCAGTGTGTACGTTTGCGGT
AACGGTGTTGTTGGGATAGATTTCTTCCTCGACGCACTTGGAGAACTTAAGCTCGTCG
GTTTTGTTCTCGATGTCGTGGATGGTCACGCCCCCCGACCCCCCCGGGGGGGGGGGA
AAAAAAAC

>Seq9 Gossypium hirsutum transgenic insert Crylab/ac
GACACTGCGTGAATCACGAGATCGAAAACAACACCGACGAGCTTAAGTTCTCCAACTG
CGTCGAGGAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGTGAAT
CAGGAAGAGTACGGAGGTGCCTACACTAGCCGTAACAGAGGTTACAACGAAGCTCCT
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TCCGGTCCTGCTGACTATGCCTCCGTCATCTTCCTGCTTGCGGTGTCGTTGGTGGCAC
GGGTTGGTTTGGGTGGATTTTATCCCTCCCTCGATTTGGAGAAGATAAGCTACGCTGGT
TTGTTTTGTTTTCGATGGAGTGGATAGTCACGCATCCCCTGTAACCCTTCCTGTAGGCG
GTCAAAAA

>Seq10 Gossypium hirsutum transgenic insert Crylab/ac
GACACTGCGTGAATCACGAGATCGAAAACAACACCGACGAGCTTAAGTTCTCCAACTG
CGTCGAGGAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGTGAAT
CAGGAAGAGTACGGAGGTGCCCACACTAGCCGTAACAGAGGTTACAACGAAGCTCCT
TCCGGTCCTGCTGACTATGCCTCCGTCATCTTCCTGCTTACGGTGTCGTTGGTGGCACG
GGTTGGTTTGGGTGGATTTTATCCCTCCCTCGAGTTGGAGAAGATAAGCTACGCTGGTT
TGTTTTGTTTTCGATGGAGTGGATAGTCACGCATCCCCTGTAACCCTTCCTGTAGGCGG
TCAAAAA

>Seq11 Gossypium hirsutum transgenic insert CP4epsps
AATACTACTCGAAGTCCTCTGGTCTTTCTGGAACCGTCCGTATTCCAGGTGACAAGTCT
ATCTCCCACCGGTCCTTCAAGTTTTGTTTCTTGCTGGTTAGCTGCGTGTAATCGAAAAG
GACATCGTGCCAACACATTGGGTTGTAATGTTAAAACCACCCTCCTTCCAGCCCTGCTG
ATCCTCTTCCCTTAATTCAGTCTTGCGCTGGTTCTCCTGCCAAATCCCGTTTCATTTACA
GTAAAAAATTCAATTCACTTATTCATAAAACAACTTGTCTGGGTCTTTGAACAAACCTCT
AAACCAGGATGCAACACTGCCATTATACATGTAAGGGTATACCAGTAGTCTTTCGTTAG
AAGTAGCACAATAACCAATCAAACGAAGCAGATTACGGTGAACAGCCAAGCTGATCAT
CTCCCACCGGTCCTTCAAGATTTTTATTTC

>Seq12 Gossypium hirsutum transgenic insert CP4epsps
AGAAATCTGACTACGTAGTCCTCTGGTCTTTCTGGAACCGTCCGTATTCCAGGTGACAA
GTCTATCTCCCACCGGTCCTTGACTCGTTTCTTTGGTGTCTCCCACCGGTCCTTCAATC
GATTTAGTGCGGGGGCCTCTTTTATTCCGTTGGCGAGGATAATAAAACCCCCTTTTTGA
CTGATGAGCATATTACCGTACTCTTGTATAACATGGGGCCCTGCCGTGACAATTCCCAT
ACCTTACTATTAAATACGTATAAAATAAACGCACCCACGACCGTCTTGGGTCTCTTAACT
TAGTCTGAGAATAATAAAGGATGCCATGCGGGGGCAGTGTTCACCTACTTCCCAGTGG
TTAGAAGCGGCCTTAAGTGGGGTAATACCTTGCGTTATTTGTCTCTAACCAATTTGACT
ATTCCCCCGGGGCTGCGATTACCTTATTTTTGTGCTGACTAAACTCCAACCCTCACCA

>Seq13 Gossypium hirsutum transgenic insert CP4epsps
GCTACCTGACTCGTAGTCCTCTGGTCTTTCTGGAACCGTCCGTATTCCAGGTGACAAGT
CTATCTCCCACCGGTCCTTCAACGGTGGTTGTTGGTGAGAGGGTTGAATTGTGATTATT
ACCGACGGCCTTTTATTATCAATTTCTTAGCGTTAACACCCTACAATTTGATGGAAGCG
GCTCGACATGACTTATGTACAAGGCCCTCGAGCATCCAATGCCCCCCACCACAGGAAA
ATATACGAGATTTTGCCTACTCGTGACCACTCCAAATTATAAAAATTAGATAGAGACGT
GAAAAAAGGGTTTTAATTTTTCCACCCCCCAATTGATTCTAAGAAACAATGGGCGGGCC
TCTGGAGTATAACCCTGATT
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>Seq14 Gossypium hirsutum transgenic insert CP4epsps
AAAACTCTCGTAGTCCTCTGGTCTTTCTGGACCGTCCGATATTCCAGGTGACAAGTCTA
TCTCCCACCGGTCCTTCAATCTGTTATTGGTGAACCCATTGTTAAGGAAAATCACCGAG
GTGCCTTACTTCCCTTTATTGTTATTATAAACTCATTCGTCCCTGCTTAGAAACCAAAATA
ATGAATAAACAACGAGCTGCAAAAACCTAATCCATCCAATGCTCTTAAAAGATGGAGA
GTATAACCACCCACTTTTCTCTCCTTAATATAAGACAATAATGAAAAAAGTTGTAAAAGC
ATGTTCTTGTTTGATCCCTTCTTAATGATTATAAGAAAACTAGACAGTCATCTAAGTATG
AATATTACTGTTTC

>Seq15 Gossypium hirsutum transgenic insert Crylab/ac
GGGGTGCGTGAATCACGAGATCGAGAACAACACCGACGAGCTTAAGTTCTCCAACTG
CGTCGAGGAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGTGAAT
CAGGAAGAGTAGGGAGGTGCCTACACTAGCCGTAACAGAGGTTACAACGAAGCTGCT
TCCGGTCCTGCTGACTATGCCTCCGTCCTCTTCTTGATTCACAGTGTAGTCGTTGCAAG
TAACGGTGTTGTTGGGATATAAATTCCTTCCTCCACACAGTTGGAGAACTTAAGCTCGT
CGGTTTTGTTCTCGATGGCGTGGATGGTCACGCAACCCTCATACCCTCCTTGTAGGCG
GTCAAA

>Seq16 Gossypium hirsutum transgenic insert Crylab/ac
CTCGCGCTTACTGCCTCAGTCGAGATCGAGAACAACACCGACGAGCTTAAGTTCTCCA
ACTGCGTCGAGGAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGT
GAATCAGGAAGAGTACGGAGGTGCCTACACTAGCCGTAACAGAGGTTACAACGAAGC
TGCTTCCGGTCCTGCTGACTATGCCTCCGTCATCTTCCTGATTACAGTGTGGTCGCTTG
CAAGTAACGGCTCTGTTGGGATAGATTTTTTCCTCGACGCAGTTGGAGAACTTAAGCTC
GTCGGTGTTGTTCTCGATGGGGTGGATGGTCACGCAACCCTCCTACCCTCCTTGTAGG
CGGTCCAA

>Seq17 Gossypium hirsutum transgenic insert Crylab/ac
GGATTGCACTCTGAGTAGCGAGATCGAGACGCACCGACGAGCGTTAAGTTCTCCAACT
GCGTCGAGGAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGTGAA
TCAGGAAGAGTACGGAGGTGCCTACACTAGCCGTAACAGAGGTTACATCGAAGCTCC
TTCCGGTCCTGCTCACTATGCCTCCGTAAAACATCCTGATCCCCCCTGCACCCCCTGCA
ACAACCGGTGTTGTTGGGATAGATTACTTCCTCGACCCAGCCGGATAACTTATACTCGT
ACTTGTTGTTTGTGATGACGAGGAATACCTACCTACTTTACCACTCCGTGCCTTGAATTA
ACGCTAATTGATGAGAGACCATTCGAGCCCATGACAATAACCCTCTCTTGTCTTATCCT
TTTTTTGTTATACCTCTCCCCCCCG

>Seq18 Gossypium hirsutum transgenic insert Crylab/ac
GAGCGCTCTGCAGAGTCCGGTTCGTGACAACACCGACGAGCTTAAGTTCTCCAACTGC
GTCGAGGAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGTGAATC
AGGAAGAGTACGGAGGTGCCTACACTAGCCGTAACAGAGGTTACAACGAAGCTCCTT
CCGGTCCTGCTGACTATGCCTCCGTACTCTTCCTGATATTCAGTGTGTACGTTTGCGGT
ACCGGTGTTGTTGGGATAGATTTCTTCCTCGACGCACTTGGAGAACTTAAGCTCGTCG
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GTTTTGTTCTCGATGTCGTGGATGATCACGCCCCCCGACCCCCCCGGGLGEGEEEEGEGA
AAAAAATC

>Seq19 Gossypium hirsutum transgenic insert Crylab/ac
GACACTGCGTGAATCACGAGATCGAAAACAACACCGACGAGCTTAAGTTCTCCAACTG
CGTCGAGGAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGTGAAT
CAGGAAGAGTACGGAGGTGCCTACACTAGCCGTAACAGACGTTACAACGAAGCTCCT
TCCGGTCCTGCTGACTATGCCTCCGTCATCTTCCTGCTTGCGGTGTCGTCGGTGGCAC
GGGTTGGTTTGGGTGGATTTTATCTCTCCCTCGATTTGGAGAAGATAAGCTCCGCTGGT
TTGTTTTGTTTTCGATGGAGTGGATAGTCACGCATCCCCTGTAACCCTTCCTATAGGCG
GTCAAAAA

>Seq20 Gossypium hirsutum transgenic insert Crylab/ac
GTAAACTCTGAGTGAGCGTTATCGTCCGATACACCGACGAGCTTAAGTTCTCCAACTG
CGTCGAGGAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGTGAAT
CAGGAAGAGTACGGAGGTGCCTACATTAGCCGTAACAGAGGTTACAACGAAGCTCGT
TCCGGTCCTGCTGACTATGCCTCCGTAACTCTTCCTGATTCACAGTGTAGTCGTTGCAA
GTAACGGTGTTGTTGGGATAGATTTCTTCCTCCACGCCTTTGGAGAACTTAAGCTCGTC
GGTGTTGTTCTCGATCTCGTGGATGGTCACGCAAC

>Seq21 Gossypium hirsutum transgenic insert CP4epsps
AATACTACTCGAAGTCCTCTGGTCTTTCTGGAACCGTCCGTATTCCAGGTGACAAGTCT
ATCTCCCACCGGTCCTTCAAGTTTTGTTTCTTGCTGGTTAGCTGCGTGTAATCGAAAAG
GACATCGAGCCAACACATTGTGTTGTAATGTTAAAACCACCCTCCTTCCAGCCCTGCTG
ATCCTCTTCCCTTAATTCAGTCTTGCGCTGGTTCTCCTGCCAAATTCCGTTTCATTTACA
GTAAAAAATTCAATTCACTTATTCATAAAACAACTTGTCTGGGTCTTTGAACAAACCTCT
AAACCAGCATGCAACACTGCCGTTATACATGTAAGGGTATACAAGTAGTCTTTCGTTAG
AAGTAGCACAATAACCAATCAAACGAAGCAGATTACGGTGAACAGCCAAGCTGATCAT
CTCCCACCGGTCCTTCAAGATTTTTTTTTC

