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Resumen

La domesticaciéon es un proceso complejo en el que interactian fuerzas evolutivas y la
seleccidn ejercida por los humanos, y que produce cambios en los fenotipos y en los genomas.
En las ultimas décadas los marcadores moleculares y el desarrollo de tecnologias de
secuenciacibn masiva han permitido rastrear las huellas genomicas de la domesticacion y
encontrar patrones en especies domesticadas. Resultado de lo anterior, las especies cultivadas
se