>Seq22 Gossypium hirsutum transgenic insert Crylab/ac
GACACTGCGTGAATCACGAGATCGAAAACAACACCGACGAGCTTAAGTTCTCCAACTG
CGTCGAGCAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGTGAAT
CAGGAAGAGTACGGAGGTGCCTACACTAGCCGTAACAGAGGTTACAACGAAGCTCCT
CCCGGTCCTGCTGACTATGCCTCCGTCATCTTCCTGCTTGCGGTGTCGTTGGTGGCAC
GGGTTGGTTTGGGAGGATTTTATCCCGCCCTCGATTTGGAGAAGATAAGCTACGCTGG
[TTGTTTTGTTTTCGATGGAGTGGATAGTCACGCATCCCCTGTAACCCTTCCTGTAGGC
GGTCAAAAA

>Seq23 Gossypium hirsutum transgenic insert CP4epsps

AAAACTCTCGTAGTCCTCTGGTCTTTCTGGACCGTCCGATATTCCAGGTGACAAGTCTA
TCTCCCACCGGTCCTTCAATCTGTTATTGGTGAACCCATTGTTAAGGAAAATCACCGAG
GTGCCTTACTTCCCTTTATTGTTATTATAAACTCATTCGTCCCTGCTTAGAAAACAAAATA
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ATGAATAAACAACGAGCTGCAAAAACCGAATCCATCCAATGCTCTTAAAAGATGGAGA

GTATAACCACCCACTTTTCTCTCCTTAATCTAAGACAATAATGAAAAAAGTTGTAAAAGC
ATGTTCTTGTTTGATCCCTTCTTAATGATGATAAGCAAACTAGACAGTCATCTAAGTATG

AATATTACTGTTTC

>Seq24 Gossypium hirsutum transgenic insert Crylab/ac
GTAAACTCTGAGTGAGCGTTATCGTCCGATACACCGACGAGCTTAAGTTCTCCAACTG
CGTCGAGGAAGACATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGTGATT
CAGGAAGAGTGCGGAGGTGCCTACACTAGCTGTAACAGAGGTTACAACGAAGCTCCT
TCCGGTCCTGCTGACTATGCCTCCGTAACTCTTCCTGACTCACAGTGTAGTCGTTGCAA
GTAACGGTGTTGTTGGGATAGATTTCTTCCTCGACGCATTTGGAGAACTTAAGCTCGTC
GGTGTTGTTCTCGATCTCGTGGATGGCCACGCAAC

>Seq25 Gossypium hirsutum transgenic insert Crylab/ac
GGATTGCACTCTGAGTAGCGAGATCGAGACGCACCGACGAGCGTTAAGTTCTCCAACT
GCGTCGAGGAAGAAATCTATCCCAACAACACCGTTACTTGCAACGGCTACACTGTGAA
TCAGGAAGAGTGCGGAGGTGCCTACACTAGCCGTAACAGAGGTTACAACGAAGCTCC
TTCCGGTCCTGCTGACTATGCCTCCGTAAAACATCCTGATCCCCCCTGCACCCCCTGC
AACAACCGGTGTTGTTGGGATAGATTACTTTCTCGACCCAGCCGGATAACTTATACTCG
TACTTGTTGTTTGTGATGACGAGGAATACCTACCTACTTACCACTCCGTCCCTTTAATTA
ACGCTAATTGATGAGAGACCATTCGAGCCCATGACAATAACCCTCTCTTGTCTTATCCT
TTTTTTGTTATACCTCTCCCCCCCG

>Seq26 Gossypium hirsutum transgenic insert CP4epsps
AAAACTCTCGTAGTCCTCTGGTCTTTCTGGACCGTCCGATATTCCAGGTGACAAGTCTA
TCTCCCACCGGTCCTTCAATCTGTTATTGGTGAACCCATTGTTAAGGAAAATCACCGAG
GTGCCTTACTTCCCTTTATTGTTATTATAAACTCATTCGTCCCTGCTTAGAAACCAAAATA
ATGAATAAACAACGAGCTGCAAAAACCTAATCCATCCAATGCTCTGAAAAGATGGAGA
GTATAACCACCCACTTTTCTCTCCTTAATATAAAACAATAATGAAAAAAGTTGTAAAAGC
ATGTTCTTGTTTGATCCCTTCTTAATGATTATAAGAACATAAAAGTCATCTAAGTATGAAT
ATTACTGTTTC

>Seq27 Gossypium hirsutum transgenic insert Crylab/ac
GACACTGCGTGAATCACGAGATCGAAAACAACACCGACGAGCTTAAGTTCTCCAACTG
CGTCGAGAAAGAAATCTATCCCAACAACACCGTTACTTGCAACGACTACACTGTGAAT
CAGGAAGAGTACGGAGGTGCCTACACTAGCCGTAACAGAGGTTACAACGAAGCTCCT
TCCGGTCCTGCTGACTATCCCTCCGTCATCTGCCTGCTTGCGGTGTCGTTGGTGGCAC
GGGTTGGTTTGGGTGGATTTTATCCCTCCCTCGATTTGGAGAAGATAAGCTACGCTGGT
TTGTTTTGTTTTCGATGGAGTGTATAGTCACGCATCCCCTGTAACCCTTCCTGTAGGCG
GTCTACAG

APENDICE I 133



APENDICE Il

Host genotype as determinant for the rhizospheric microbial
communities: the case of wild cotton metapopulations (Gossypium

hirsutum L.) in Mexico

Alejandra Hernédndez-Teran'?, Marcelo Navarro-Diaz'?, Mariana Benitez'*, Rafael

Lira>, Ana Wegier®, Ana E. Escalante”

"Instituto de Ecologia, Laboratorio Nacional de Ciencias de la Sostenibilidad, Universidad
Nacional Auténoma de México, Mexico City, Mexico

2 Programa de Doctorado en Ciencias Biomédicas, Universidad Nacional Auténoma de
México, Mexico City, Mexico

*Instituto de Biologia, Jardin Botanico, Universidad Nacional Auténoma de México, Mexico
City, Mexico

* Centro de Ciencias de la Complejidad, Universidad Nacional Auténoma de México,
Mexico City, Mexico

> Facultad de Estudios Superiores lIztacala, Universidad Nacional Auténoma de México,
Mexico City, Mexico

APENDICE Il 134



SUPPLEMENTARY MATERIAL

Soil
establishment B ! I

In vitro culture Medium removal Soil establishment

v

73

£4) |

Wk 3+ 5 hobes

——— —_—
Controlled Wiaek 2 + 2 ols
air flow
Week 1 + 1 hole Week 4
Individual pot caps Air flow control Cap removal

One cap perforation
{1cm) per week

Figure S1. In vitro-to-soil acclimation process. Individual plant clones obtained through
in vitro culture propagation were acclimated to soil pots growth conditions by control of air
flow using pot caps as individual “greenhouses”. Pot caps were punched (1cm diameter

perforation) to create controlled air flow, one perforation per week for three weeks.
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Figure S2. Rarefaction curves of microbial communities of rhizosphere, control
samples and inoculum. Rarefaction curves were calculated with the ASVs abundance data
using species richness at 95% confidence intervals in the iNEXT R package (REF).
Different colors represent different samples, C-samples refer to control treatment, I-
samples to inoculum, BCSM-samples to Baja California Sur; CPM-samples to Central
Pacific, SPM-samples to South Pacific, YPM-samples to Yucatan Peninsula, and GSM-

samples to Gulf South.
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Figure S3. Alpha diversity of microbial communities of rhizosphere, control and

inoculum samples. A: Mean relative abundance of the most abundant bacterial phyla per

sample type (i.e. inoculum, controls and plant samples). B: Box plot of alpha diversity

estimates (Chaol index) of all analyzed samples (i.e. inoculum, controls and plant samples).
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Phylum
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Proteobacteria A
Acidobacteria 4
Chloroflexi -
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Fibrobacteres A
Thermi -
Armatimonadetes -
FBP -

BRC1+

TM6 -

OD1 4

Nitrospirae 4
WS2 4
Chlamydiae -
Crenarchaeota -
NKB19 -

TM7 -

SBR1093 -

(@)
N
N
(0}

LDA score

Population

[l control
BlBcsm
[ |Gswm
Bl rcm
B rswv
[]YyPm

Figure S4. Linear Discriminant Analysis (LDA) effect size (LefSe) analysis. The figure
shows differentially abundant groups across rhizosphere and control samples at phylum level.
Bars indicate discriminant scores. Name codes for plant populations: Baja California Sur
(BCSM), Central Pacific (CPM), South Pacific (SPM), Yucatan Peninsula (YPM), and Gulf

South (GSM).
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Table S1. Wilcoxon test of NMDS scores for all pairwise sample comparisons.
Significant differences are indicated with asterisks and bold font. Name codes for plant
populations: Baja California Sur (BCSM), Central Pacific (CPM), South Pacific (SPM),

Yucatan Peninsula (YPM), and Gulf South (GSM).

NMDSI1 NMDS2
Comparison w )2 \%4 P
Control vs BCSM 16 1.177e-05* 19 2.655e-05*
Control vs GSM 112 1 0 1.289¢-08*
Control vs CPM 0 2.579e-08* 0 2.579e-08*
Control vs SPM 50 0.015% 0 2.579e-08*
Control vs YPM 0 1.289¢-08* 0 1.289¢-08*
BCSM vs GSM 135 0.3669 41 0.0023*
BCSM vs CPM 2 1.031e-07* 101 0.8805
BCSM vs SPM 95 0.683 175 0.0016*
BCSM vs YPM 60 0.0295* 44 0.0036*
GSM vs CPM 30 0.00062* 168 0.005*
GSM vs SPM 79 0.2703 178 0.0009*
GSM vs YPM 90 0.3669 174 0.0098*
CPM vs SPM 178 7.822e-07* 194 1.994e-07*
CPM vs YPM 208 1.031e-07* 3 1.805e-07*
SPM vs YPM 108 0.9145 0 2.579e-08*
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Table S2. Co-occurrence networks metrics. Metrics values for the inferred co-occurrence
networks of microbial communities of all samples (five plant populations rhizosphere and
control), calculated with Cytoscape 3.0 (Cline et al., 2007) except for modularity metric
which was calculated with R software. Name codes for plant populations: Baja California

Sur (BCSM), Central Pacific (CPM), South Pacific (SPM), Yucatan Peninsula (YPM), and

Gulf South (GSM).
Metric / Network Control BCSM GSM CPM SPM YPM
Shortest paths 8010 7834 8932 2868 9704 1878
Network radius 4 1 1 1 1 1
Network heterogeneity 0.708 0.768 0.749 0.876 0.648 1.078
Network diameter 8 9 6 5 5 7
Network centralization 0.193 0.198 0.256 0.284 0.271 0.27
Multi-edge node pairs 79 27 52 13 2 4
Density 0.115 0.107 0.104 0.166 0.125 0.082
Connected components 1 2 2 4 2 8
Clustering coefficient 0.553 0.539 0.504 0.502 0.571 0.348
Characteristic path length 3.152 2.913 2.807 2.557 2.508 2.83
Average number of 10.2 9.604 9.938 9.8 12.475 5.231
neighbors
Modularity 0.51 0.52 0.55 0.29 0.48 0.4
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Table S3. Taxonomic identity of co-occurrence networks hub nodes. Taxonomic

identity at the Family/Class level, based on ASV taxonomic assignment on Greengenes

database for the more central nodes or hubs (in terms of its betweeness centrality) of each

co-occurrence network (Figure 3 left). Co-occurrence networks correspond to five plant

populations rhizosphere and experimental controls. Name codes for plant populations: Baja

California Sur (BCSM), Central Pacific (CPM), South Pacific (SPM), Yucatan Peninsula

(YPM), and Gulf South (GSM).

Network Node Betweenness
centrality

Control Moraxellaceae / Gammaproteobacteria 0.177
Brucellaceae / Proteobacteria 0.157
Sphingomonadeaceae / Proteobacteria 0.129
BCSM Desulfovibrionaceae / Deltaproteobacteria 0.178
Ardenscatenaceae / Anaerolinae 0.159
Phormidiaceae / Oscillatoriophycidaea 0.114
GSM Microthrixaceae / Acidiimicrobia 0.143
[Mogibacteriaceae] / Clostridia 0.143
Rhodobiaceae / Alphaproteobacteria 0.099
CPM Methylobacteriaceae / Alphaproteobacteria 0.266
Rhizobiaceae / Alphaproteobacteria 0.197
Chloroflexaceae / Chloroflexi 0.140
SPM [amiaceae / Acidiimicrobia 0.168
Gordoniaceae / Actinobacteria 0.136
Promicromonosporaceae / Actinobacteria 0.133

YPM Legionellaceae / Gammaproteobacteria 0.8
Alteromonadaceae / Gammaproteobacteria 0.666
Hyphomicrobiaceae / Alphaproteobacteria 0.533
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Table S4. Principal Component Analysis (PCA) Eigen values for co-occurrence
networks metrics. Eigen values of the first two components of the PCA analysis (PCI;

PC2; Figure 4A) for all the calculated metrics of the inferred co-occurrence networks.

These values were used to select non-redundant metrics for the heatmap representation (see

Figure 4B).
Metric PC1 PC2
Shortest paths -0.3529 -0.1216
Nodes -0.3334 -0.7224
Network radius -0.2075 0.2206
Network heterogeneity 0.34715 0.2231
Network diameter -0.1350 0.4117
Network centralization 0.2767 -0.302
Multi-edge node pairs -0.2694 -0.2230
Density 0.0122 -0.3702
Connected components 0.3627 0.1412
Clustering coefficient -0.3213 -0.2468
Characteristic path length -0.1710 0.4450
Average number of neighbors -0.2720 -0.3576
Modularity -0.3084 0.1490
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Intervenciones humanas: desde la domesticacién hasta la ingenieria

genetica y su impacto en la agro-biodiversidad

Alejandra Hernandez Terén y Ana E. Escalante
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Intervenciones humanas: desde la domesticacion
hasta la ingenieria genética y su impacto en la agro-
biodiversidad

Oikos= 22
Alejandra Hernandez-Teran y Ana E. Escalante

La domesticacion en los tiempos de la prehistoria

Uno de los cambios mas importantes en las poblaciones humanas sucedié cuando éstas pasaron de ser
nomadas a ser poblaciones sedentarias. Este proceso que cambié el curso de la humanidad coincidid
con el inicio de la agricultura, cuando nuestros ancestros comenzaron a cultivar y seleccionar
caracteristicas de interés en las plantas silvestres con las que convivian. Esta seleccion de
caracteristicas, cuyo fin era el de asegurar su sobrevivencia y/o aumentar la productividad, es un
proceso evolutivo hecho por y para el hombre que se conoce como domesticacion. La constante
seleccion sobre las especies durante este proceso dio lugar a los cultivos que conocemos actualmente,
muchos de los cuales tienen muy poco en comun con sus parientes silvestres (a partir de los cuales se
mejoraron. Ver: Relatos breves sobre evolucién y regulaciéon genética). Con el paso del tiempo, la
domesticacién fue volviéndose cada vez mas certera y sofisticada gracias, en parte, a un mayor
conocimiento de la biologia de las especies, pero también a la introduccidn de otras tecnologias. Uno
de los ejemplos mas modernos es la ingenieria genética.

La domesticacion en el siglo XX

Actualmente, las nuevas tecnologias permiten la obtencion de
cultivos con mayor productividad, que incluso presentan
caracteristicas que antes no existian en la especie. Estas
tecnologias mediadas por la ingenieria genética se han
utilizado para transformar una gran cantidad de cultivos que
forman parte de la alimentacion basica mundial, tales como el
maiz, el arroz, la calabaza, la papaya, la soya, el trigo y
algunos otros muy importantes en la industria, como el
algodon. Las plantas producto de estas tecnologias son
mundialmente conocidas como Organismos Genéticamente
Modificados (OGM) o transgénicos. Generalmente, la
modificacion genética se realiza sobre organismos que ya
pasaron un proceso de seleccion artificial, de modo que un
cultivo transgénico es también un cultivo domesticado. Sin
embargo, los procesos que nos permiten llegar a cada uno de
los tipos de modificaciéon (domesticado y transgénico), son
muy distintos. Por un lado, la domesticacidn tradicional utiliza
como materia prima la variabilidad de las especies, es decir, la
diversidad de formas y tamafos que ya se encuentran en la
naturaleza, y las caracteristicas buscadas se obtienen al cruzar
distintos organismos. En la transgénesis, en cambio, se inserta
ADN de otras especies que se sabe que puede conferir
caracteristicas agrondmicas importantes a los organismos.

Comparacion del cultivo de maiz
modern (a) con su pariente silvestre: el
teosintle (b). En la imagen se puede
observar como el proceso de
domesticacion ha ocasionado cambios
fenotipicos extremos, en la apariencia
de los cultivos, ademas del tamafio de
la mazorca y el nUmero de granos, la
altura de la planta cambio al igual que
la forma de las hojas y el nimero de
ramas. Imagen: Carmen Loyola



Consecuencias de la modificaciéon

Como ya mencionamos antes, estos procesos de modificacidén se centran en sobre-expresar o introducir
en el genoma caracteristicas especificas de interés. Por ejemplo, en el caso del maiz lo que interesé a
los primeros agricultores fue aumentar el nimero de mazorcas por planta y el nUmero de granos en
cada mazorca (ver: De la milpa a la mesa: maiz, esquites y mas). Sin embargo, en el camino para
lograr la manifestacidon de estas caracteristicas, otras mas fueron alteradas, pues el desarrollo de los
organismos vivos es un proceso complejo en el que todo esta conectado. Como consecuencia, muchas
veces observamos cambios en otras caracteristicas de las plantas modificadas que no son los que se
buscaban. A estos cambios se les conoce en biologia como efectos no intencionados de la modificacion,
y los podemos observar en el fenotipo de la gran mayoria de los cultivos actuales. Estos efectos no
intencionados ocurren a través de complejos procesos a nivel genético dentro de los organismos, que
son ocasionados tanto por las multiples cruzas como por la introduccion de nuevo material genético.
Debido a que estos efectos se han observado en la mayoria de los cultivos que son la base de la
alimentacion mundial, sus consecuencias en la ecologia y evolucidon de las especies son de especial
importancia para las poblaciones humanas. Por otra parte, la agro-biodiversidad que constituyen las
poblaciones silvestres y domesticadas es de suma importancia, ya que es la herramienta que le permite
a los organismos adaptarse a condiciones ambientales cambiantes como las que se prevén en los
escenarios de cambio climatico.

¢, Qué hicimos?

Los efectos no intencionados de la modificacidon son un fendmeno ampliamente reportado en laliteratura
cientifica; por esto nos propusimos a compilar toda esa informacidén para poder realizar un analisis
integral de estos fendmenos en plantas que tienen gran importancia alimenticia y social. Recopilamos
cientos de estudios que analizan caracteristicas fenotipicas que pueden resultar afectadas en los
procesos de modificacién por ingenieria genética. Escogimos un total de cinco cultivos representativos:
arroz, maiz, canola, girasol y calabaza. Todos ellos tienen una gran relevancia para la alimentacion e
industria a escala mundial. Seleccionamos todas las investigaciones en las que se hicieron
experimentos controlados, donde se comparan caracteristicas fenotipicas que son importantes para la
reproduccién y supervivencia de plantas silvestres, domesticadas y transgénicas en un mismo cultivo.

¢&,Como lo hicimos?

Estudiamos los datos de un total de 120 investigaciones publicados en revistas cientificas utilizando
analisis estadisticos. Dentro de las caracteristicas fenotipicas analizadas estan la altura de la planta, el
numero de semillas, el nUmero de frutos, los dias a la floracion y la viabilidad del polen. Realizamos
analisis individuales por cada especie, comparando, por ejemplo, el nimero de semillas del maiz
silvestre (teosintle) con el nimero de semillas del maiz domesticado y transgénico. Ademas, llevamos
a cabo analisis estadisticos que permiten integrar toda la informaciéon disponible de un mismo cultivo,
para asi poder observar, por ejemplo, si podiamos distinguir a las plantas silvestres de las domesticadas
y las transgénicas.

¢ Qué esperabamos encontrar?

Buscabamos conocer si los distintos tipos de modificacion humana (domesticacion y transgénesis)
pueden alterar el fenotipo de las plantas de tal manera que fuera posible diferenciar organismos
silvestres, domesticados y transgénicos en una misma especie. Adicionalmente, dado que la
transgénesis estd disefiada para impactar Unicamente una caracteristica, seria de esperarse que
hubiera menos diferencias fenotipicas entre plantas domesticadas y transgénicas que al comparar
silvestres y domesticadas.

¢, Qué encontramos?

Luego de analizar toda la informacion recopilada, encontramos diferencias estadisticas en casi todas
las comparaciones de caracteristicas fenotipicas entre los distintos tipos de plantas (silvestres,
domesticadas y transgénicas) dentro de un mismo cultivo. Al analizar de manera integral todas las
caracteristicas dentro del mismo cultivo, encontramos que cada tipo de organismo se puede distinguir
claramente, ya que se parecen mas entre si, que con otro tipo de organismos. Por ejemplo, un maiz
silvestre comparte mas caracteristicas con otro maiz silvestre, que con un maiz domesticado.



El caso del maiz

Analisis integral de caracteristicas fenotipicas en Maiz
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Analisis estadistico integral de las caracteristicas fenotipicas,
apariencia, en el cultivo de Maiz. Cada eje de la grafica se
compone por una combinacion de las caracteristicas fenotipicas
gue ocasionan la posicion (ordenamiento) espacial de los distintos
grupos de maiz. Los nimeros en los ehes representan el
porcentaje que las combinaciones de caracteristicas explican en la
variacién encontrada. Los tres grupos estan representados por
colores: los puntos rojos son las plantas domesticadas, los puntos
verdes las plantas transgénicas y los azules las plantas silvestres.
Un évalo mas grande representa una mayor variacion fenotipica
encontrada en las caracteristicas analizadas. Cuando los évalos se
sobreponen puede significar que comparten similitudes en sus
caracteristicas fenotipicas. Imagen: Hernandez-Teran et al, 2017.

El caso del maiz es un buen ejemplo
para ilustrar nuestras observaciones
ya que presenta casi todos los efectos
gue encontramos en los cinco cultivos.
En la imagen observamos el grafico
correspondiente al analisis integral de
los datos del maiz, en el cual se
distinguen claramente los tres tipos

analizados. Los organismos se
agrupan, por su parecido fenotipico,
en silvestre, domesticado o}

transgénico. Observamos también que
el 6valo correspondiente a los maices
silvestres es mas grande que el de los
domesticados, lo que corresponde a
una mayor diversidad fenotipica. Esto
se debe a que en los procesos de
domesticacion Unicamente se
seleccionan algunas caracteristicas de
interés agrondmico, dejando de lado
gran parte de la diversidad fenotipica,
por lo cual los organismos
domesticados tienen menor diversidad
fenotipica que sus parientes silvestres.

Finalmente, observamos también
que, contrario a lo que esperabamos,
existe variacién bioldgica entre los
organismos domesticados y los
transgénicos. Esto contradice nuestras
expectativas, pues uno de los
supuestos de los OGM es que, al
trabajar con caracteristicas
especificas, Unicamente éstas se ven
afectadas y las demas permanecen sin
variaciones. Esto implicaria que al
comparar un organismo transgénico

con su pariente domesticado mas cercano, solamente encontrariamos diferencias en la caracteristica
especifica que se modificd. Por ejemplo, en el caso del maiz transgénico resistente a plagas, si lo
compararamos con su pariente domesticado encontrariamos que, en un ambiente en presencia de
plagas que dafan el maiz, el pariente domesticado sufriria mayor dafio que el modificado
genéticamente, pues este Ultimo cuenta con una nueva caracteristica que le permite defenderse mejor.
Sin embargo, nuestros resultados muestran que esto no es una regla, ya que en muchos casos
podemos encontrar diferencias, otras caracteristicas que no son las de interés pero que fueron
provocadas por el proceso de modificacion, es decir, surgen efectos no intencionados de la
modificacion.

Nuestra conclusion

Los resultados encontrados en nuestra investigacion muestran cdmo las intervenciones humanas han
causado, en algunos casos a lo largo de miles de afios, importantes cambios en las poblaciones de
plantas que utilizamos. Aunque histéricamente estas estrategias han satisfecho las necesidades de
produccién de alimento de nuestra especie, es importante reflexionar acerca de las consecuencias de
su impacto en la agro-biodiversidad de las poblaciones de plantas. En muchos casos, podemos observar



consecuencias de estas intervenciones humanas en diversas caracteristicas que no son el objetivo
principal de la modificacidon, es decir, efectos no deseados de la modificacion. Sin embargo, las
consecuencias ecoldgicas y evolutivas de estos efectos no deseados siguen sin conocerse. Esto se debe,
principalmente, a que en los esfuerzos de regulacion y determinacion de impacto ambiental de los OGM
se analizan Unicamente las caracteristicas en las que se esperan los cambios ocasionados por la
modificacién, dejando de lado otras que podrian verse afectadas, tales como las presentadas en este
estudio.

Con el fin de contribuir a entender mejor este impacto, en el futuro es necesario que los estudios
gue documenten cambios en cultivos mejorados por el hombre integren el mayor numero de
caracteristicas posibles, de modo que permitan la adecuada deteccion de efectos no deseados. Esto
con el fin de disefar estrategias de mejoramiento de nuevos cultivos, o de conservacidon, que no
comprometan las posibles decisiones de nuevas dgeneraciones humanas en materia de
agrobiodiversidad.

Este trabajo se puede obtener gratuitamente en la pagina de la revista cientifica Frontiers in Plant
Sciencie:

Referencia: Hernandez-Terdn, A., A. Wegier, M. Benitez, R. Lira y A.E. Escalante. 2017. Domesticated,
Genetically Engineered, and Wild Plant Relatives Exhibit Unintended Phenotypic Differences: A
Comparative Meta-Analysis Profiling Rice, Canola, Maize, Sunflower, and Pumpkin. Front. Plant Sci.
8:2030. doi: 10.3389/fpls.2017.02030

Para saber mas

CONABIO. 2017. Agrobiodiversidad Mexicana.
INECC. éComo afecta el cambio climatico a la biodiversidad?
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Abstract

How specific environmental contexts contribute to the robustness and variation
of developmental trajectories and evolutionary transitions is a central point in
Ecological Evolutionary Developmental Biology (‘Eco-Evo-Devo”). However, the
articulation of ecological, evolutionary and developmental processes into integrative
frameworks has been elusive, partly because standard experimental designs
neglect or oversimplify ecologically meaningful contexts. Microbial models are
useful to expose and discuss two possible sources of bias associated with
conventional gene-centered experimental designs: the use of laboratory strains and
standard laboratory environmental conditions. We illustrate our point by showing
how contrasting developmental phenotypes in Myxococcus xanthus depend on the
joint variation of temperature and substrate stiffness. Microorganismal development
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1 | ECO-EVO-DEVO AT THE MICROSCALE

Understanding the multi-causational origins of biological variation
constitutes a longstanding question. The interest in the variation
generated by developmental processes occurring in different
environmental conditions, as well as its evolutionary significance,
is not new (Gupta & Lewontin, 1982; Sarkar, 2004; Scheiner &
Goodnight, 1984; Schmalhausen, 1949). However, since genetic
variation has been considered the major cause of phenotypic
variation, the organismal interaction with varying environments
has been often reduced to noise or to deviations from a norm.
From this perspective, a univocal genotype-phenotype relation has
been naturally assumed (Lewontin, 2001; Robert, 2004; Sultan,
2017). As such, the goal of much research in developmental
biology has been to describe the effects of genetic differences on

phenotype.

can provide key information for better understanding the role of environmental
conditions in the evolution of developmental variation, and to overcome some

of the limitations associated with current experimental approaches.

developmental plasticity, gene-centrism, laboratory biases, multicellularity, Myxococcus xanthus

To reveal the phenotypic effects of genetic change, the dominant
experimental approach has included two key elements. First,
experimental designs have relied on a limited set of model organisms,
sometimes restricted to particular laboratory lines or strains of those
species (Ashburner et al., 2000; Kaletta & Hengartner, 2006; Robert,
2004). Second, these studies have deliberately excluded realistic
environmental variation, instead rearing organisms in controlled,
constant conditions that may be both very different from and much
more stable than those in natural environments (Gilbert, 2001).
Although these approaches have generated a wealth of valuable
results, they have also limited biological understanding to the extent
that (a) model organisms do not capture key aspects of biological
diversity, and (b) laboratory conditions intentionally restrict potential
effects of natural environments (Bolker, 1995; Gasch, Payseur, &
Pool, 2016; Gilbert, 2009; Minelli & Baedke, 2014). Thus, some

important questions about the developmental and evolutionary
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processes occurring within specific ecological contexts have
remained unsolved, or even unaddressed. For instance, how do both
plastic and robust processes arise during development under varying
natural contexts? What are the mechanisms by which phenotypic
plasticity itself shapes ecological interactions? How often and how
strongly does plasticity contribute to evolutionary processes such as
phenotypic innovation in natural populations?

Considering these questions, there has been a recent increase in
attention to phenotypic variation beyond single genetic sources and
the role of the environmental context of phenotype expression and
evolution (Bateson & Gluckman, 2012; Levis & Pfennig, 2016;
Moczek et al., 2011). This has given rise to the “Eco-Evo-Devo”
approach, which emphasizes the relevance of the reciprocal interac-
tions between ecology, evolution and development and focuses on
multicausal development occurring in the “real-world” (Gilbert, 2001;
Sultan, 2003). Despite the great efforts and progress on the
conceptual approaches of Eco-Evo-Devo, the integration of the three
fields that conform it is not yet complete due, at least in part, to
the very nature of traditional experimental designs.

Microorganisms have been invaluable laboratory models in
biotechnology and genetic research because they have short
generation times and small size, are relatively easy to manipulate
genetically and control experimentally, and are resistant to long-term
storage (Jessup et al., 2004; O’Malley, Travisano, Velicer, & Bolker,
2015). However, they are largely missing from Eco-Evo-Devo efforts,
which have focused mainly on plants and animals, perhaps mostly for
practical reasons such as ease of evaluating phenotypic outcomes
(Gilbert & Epel, 2015; Sultan, 2015). Microorganismal growth and
development offer remarkable examples of the restrictions implied
by studies based on model organisms and standard laboratory
conditions, which tend to cancel, minimize or underestimate the
causal role of environmental variation in development. In fact,
microorganisms represent huge biological diversity in terms of their
metabolic capabilities and the wide range of ecological contexts they
habit (Johri et al., 2005), especially when the environment can be as
patchy as a mammalian gut or a soil matrix, containing many physical
habitats and numerous other species. Nevertheless, only approxi-
mately 1% of the microbial diversity has been cultured using these
experimental design strategies, illustrating our limited understanding
of the organism-environment interaction required to reproduce
microbial species (Nai & Meyer, 2017; Pande & Kost, 2017;
Pham & Kim, 2012).

Furthermore, in light of their ubiquity across environments and
their diverse uni- and multicellular lifestyles, microorganisms can
provide invaluable insights to further understanding organism-envir-
onment interactions and the processes generating the variation that
enables evolution. Moreover, multicellular microbial groups can yield
information about the organism-environment interactions during
the evolution of multicellularity since they develop in a scale and
environment similar to those in which multicellularity presumably
emerged (Arias Del Angel, Escalante, Martinez-Castilla, & Benitez,
2017; Bonner, 2009; Rivera-Yoshida, Del Angel, & Benitez, 2018).

Focusing on microorganisms also leads to the study of environmental
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variables that are less evident or relevant at the macroscale, such as
the mechanical properties of cell-to-cell and cell-to-medium interac-
tions (Persat et al., 2015).

Overall, microbial models can help to unmask biases in experi-
mental designs implemented mostly in plants and animals, contribut-
ing to a better integration and experimental planning within the
Eco-Evo-Devo field. Here, we focus on microbial models to illustrate
how gene-centered experimental designs harbor two possible
sources of bias: (a) the use of laboratory strains, and (b) standard
laboratory environmental conditions. In particular, we gather
evidence from different microorganisms and use our own results
from Myxococcus xanthus development under different environmental
conditions to exemplify and comment on these biases. In our opinion,
such biases should be explicitly considered when interpreting results
and extrapolating them to natural contexts and, ideally, should be

overcome in novel empirical approaches.

2 | LABORATORY STANDARD STRAINS
VERSUS NATURAL POPULATIONS

Choosing a model organism is often limited to some well-established
options. Among microorganisms, Escherichia coli, Bacillus subtilis
and Saccharomyces cerevisiae are widely used models (Blount, 2015;
Love & Travisano, 2013). The use of laboratory standard strains has
undeniable practical advantages that, in turn, reinforce the use
of particular strains and species. These advantages include, for
instance: (a) existing important technological investment including
complete genome sequencing, protein and metabolite quantification
methods, and mutant construction; (b) pure genetic lines and robust
phenotypes that have been domesticated to grow under simple and
standardized laboratory conditions; (c) minimal variation, which leads
to tractable, systematic and reproducible results, and thus reliable
comparisons; (d) data and techniques that can be shared among
research groups, since they correspond with standardized conditions,
including strains; and (e) popularity and facilitation of acquiring
funding (Ankeny & Leonelli, 2011; Gasch et al., 2016; Leonelli &
Ankeny, 2013). These features are particularly useful in exploring
genetic mechanisms, since they help control the influence of
nongenetic factors.

Nonetheless, while using standard strains can be of great value in
microbiology, molecular biology, and some evolutionary studies, it
becomes a limitation for other scientific purposes, such as those
related with the Eco-Evo-Devo framework. Since biological questions
should match the model organism and experimental decisions,
standard strains are not well-suited to questions about phenotypic
plasticity and its mechanisms, since plasticity has been intentionally
or indirectly suppressed through invariant environmental conditions
in already relatively unplastic organisms (Love, 2010; Travis, 2006).
Indeed, model organisms often exhibit rapid development and
developmental canalization (expression of a specific developmental

outcome regardless of minor variations in environmental conditions;
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Waddington, 1942), a well-known phenomenon in animal models
(Bolker, 1995; Gilbert, 2001).

“Domestication” is commonly used to refer to the adaptation of
wild strains to new, human-created habitats. When laboratories
are the new habitats, domestication occurs in long-term, stable
cultures or during repeated passaging (Branda, Gonzélez-Pastor,
Ben-Yehuda, Losick, & Kolter, 2001; Eydallin, Ryall, Maharjan, &
Ferenci, 2014; Kuthan et al., 2003; Palkova, 2004). For microorgan-
isms, laboratory-domesticated strains express robust phenotypic
traits and apparently decreased phenotypic plasticity compared to
strains that have been manipulated in the short term (Eydallin et al.,
2014). However, whether these traits are actually canalized or not
remains to be explored as reaction norm experiments are just
starting to become available for microbial systems (Rivera-Yoshida
et al.,, 2019). Thus, while domesticated strains enable important
scientific and technical advances, relevant variation possibly
occurring naturally at ecological complex scenarios, and the causes
behind it, could be encrypted in these strains (Branda et al., 2001;
Eydallin et al., 2014; Kuthan et al., 2003; Palkova, 2004; Steensels,
Gallone, & Voordeckers, 2019).

Laboratory domestication has been reported for several
microbial species. Interestingly, several species have been
observed to develop common phenotypic traits during domestica-
tion when exposed to similar experimental contexts (Table 1). For
instance, in laboratory conditions, standard E. coli, B. subtilis and S.
cerevisige strains present a smooth biofilm phenotype compared
with the rough one observed in wild type strains (Branda et al,,
2001; Eydallin et al., 2014; Kuthan et al., 2003; Palkova, 2004).
Moreover, in these three cases the smooth phenotype is related to
the loss of complexity in the extracellular matrix structure
(Table 1). Also, pathogenic laboratory strains present lower
virulence compared to the newly isolated strains (Heddleston,
1964; Barak, Gorski, Naraghi-Arani, & Charkowski, 2005; White &
Surette, 2006; Sommerville et al., 2011). The phenotypic conver-
gence shared between species that have undergone independent
domestication processes is reminiscent of the well-known domes-
tication syndrome observed in crops (Burke, Burger, & Chap-
man, 2007; Gepts & Papa, 2002).

It should also be considered that domestication and genetic
modification processes also involve the unintended selection of
nontarget traits (e.g. Hernandez-Teran, Wegier, Benitez, Lira, &
Escalante, 2017). Laboratory strains for the study of microbial
multicellularity are a clear example. Wild Myxococcus xanthus and
Bacillus subtilis strains can develop complex resistance structures in
response to adverse environmental conditions. For these multi-
cellular structures to occur, social behavior is needed. However,
experimental setups tend to select easily dispersed cells or colonies,
and then grow them in unstructured liquid mediums, which is
reported to be associated to a reduction in social behavior (Aguilar
et al,, 2007; Velicer et al., 1998). This domestication pathway may
thus hinder collective organization and actually makes them
suboptimal for the study of multicellular development (Aguilar
et al., 2007).

3
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While there can be some convergences or similarities, it is overall
difficult to generalize about domestication processes and outcomes,
since different dynamics underlie each specific case. For instance,
populations or ecotypes of the same microbial species can be
widespread in completely dissimilar environments, and can exhibit
different domestication trajectories (Eydallin et al., 2014). Laboratory
domestication processes, phenotypes, and metabolic changes depend
on the ancestral strains, on physical and chemical properties of the
culture medium (e.g. liquid medium vs. hard agar plate), and how long
they have been exposed to the culture medium (Eydallin et al., 2014).
Finally, studying systems with standardized strains and environ-
mental conditions has the objective of supporting reliable compar-
isons across different research groups. However, due to the
sensitivity of microbial strains to small variations on experimental
treatments and also due to their long laboratory life history, sublines
of the same laboratory standard strain could present phenotypic and
genetic differences (Bradley, Neu, Bahar, & Welch, 2016).

Comparisons between laboratory strains and generalization to
wild strains should be done with caution, since domestication
processes occurring in association to widespread experimental
approaches could impose important biases. The rapid domestication
of microorganisms to laboratory conditions highlights the importance
of working with recently isolated wild strains, at least for some
research questions. In some cases, we do not even know if
phenotypes that are commonly observed in laboratory strains
actually exist in nature and are ecologically and evolutionarily
relevant. For example, while in laboratory conditions Myxococcus
xanthus forms well-known multicellular structures called fruiting
bodies, we are not sure about what fruiting bodies look like when
they develop in their natural soil environments. Further studies
considering repeated, well-documented and already ongoing lab-
domestication processes could also contribute to a better under-
standing of organism-environment interactions, phenotypic variation
and robustness in a wide phylogenetic context (Bradley et al., 2016).

3 | LABORATORY SETTINGS VERSUS
NATURAL ENVIRONMENTS

Laboratory strains are good proxies of their wild ancestors if
comparisons of their phenotypes and genotypes are not biased due
to their history of experimental manipulation. However, that can only
occur if (a) the phenotypic outcomes of these strains were invariant
with respect to the environment, or (b) if laboratory conditions mimic
natural conditions. The latter is clearly an unrealistic assumption,
because as soon as an organism is isolated in laboratory culture
media, natural environmental variables are modified. Moreover, as
explained above, experimental designs have focused not on
re-creating natural environments, but on generating “controlled
environments” in which selected variables (often genetic variables)
can be modified within a constant background (Robert, 2004). In this
approach, controlled environments are assumed to be “neutral,” but

they are actually conformed by several biotic and abiotic components
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contributing to the organism-environment interaction, which in turn
may give rise to particular phenotypes (Lewontin, 2001; Sultan,
2017).

Within this controlled-environment setting, development -and its
plastic nature- cannot be fully understood since it represents only
one specific set of a wide possible repertoire of environmental
conditions. Furthermore, beyond the constant background, experi-
mental settings where a single variable is selected for modification
can also be misleading in several ways. First, selected variables may
not be ecologically meaningful for the studied organisms and
developmental moment. Second, these variables could be ecologically
meaningful but tested in non-significative ranges. Third, selected
variables and unconsidered ones could be dynamically interacting
and modifying the whole developmental system (see, for instance,
Box 1). Also, studies in constant environments may underestimate
the effects of cryptic or neutral variation in development and
evolution (Kimura, 1983; Payne & Wagner, 2018). Indeed, meaningful
environmental features could be the result of additive effects and
complex interactions among variables, but it has been usually
considered convenient to test only a few “key” variables, mostly in
independent experimental sets (Rivera-Yoshida et al., 2019). This
approach, commonly associated with reaction norm studies, leads to
interpreting the environment as a sum of major variables and,
consequently, to limited conclusions.

Microorganisms have been considered important experimental
models partially due to their ease of manipulation (Jessup et al.,
2004; Love & Travisano, 2013). However, the natural history of most
species, even cultivable ones, is unknown. Thus, their successful
growth in the laboratory is informative about their ability to adapt to
laboratory conditions but not necessarily about their growth and
development in ecologically meaningful ones. For instance, the design
of culture media is specially focused on chemical components for
nutrient supply, while other physical or ecological factors are often
overlooked. Remarkably, choosing the correct media chemical
properties is not an easy task and may itself uncover interesting
environmental dependencies (Uphoff, Felske, Fehr, & Wagner-
Daébler, 2001).

The uncultivability phenomenon can provide clues about mean-
ingful variables and ranges of natural settings neglected in current
experimental designs, for example, by contrasting experimental
properties with natural ones. Here we identify some key experi-
mental conditions that differ from natural contexts. Growth media
are restricted to either solid agar plates or liquid cultures commonly
kept at constant agitation, which in turn, is known to favor loss of
social behavior after just a few generations (Velicer et al., 1998). For
agar plates, stiffness is standardized by fixing the agar concentration,
but phenotypic plasticity has been described for microbial develop-
ment and growth at different substrate stiffness (Be'er et al., 2009;
Guégan et al., 2014; Rivera-Yoshida et al., 2019; Box 1). Also, agar
plates represent flat and unstructured surfaces, determining proper-
ties of microbial aggregates and films such as movement, size and
surface tension (Persat et al., 2015; Rivera-Yoshida et al., 2018).

Nutrient supply is constant at optimum concentration rates or at

RIVERA-YOSHIDA €T AL

complete scarcity. Genome reduction -also known as genome
streamlining- occurs in natural populations when interacting species
are metabolically complementary but also in long-term laboratory
conditions (Koskiniemi, Sun, Berg, & Andersson, 2012; Lee & Marx,
2012; Pande & Kost, 2017). Constant and high nutrient supply are
often part of experimental conditions, which could partially explain
genome streamlining. Environmental settings are also restricted to
small and homogeneous areas, limited by instrument walls or growing
space. In contrast, natural environments are heterogeneous at
different scales, which could in turn drive or constrain collective
phenomena. For instance, the multicellular phenotype of M. xanthus
can be characterized at the single fruiting body structure, but also at
the population level (Rivera-Yoshida et al., 2019; Box 1). The
population spatial distribution is determined by the experimental
conditions (i.e. size of the culture plate or flask), however, it is
unknown whether phenotypic expression at the individual or
population scales are expressed in large and complex media like soil.

Abiotic physicochemical factors such as temperature, humidity,
pH, pressure, salinity, and oxygen concentration, among others, are
usually kept constant. However, these are important parameters
determining microbial interactions and metabolism (Pham & Kim,
2012). Some of our own unexpected results with M. xanthus show
how variations in temperature and medium stiffness can strongly
affect bacterial multicellular development (Box 1). Indeed, M. xanthus
fruiting bodies exhibit contrasting phenotypes when developed at
different substrate stiffness (Box Figure 1), so much so that at very
low stiffness and standard temperature, no fruiting bodies are
formed (Box Figure 1). At standard stiffness, temperature modifica-
tion yields little phenotypic variation, which could easily lead to the
immediate conclusion that temperature does not affect development
in a significant way. However, temperature variation reveals
drastically different phenotypes at non-standard stiffness conditions,
widening the spectrum of phenotypic variation associated with
stiffness change (Box Figure 1). The joint modification of these two
factors renders a phenotypic diversity that could not have been
expected from M. xanthus being grown at standard conditions, nor
from reaction norm experiments considering a single environmental
factor (Rivera-Yoshida et al., 2019).

Besides the experimental substrate, other differences between
experimental and natural settings can be associated with the manage-
ment of biological material. Development or growth rates may be
different among species, requiring longer or shorter periods to become
visible to the experimenter. However, given the high nutrient supply,
no more than a few days are given to cultures for their density to
increase. Also, population densities are probably much higher than on
natural substrates (Pande & Kost, 2017). In M. xanthus, multicellular
development of fruiting bodies under conditions of nutrient scarcity is
known to happen at high cell densities, around 1 x 10* cells per fruiting
body (Velicer et al., 1998), but actual cell density in natural substrates
remains unknown. In the likely case that natural densities are much
lower than experimental ones, what is known about developmental and
guorum sensing mechanisms might be substantially different in natural

populations. Additionally, axenic cultures are promoted in experimental
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Box 1 Organism-environment interactions shaping multicellular development in Myxococcus xanthus

M. xanthus is a widespread soil bacterium with a multicellular developmental stage. It moves by gliding over semi-solid surfaces in the
direction of the cell’s long axis. In nutrient-rich substrates, cells are in a vegetative stage and swarm, expanding the colony outwards.
When nutrients are depleted, they glide inwards, developing multicellular structures called fruiting bodies (FBs), where some cells
eventually differentiate into resistant spores (Yang & Higgs, 2014). The standard protocol for multicellular development consists of
depositing a drop of a liquid culture medium onto a nutrient depleted agar plate, commonly prepared with 1.5% agar. After the drop
dries, the plate is stored at 32°C avoiding light for about 96 hr until FBs have developed.

M. xanthus cells sense and respond to the structural and mechanical properties of the substrate over which they move. For example, they
realign perpendicularly to mechanical compression applied to the agar mesh (Fontes & Kaiser, 1999; Lemon, Yang, Srivastava, Luk, & Garza,
2017). Additionally, M. xanthus development has revealed two scales of phenotypic expression: the single FB scale and the population scale
(the collection of FBs within a drop), both of which present phenotypic plasticity when substrate stiffness is modified (Rivera-Yoshida et al.,
2019). The effect of other variables such as temperature, has not been widely or systematically tested. Furthermore, substrate stiffness is
modified by varying the agar concentration. However, substrate mechanical properties might be the result of the interaction of more than

this single variable. For instance, substrates with the same agar concentration but different temperatures, could differ in stiffness.

0.3%

Box Figure 1. Phenotypic plasticity of Myxococcus xanthus multicellular structures. Micrographs of completely matured fruiting bodies
(FBs) populations developed over TPM agar plates. Black structures are FBs. The DZF1 standard laboratory strain was tested
modifying temperature and agar concentration: (a) standard protocol condition: 32°C and 1.5% agar concentration. (b) 32°C, 0.5%;
(c) 32°C, 0.3%; (d) 20°C, 1.5%; (e) 20°C, 0.5%; and (f) 20°C, 0.3%. Micrographs of each drop were taken at 370.8 pixels/mm using a
LEICA m50 stereomicroscope with an ACHRO x0.63 objective lens and a Canon-EOS Rebel T3i camera. Apart from variation in

temperature and agar percentage, M. xanthus were grown and developed as described in Yang and Higgs (2014).

designs so that species are intentionally isolated from interspecific
interactions. Yet, the importance of dependence, predation and
cooperation, among other interactions, for microbial growth and
development are largely known (Jacobi, Reichenbach, Tindall, &

Stackebrandt, 1996; Pande & Kost, 2017). Finally, laboratory popula-
tions are mainly composed of clonal populations so that their genetic
background lacks the heterogeneity observed in natural populations
(Eydallin et al., 2014; Gasch et al., 2016).
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The organism-environment interaction is a constantly changing
bidirectional process, which also changes with spatiotemporal scale.
In both natural and experimental settings, organisms contribute to
the reconstruction of the interspecies niche (Miner, Sultan, Morgan,
Padilla, & Relyea, 2005; Ryan, Powers, & Watson, 2016). For
instance, bacterial extracellular matrix secretion is altered by the
medium mechanical properties, which in turn are altered by the
extracellular matrix secretion (Be'er et al., 2009; Fauvart et al., 2012;
Rivera-Yoshida et al., 2018; Trinschek, John, Lecuyer, & Thiele, 2017).
Thus, dynamics associated with natural and experimental settings
cannot be fully compared as they follow their own evolutionary
tempos and paths. Complex ecological interactions are still far from
laboratory proxies and efforts to improve protocols in the field or
alternative experimental designs that consider environmental

complexity are thus necessary.

4 | FINAL REMARKS

The microbial world has provided new insights and approaches in the
study of organism-environment interactions at both the evolutionary
and ecological levels (Jessup et al., 2004; Love & Travisano, 2013;
O'Malley et al., 2015; Rivera-Yoshida et al, 2018). However,
developmental mechanisms have been only partially understood
since they have been studied through the establishment of
experimental designs using domesticated strains and invariable
conditions. This approach is only informative about a specific and
simplified condition from the wide repertoire of environmental
settings occurring in nature, in which phenotypic plasticity mechan-
isms may be obscured. Nevertheless, observations of microbial
development highlight the importance of commonly overlooked, yet
meaningful properties of the environment at the microscale. For
instance, mechanical factors affecting living and nonliving matter play
a key role determining substrate properties, which in turn, modify
organisms’ dynamics, such as spread, movement and development
(Persat et al., 2015; Rivera-Yoshida et al., 2018). Microbes’ plastic
responses to other ecological factors such the presence of predators,
interspecies interactions or environment fluctuation remain largely
unknown.

The use of laboratory models and conditions like the ones
described above respond, at least in part, to the pressure on science
to be efficient in terms of time and costs, which in turn favors certain
experimental setups and approaches, including standardized organ-
isms and limited experimental conditions (Ankeny & Leonelli, 2011;
Leonelli & Ankeny, 2013; Levins & Lewontin, 1985). Compelled by
these pressures, microbial ecological and evolutionary processes are
probably forced into tempos and conditions that do not match those
of natural environments, leaving many open questions. For example,
what are the ecologically relevant spatiotemporal scales and
variables for microbial development? Is the strength and expression
of phenotypic plasticity scale-specific? How plastic are interspecific
interactions? How do different environmental variables interact with

each other to affect microbial development?

RIVERA-YOSHIDA €T AL

Furthermore, the role of phenotypic plasticity as a driver of and
constraint on evolutionary mechanisms, considered in several
“plasticity-first” hypotheses, is probably underestimated since it
cannot be easily tested in current experimental designs nor
compared with phenomena occurring in natural populations (Levis
& Pfennig, 2016). For instance, to the best of our knowledge,
environmentally-triggered phenotypic novelties, canalization, and
complex interactions among environmental variables have not been
explored in microbial systems, not even in paradigmatic long-term
evolutionary studies. Additionally, due to their high mutation rate
and short generation time, microbial groups could be suitable to the
comparison of adaptations driven by plasticity versus mutation.

To tackle some of the questions regarding plasticity, canaliza-
tion and other processes derived from the organism-environment
interaction it is worth noting that current experimental designs
have mostly focused on paired relationships between single traits
and specific environmental factors (e.g. the reaction norm
approach) (Rivera-Yoshida et al., 2019; Sultan, 2015). Moreover,
this punctual relationship is studied for a given moment and not
for the whole developmental trajectory, nor for transgenerational
processes (Sultan, 2015). It would thus be important to reinves-
tigate conventional protocols and their assumptions and to
propose new approaches considering the dynamical interaction
among numerous phenotypic traits and ecologically meaningful
environmental variables.

Overall, further investigating microbial multicellular development
and considering the practical biases underlying its current study can
provide invaluable insights for the integration of Eco-Evo-Devo and

understanding of major transitions in evolution.
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Resumen

Esta propuesta surge a partir de la necesidad de evaluar y comparar los dafios
ambientales que los organismos genéticamente modificados pudieran ocasionar.
Estos cambios ambientales son, a su vez, procesos de atropizacion complejos,
que se originan en distintos niveles ecosistémicos, consecuencia de cuatro di-
ferentes tipos de adversidad (el flujo de genes, los cambios ocasionados por los
organismos genéticamente modificados (0GM) en si mismos, efectos en orga-
nismos que no son el objetivo de desarrollo de los oGMm y la evolucion de la
resistencia de los organismos que se pretende controlar con el oGM). Esto a su
vez se relaciona con el tiempo que duran los impactos en el ambiente y las
acciones que se pueden realizar para mitigarlos. Poner en prictica esta meto-
dologia debe integrar la mayor cantidad de informacion disponible sobre los
organismos que se estén evaluando y a su ves apoyari a identificar la informa-
cion faltante. Con este modelo esperamos contribuir a una mejor aplicacion de
las leyes y proporcionar una herramienta ttil para los tomadores de decisiones,
investigadores y sociedad civil interesada, asi como propiciar las discusiones
cientificas sobre el tema.

Introduccion

Las poblaciones humanas manejan, con diferente intensidad, los ecosistemas,
sus componentes, procesos y funciones, con el proposito de adaptar los am-
bientes para hacerlos mas habitables y asegurar la disponibilidad y continuidad
de los recursos (Morales et al., 2017). La domesticacion es un proceso evoluti-
vo continuo derivado de dicha interaccion con el ambiente y es quizas la ma-
nifestacion humana mas importante de la transformacion del planeta (Kareiva
et al., 2007). Generalmente, el proceso de domesticacion se estudia a nivel de
poblaciones, pero también puede ser entendido desde una perspectiva del pai-
saje (Clements et al., 2014) por lo que, como consecuencia de la complejidad
socioambiental del espacio y el tiempo, se analiza a partir de diversas discipli-
nas; sin embargo, independientemente del enfoque de estudio, sus causas y
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efectos son componentes de los procesos de antropizacion (Szujecki, 1987; August
et al., 2002; Bogaert et al., 2011).

Los procesos de domesticacion pueden implicar distintos manejos, practicas o
técnicas, que dependen de 1a especie de interés y su entorno. En Mesoamérica, por
ejemplo, los paisajes son transformados a causa de practicas conocidas dentro de los
procesos in situ de domesticacion de plantas, pero que son aplicables a cualquier
especie: recoleccion sistematica (los productos o individuos completos son seleccio-
nados, extraidos y transportados) (Casas et al., 2007); individuos tolerados para su
aprovechamiento en paisajes transformados; estimulacion del crecimiento con base
en estrategias dirigidas a incrementar la densidad de algunas especies utiles; o espe-
cies protegidas mediante la eliminacion de competidores y depredadores de la espe-
cie de interés, proteccion contra adversidades climaticas e incluso adicion de insumos
al sistema (Diamond, 2002; Larson y Fuller, 2014). Estos procesos impactan en cada
poblacion que conforma la comunidad y en las comunidades que forman el ecosiste-
ma o agroecosistema.

En la actualidad existe una nueva tecnologia directamente relacionada con el ma-
nejo y domesticacion de plantas, conocida como ingenieria genética moderna. Esta
técnica, a partir de un conjunto de métodos biotecnologicos, permite la transferen-
cia de ADN entre organismos muy distantes taxon6micamente o su modificacion y
edicion de la misma especie. Dichas modificaciones, generalmente motivadas por
intereses econdmicos externos a los paisajes transformados, pueden conducir a im-
pactos ambientales muchas veces inesperados, dentro o fuera del drea de liberacion,
que adquieren gran relevancia a causa de la creciente demanda mundial de la pro-
duccion de ocMm; (Hails, 2000; Hilbeck et al., 2011; Brookes y Barfoot, 2012; Arpaia
et al., 2017).

La utilizacion a gran escala de la ingenieria genética moderna ha generado la ne-
cesidad del desarrollo de leyes locales y tratados internacionales para regular su uso
seguro. Debido a lo anterior y a la naturaleza de las transformaciones genéticas, los
efectos no esperados mas documentados o previstos te6ricamente son aquellos que
afectan directa o indirectamente a la fauna (Tabashnik et al., 2008; Tabashnik et al.,
2013; Zeilinger et al., 2015), sin embargo, a partir de una vision integral del entorno,
pueden esperarse consecuencias en otros componentes del ecosistema, tales como
alteraciones en las cadenas troficas a las que pertenece la fauna afectada, pero también
otras propiedades emergentes de los niveles ecoldgicos superiores. Por lo tanto, pro-
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ponemos un método practico que podria utilizarse cuando exista sospecha de un
impacto ambiental -en cualquiera de sus niveles- causado por oGm, empleando cual-
quier informacion disponible o sirviendo de guia para generar una linea de base
apropiada para estudios adicionales y esfuerzos de monitoreo. Asi, pretendemos
entender a los componentes del ecosistema dentro de una metodologia que permita
cuantificar y comparar los danos ocasionados por los ogMm (figura 1).

Evaluacion de ) . .,
s L R Valoracion de Medida de Recomendacién
Definicion de Determinacion adversidad, o .
o . o o R factores Daio de medidas de
Danho tipos de Dafo significanciay R e s
R agravantes Ambiental mitigacion
permanencia

Figura 1. Representacion esquemadtica de la metodologia para la evaluacion de

dafio ambiental causado por oGMm.

Definicion de dafio ambiental producido por oGm

Desde 1992, el Convenio sobre la Diversidad Bioldgica (cDB) y, posteriormente, el
Protocolo de Cartagena sobre Seguridad de la Biotecnologia (2000), mencionaron la
posibilidad de que se produzcan “efectos secundarios”, “riesgos potenciales” e, inclu-
so, “impactos o dafios ambientales” causados por 0GM, sin proponer una definicion
formal de dichos conceptos. En México, a raiz de estas y otras preocupaciones regu-
latorias, surge la Ley de Bioseguridad de Organismos Genéticamente Modificados
(LBOGM; 2005) que a su vez menciona de manera recurrente términos como: “posibles
riesgos”, “efectos adversos”, “dafos graves, irreversibles, irreparables, al medio am-
biente y a la diversidad bioldgica”, sin definirlos, ni mencionar las implicaciones de
los mismos (por 08/03/2005). Con el fin de llenar ese vacio conceptual y con la
creciente necesidad de regular las actividades vinculadas a los oM en el mundo, el
Protocolo Suplementario de Nagoya-Kuala Lumpur sobre Responsabilidad y Com-
pensacion del Protocolo de Cartagena (2010), definié como dafo: un efecto adverso

en la conservacion y el uso sostenible de la diversidad bioldgica teniendo en cuenta los
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riesgos para la salud humana. Ademas, el protocolo establece claramente que el dafio
a la biodiversidad debe ser medible, o por lo menos observable, con base en eviden-
cia cientifica solida. En consecuencia, provee elementos a evaluar para determinar si
el dafio es significativo: a) que el cambio sea a largo plazo o permanente (no sera
reparado por recuperacion natural en un periodo de tiempo razonable); b) el alcance
de los cambios cualitativos o cuantitativos que afectan negativamente a los compo-
nentes de la diversidad bioldgica; c¢) la reduccion de la capacidad de los componentes
de la diversidad bioldgica para proporcionar bienes y servicios; y d) la amplitud de
los efectos adversos sobre la salud humana en el contexto del Protocolo.

La definicion que plantea el Protocolo de Nagoya-Kuala Lumpur, establece el pun-
to de partida hacia la evaluacién del dafio ambiental, sin embargo, la falta de una
metodologia para cuantificarlo impide la aplicacion legal y practica del documento
(Bartz et al., 2010; Sanvido et al., 2011; 2012). El cpB, discute que la introduccion de
oGM puede incluir impactos adversos y significativos sobre la diversidad biologica,
la cual se entiende como: la variabilidad de organismos vivos de cualquier fuente,
incluyendo ecosistemas terrestres, marinos y otros ecosistemas acuaticos y los com-
plejos ecoldgicos de los que forman parte. Esto incluye diversidad dentro de especies,
entre especies y de ecosistemas (cbB, 1993). Por lo tanto, la determinacion del dafno
requiere que los recursos naturales sean considerados en su totalidad y en términos
de sus componentes. Estos componentes van desde los genes hasta los niveles ecolo-
gicos superiores, tomando en cuenta las propiedades emergentes de cada uno (e.g.
composicion, estructura, funciones; Bartz et al., 2010) e incluyendo los factores abio-
ticos. Lo anterior sienta un marco teérico sobre el cual se establecen los elementos y
parametros que deben ser considerados en las metodologias que persiguen evaluar
el dafio ambiental.

Tipos de dafio ambiental ocasionado por oGm

Para poner en practica la metodologia que plantearemos, primero es necesario de-
finir cuatro categorias de dafios ambientales que se han relacionado con los oGm
(NRC, 2002; Ervin et al., 2003; Ellstrand, 2006; Lu y Yang, 2009). Las evaluaciones
se deben realizar, cuando exista sospecha de un impacto ambiental causado por
OGM o simplemente para monitorear su ausencia. Se recomienda conformar un
Comité Técnico-Cientifico (cTc) conformado por expertos en areas tedricas y apli-
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cadas, que pueda delegar a especialistas los estudios necesarios para emitir las re-
soluciones finales.

Tipo 1: Los dafios asociados con el movimiento de los genes
y su subsiguiente expresion en diferentes organismos y especies

Los dafios asociados con el movimiento de genes pueden suceder por varias vias de
dispersion. Los mas estudiados son la transferencia horizontal y el flujo génico, el
cual puede ocurrir después de la migracion de semillas, propagulos GMm, cigotos, hue-
vos y larvas, entre otros (Ellstrand, 2003).

La dispersion de polen o gametas da una oportunidad para la transferencia sexual
de transgenes a organismos relacionados, incluyendo otras especies, variedades del
cultivo de la misma o parientes silvestres de la especie y parientes cercanos (Ellstrand,
1999; 2003). El vector especifico depende de las caracteristicas de cada organismo,
siendo el viento, agua, insectos y mamiferos, los principales transportes (Lu y Yang,
2009). El flujo génico ademds podria ocurrir sistematicamente con diferente inten-
sidad, por lo que sus caracteristicas y causas se deben incorporar. Una vez que el
flujo génico o la introgresion ha ocurrido se desconoce el nuevo contexto genético,
por lo tanto, es generalmente indeterminado su riesgo por las evaluaciones previas a
la liberacion del oGM.

El flujo de genes entre los cultivos GM y las poblaciones asilvestradas de los cultivos
o parientes silvestres, puede generar maleza que contenga adaptaciones derivadas de
sus progenitores, tales como mayor tiempo de latencia de las semillas o reduccion de
asistencia humana para la reproduccién, que son suficientes para incrementar la
persistencia e invasividad de estas plantas como malezas (Goodman y Newell, 1985;
Ellstrand, 1988; NCR, 1989; Fitter et al., 1990; Boudry et al., 1993; Keeler et al., 1996;
Snow y Moran Palma, 1997; Ammann et al., 2000; NCR, 2000; Lu y Yang, 2009). Esto
tiene un efecto en la composicion del paisaje, las comunidades y ecosistemas, ademas
de un impacto directo en los agroecosistemas (NRc, 2002).

Otro de los dafios asociados a la dispersion de polen y gametas, es la sustitucion
de las especies comunes y locales por las que tienen transgenes, incrementando los
riesgos de extincion por hibridacion (Ellstrand y Elam, 1993; Johnson et al., 2006).
Los modelos tedricos han demostrado que la extincién por hibridacion puede proce-
der rapidamente, resultando en una extincién local de poblaciones. Un ejemplo de
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esto es la hibridacion entre cultivos y parientes silvestres implicados en un incremen-
to de riesgo de extincion, como la desaparicion de los cocos silvestres (Harries, 1995),
el flujo genético de especies cultivadas de nogal hacia las poblaciones silvestres en
California (Skinner y Pavlik, 1994; Potter et al., 2002), o bien, el impacto en el salmoén
del Atlantico (Salmon salar) por el escape e invasion de salmon cultivado en granjas
(Fleming et al., 2000).

Tipo 2: Dafos asociados causados directa o indirectamente por los 0GM

Este dafio se identifica cuando es provocado por el 0GM y las subsiguientes generacio-
nes, ya sea directamente en los ecosistemas o en los servicios ecosistémicos asociados.
Los efectos directos pueden llevarse a cabo por derrames accidentales de semillas
durante el proceso de transporte (Crawley y Brown, 1995; Johnson et al., 2006; Von
Der Lippe y Kowarik, 2007) o bien, puede ocurrir directamente desde los cultivos
GM hacia los ambientes que se encuentran en los alrededores (Arnaud et al., 2003;
Dyer et al., 2009) o incluso dentro del mismo agroecosistema donde fueron legal o
ilegalmente sembrados. Las consecuencias usualmente asociadas con la dispersion
de semillas es un incremento de malezas y plantas invasoras, por lo tanto, ocurre un
cambio de las interacciones dentro de las comunidades, entre otras (Dale et al., 2002;
Ervin et al., 2003; Gepts y Papa, 2003; Johnson et al., 2006; Lu y Yang, 2009).

Los oGM pueden convertirse en un riesgo ambiental debido a los rasgos que reciben
para mejorar su aptitud y el rendimiento ecolégico. Dependiendo de su ubicacion,
algunos cultivos (por ejemplo, los tomates) evolucionan hacia un fenotipo de tipo
salvaje muy rapidamente y se podrian convertir en poblaciones asilvestradas viables
en la generacion F2. La existencia de estas poblaciones demuestra que los transgenes que
confieren adaptacion a importantes factores limitantes pueden crear riesgos signifi-
cativos relacionados con la planta completa, especialmente si los efectos ecologicos
de los cultivos 6™ son evaluados en forma global (NRc, 2002; Hancock, 2003). La
frecuencia de las poblaciones asilvestradas de los cultivos también revela la dificultad
de distinguir entre los dafios provocados por el flujo de genes y aquellos provocados
por toda la planta. Se ha propuesto que este tipo de dafio podria, de igual manera,
ocurrir posterior a la liberacion de otros organismos, tal es el caso de los mosquitos
GM (Anopheles gambiae), siendo los principales riesgos la disminucién en la aptitud
de los organismos GM y la aparicion de cepas resistentes (Riehle et al., 2003).
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Los efectos asociados indirectamente a oM dependen de la expresion de los trans-
genes. Los oGM podrian causar un dafio ambiental en los factores abioticos asociados
a los mismos, como por ejemplo, agua, suelo o aire, reduciendo la calidad del medio
ambiente y su sustentabilidad (Stotzky, 2000; US Environmental Protection Agency,
2000; Dale et al., 2002; Dunfield y Germida, 2004), o con repercusiones sobre los
servicios ecosistémicos. Un ejemplo de efectos sobre el servicio ecosistémico de
abastecimiento, es el caso de la miel de abeja en la Peninsula de Yucatin, que comen-
z6 a ser rechazada por los mercados internacionales en 2014 debido a la presencia de
polen GM en la misma (Vera, 2012; Villanueva-Gutiérrez et al., 2014).

Tipo 3: Los dafos a los organismos no blanco

Los organismos no blanco son todos aquellos individuos que el disefio y uso del oGm
no pretende afectar. A la fecha, la gran mayoria de los estudios publicados que exa-
minan esta problematica se han centrado en los transgenes con propiedades insecti-
cidas, fuera y dentro de los agroecosistemas. La lista de las posibles especies no
blanco es muy extensa, algunos 0GM ni siquiera fueron creados con un blanco espe-
cifico, si no que se desarrollan, por ejemplo, para sobre expresar o inhibir alguna
caracteristica intrinseca, tales como disminucion de la oxidaciéon en manzanas (Bulley
et al., 2007) y maduracion tardia en tomates (Wang et al., 2005). Estos organismos
pueden ser convenientemente agrupados en cinco categorias que no son mutuamen-
te excluyentes: 1) especies benéficas, incluyendo los enemigos naturales de las plagas
(crisopas, catarinas, avispas parasitas, microbios y parasitos) y los polinizadores (abe-
jas, moscas, escarabajos, mariposas, aves y murciélagos); 2) plagas no blanco; 3) los
organismos del suelo; 4) las especies que no entraron en las categorias anteriores y
fueron afectadas por los 0GMm; y 5) dafios en especies presentes en otros sistemas
productivos (Hilbeck et al., 1998a; Hilbeck et al., 1998b; NRc, 2002).

Un claro ejemplo es la alteracion en la tasa de sobrevivencia y fecundidad de los
pulgones Aphis gossypii y Myzus persicae cuando son afectados por CrylA+CpTI y
nptIl (Alla et al., 2003) respectivamente, que fueron disefiados para controlar plagas
especificas de lepidopteros (Liu et al., 2005) y aunque ain no esta reportado un efec-
to adverso, esta demostrado que el transgén puede estar presente en los depredado-
res de los organismos blanco (Harwood et al., 2005; Obrist et al., 2006). Por otro lado,
a nivel comunidad, se ha observado la modificacion de las interacciones y diversidad
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de la artropofauna debido a la alteracion que tienen las poblaciones de organismos
blanco (Sosa y Almada, 2014 ; Palinkas et al., 2017). Otro reporte de alteracion a
nivel comunidad en nematodos es el de Liu y colaboradores (2015).

Tipo 4: Evolucién en organismos blanco

Los organismos blanco son las especies que se pretende controlar al disefar y usar
un oGM. En muchos de los casos el Tipo 4 no se aplicara porque todas las especies
relacionadas con el oGMm serdn analizadas en el Tipo 3, por ejemplo, cuando la evalua-
cion se realice en un ecosistema donde no se pretendia la liberacion del oGm. Aunque
exista el pariente silvestre de la especie plaga, serd tomado como organismo no blan-
co, ya que no era el uso previsto de la tecnologia.

La evolucion de la resistencia puede ocurrir en los organismos que son objeto de
control del oo™ debido a la presion de seleccion constante (Gould, 2000; Moyes et
al., 2002; Senior et al., 2002). Su dafio potencial es esperado cuando los controles
alternativos tienen mas riesgos ambientales que el uso del oGm. En insectos, malezas
y patégenos microbianos, se ha demostrado el potencial para contrarrestar las tacti-
cas de control utilizadas en su contra (Barrett, 1983; Georghiou, 1986; Georghiou y
Lagunes, 1988; NRC, 2000; Green, 2014). La resistencia de los insectos a los cultivos
Bt se considera inevitable y se estan haciendo esfuerzos por la us Environmental Pro-
tection Agency (EPA) para controlar la evolucion de resistencia de estos 0GM, ademas
de generalizar el uso de refugios. OGM resistentes a virus, hongos y bacterias no han
sido utilizados ampliamente, sin embargo, se han documentado casos de su rapida
evolucion en controles convencionales (menos de 5 afos, Delp 1988). La evolucion
de las malezas tolerantes a herbicidas es un riesgo ambiental indirecto (Ramachandran
et al., 2000; VanGessel, 2001). Los oGMs tolerantes a los herbicidas estan disefiados
de tal forma que herbicidas especificos puedan ser utilizados para controlar las ma-
lezas, sin embargo, generalmente después de que el cultivo ha emergido, el riesgo es
tener que utilizar herbicidas cada vez mas dafiinos para el ambiente: activos por mas
tiempo, con mayor cantidad de ingredientes activos, mezclados con otros agentes que
dafien otros recursos naturales y a la salud o que provoquen el cambio en el uso de
la tierra exclusivamente por cultivos GMm, o el abandono total o parcial de tierras (NRc,
2002; Bejarano et al., 2017).
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Componentes de la evaluacion de dafio ambiental causado por oM

Para establecer ciertos parametros que formaran parte de nuestra medida compues-
ta de “dafio ambiental”, consideramos pertinente definir tres elementos inherentes
al dafo: adversidad, significancia y permanencia. Estos aspectos serdn relevantes para:
1) determinar la magnitud del dafio; 2) permitir que los dafios sean comparables en
el tiempo y el espacio; y 3) proporcionar informacion para realizar una evaluacion
de los costos de remediacion.

Adbversidad: Se refiere al tipo de dafio relacionado al efecto que el oGm tie-
ne en el medio ambiente (ver seccion, Tipos de dafio ambiental ocasionado
por OGM).

Significancia: El nivel ecosistémico donde el dafio impacta. La significancia
se determinara con base en efectos detectados en las propiedades emer-
gentes de cada nivel (e.g. Poblacion: tamafio, densidad, tasas de natalidad,
mortalidad o crecimiento, diversidad y estructura genética, adecuacion,
etcétera; Comunidad: riqueza, abundancia, composicion u otros; Ecosiste-
ma: productividad primaria, estructura trofica, servicios ecosistémicos de
abastecimiento, regulacion, apoyo, culturales y evolutivos, entre otros).

Permanencia: El tiempo en que un efecto puede ser revertido.

Finalmente, la medida de dafio ambiental puede agravarse si especies y/o areas
legalmente protegidas se ven afectadas.

Propuesta metodoldogica para la evaluacion de dafio ambiental causado por oGm
El método puede iniciarse analizando si se observan cambios cualitativos en las dife-

rentes areas o directamente con el método cuantitativo mostrado abajo (por razones
de espacio, omitiremos la primera aproximacion).
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A. Evaluacion de adversidad, significancia y permanencia

Es necesario responder a las preguntas A1, A2y A3, que se presentan a continuacion,
para evaluar la existencia y magnitud de los efectos ambientales adversos causados
por oM. La informacion colectada se emplearad para completar la tabla 1, que se in-
troduce abajo. En ella, los diferentes impactos seran ponderados de acuerdo a su ad-
versidad y significancia en el ambiente. Para llenar esta tabla, el valor numérico aso-
ciado a las categorias de permanencia de la pregunta A3 debe ser reemplazado en las
funciones T, T,y T,, como se explicara con detalle mas adelante. Después de realizar
las operaciones pertinentes, se obtendra un valor preliminar de dano ambiental (Z).

A1. Adversidad. ;Cudl de los 4 tipos de impacto se ha identificado?

A2. Significancia. ;En qué niveles ecosistémicos el impacto ha tenido con-
secuencias y cuantas poblaciones, comunidades y/o ecosistemas han sido
afectados?

A3. Permanencia. ;En cuanto tiempo el efecto podria ser revertido? Este
tiempo se denota por las funciones T, T,y T,, que dependen de cada po-
blacioén, comunidad, ecosistema y su tipo de dafio, respectivamente. Deno-
tamos por P al conjunto de poblaciones, C al conjunto de comunidades, E al
conjunto de ecosistemas y por X={1,2,3,4} al conjunto de tipos de dafio. Los
elementos de P (las diferentes poblaciones) se describen por la variable
p, elementos de C (las distintas comunidades) se describen por la variable c,
elementos de E (los diferentes ecosistemas) se describen por la variable e
y los elementos de X se denotan por la variable x, de manera que: T,(p,x)
es el tiempo de permanencia del dafio x en X correspondiente a la poblacion
p en P; Tc(c,x) es el tiempo de permanencia del dano x en X correspon-
diente a la comunidad c en C; y TE(e,X) es el tiempo de permanencia del
dafio x en X correspondiente al ecosistema e en E. Dada una poblacion p
en P y un dano x en X, se asignan los siguientes valores a TP(p,X) de acuer-
do al tiempo en que puede revertirse el dano observado: sin efecto
(T(p,x)=0); antes dos afios (T(p,x)=1); entre dos a cinco aftos (T(p,x)=2);
entre cinco a ocho afios (T(p,x)=3); entre ocho y 10 afios (T(p,x)=4); perma-



137

ALAVEZ ET AL.

1aS

5). Las mismas categori

de 10 afios o es irreversible (T(p,x)=

aplican para T (c,x) y T,(e,x).

3

3

necera mas

Tabla 1. Evaluacién de adversidad, significancia y permanencia.

KEL)

(') ﬁw* Isl | +

KEEL
(€9) ,QN* [s] |+
+

q32
(z@) 9L N *|s| |+
+

7 Teroaed oueq

EEL
(19)9g N *|s| |+
+

NEF] 232 232 VA o:w
COMEEI @) { +1s] )2 { +Isl 2O
&)L N s+ op odn iod [B10],
dad dad dad
d3d h « «
(ed)g * (z'd)dL * (T'd) g *
@ { =
vz ¢ = 7= €=
£z 4 'z
q32 q32 q32 KEE]
CROEN N «|s| (g9)4y W «|s|  (z@) N «ls] (1) N * S| BUIISISO0H
MEF] NEF] WEPF] WEF
(¥°9) QN* sl (€%) ,‘QN* Is|  (z9) QN* sl (19 ,,QN * S| pepluntion
d3d d3d dad dad
CTOEEY COENEY @D { i { uoroRIqod
yodiL godiy, godiy, [ odif,




138 ENFRENTANDO EL RETO DE EVALUAR LOS DANOS AMBIENTALES

En la tabla 1, la significancia en los niveles de comunidad y ecosistema se ponde-
raran por el nimero de especies afectadas, cuyo conjunto se denota por S; los ele-
mentos de S (las diferentes especies) se describen por la variable s, de manera que
|S|denota el nimero de elementos de S. La adversidad, por otra parte, se ponderara
por un factor numérico relacionado a los efectos del dafio a largo plazo sobre el uso
de la diversidad (ver total por tipo de dafio en esta tabla).

B. Agravantes

A continuacion, se evaluaran dos factores agravantes a la medida de dafio de acuerdo
a especies y areas identificadas con proteccion especial. A partir de las preguntas B1
y B2, mostradas abajo, se obtendran dos valores que se sumaran al valor de dafio
ambiental (Z) obtenido anteriormente. Este analisis se realizara con base en los acuer-
dos internacionales pertinentes y al marco legal local del lugar donde se esté evaluan-
do el dafo.

B1. ;Las especies analizadas estan dentro de una categoria de proteccion
especial? Por ejemplo: especies prioritarias, NOM-059-SEMARNAT, lista roja
de especies amenazadas de la Unién Internacional para la Conservacion de
la Naturaleza (TUcN) o cualquier otra.

El primer factor agravante se denota por la funcion S,, que depende de cada espe-
cie y su categoria de proteccion especial. Como mencionamos arriba, S es el conjun-
to de especies afectadas, y denotamos por Y= {1,2,3,....,n} al conjunto de categorias
de proteccion especial. Los elementos de S se describen por la variable s y los ele-
mentos de Y se denotan por la variable y, de manera que: S,(s,y) es el agravante de y
en Y correspondiente a la especie s en S. Dada una especie s en S y una categoria de
proteccién especial y en Y, se asignan los siguientes valores a S,(s,y): sin proteccion
especial (S,(s,y)=1); dentro de cualquier categoria de proteccion especial (S,(s,y)=2);
otros criterios relevantes para expertos (S,(s,y)=2). Asi, el primer factor agravante,
dependiente de la proteccion legal con la que cuentan las especies evaluadas, se ob-
tiene de la siguiente manera:
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Sp = ZSP (s, y)

SES

B2. ;Las areas identificadas en el andlisis pertenecen a una categoria de
proteccion legal? Tales como: categorias de areas protegidas de la 1UCN,
areas relevantes para el Protocolo de Cartagena sobre bioseguridad (centros
de origen, y centros de diversidad genética), entre otras.

El segundo factor agravante de denota por la funcion As, que depende de cada 4rea
y su categoria de proteccion especial. Denotamos por A al conjunto de areas afectadas
y por Y={1,2,3,....,n} al conjunto de categorias de proeteccion especial. Los elementos
de A (las diferentes areas) se describen por la variable a y los elementos de Y se deno-
tan por la variable y, de manera que: As(a,y) es el agravante de y en Y correspondiente
al 4rea a en A. Dada un 4rea a en A y una categoria de proteccion especial y en Y, se
asignan los siguientes valores a As(a,y): sin proteccion especial (As(a,y)=1); areas prote-
gidas TucN (As(a,y)=2); centros de origen o diversidad (As(a,y)=2); otras dreas relevantes
para expertos (As(ay)=2). Asi, el segundo factor agravante, dependiente de la proteccion
legal con la que cuentan las areas evaluadas, se obtiene de la siguiente manera:

As = ZAS (a,y)

a€cA

C. Medida de dafio ambiental. Los valores resultantes (Sp) y (As) se sumaran al
valor de dafio ambiental (Z) calculado arriba para obtener una medida compuesta de
dafio ambiental (D):

D=Z7+Sp+As
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D. Interpretacion de resultados. Cuando el valor (D) sea igual a cero, 1a evaluacion
reflejard que no hay informacién disponible para realizar el andlisis o que el dafio
ambiental ocasionado por oM no fue detectado por esta metodologia. Sin embargo,
cuando (D) sea mayor de cero, se ha detectado dafio ambiental y serd necesario
acompanar el resultado con alguna de las siguientes recomendaciones de mitigacion,
dependiendo de la reversibilidad del impacto:

a. Acciones severas para restaurar
b. Acciones intermedias para restaurar
c¢. Sin procedimientos especiales para restaurar

Consideraciones

Integrar los componentes que deben ser analizados para la evaluacion cuantitativa
de dafios ambientales ocasionados por OGM es el primer paso para lograr tener resul-
tados objetivos en el mediano plazo, a partir de una herramienta metodologica ade-
cuada. La propuesta, después de ser probada y discutida por expertos, seguramente
serd mejorada, sin embargo, en materia de evaluacién de dafos para proyectos, peri-
tajes y consultorias ya puede ser considerada. Como mencionamos al inicio, la super-
vision de un ctc puede conducir a mejores resultados y recomendamos que exista
entre ellos un mecanismo establecido previamente para permitir solucionar discre-
pancias por mayoria de votos.

Los dafios ambientales ocasionados por procesos de antropizacion en general,
pueden cuantificarse con modificaciones a la metodologia aqui propuesta. En este
capitulo nos hemos enfocado a explicarla considerando los efectos adversos ocasio-
nados por oGM, pero su utilizacion en otros dambitos dependera de las aplicaciones
que se le quiera dar, ademas de la delimitacion y cantidad de los tipos de dafio que se
analicen. Los resultados, en todos los casos, sirven para comprender y comparar la
magnitud de los dafios; para determinar los costos econémicos, sociales y culturales
se requieren evaluaciones paralelas, posteriores y a largo plazo.
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Conclusiones

Con este modelo esperamos contribuir a una mejor aplicacion de las leyes y proporcio-
nar una herramienta til para los tomadores de decisiones, investigadores y sociedad
civil interesada, que pretenda desarrollar una investigacion en caso de sospechar
dafnos por la presencia de oGM o simplemente querer monitorear su ausencia. También
esperamos fomentar una discusion cientifica muy necesaria en torno a este tema.
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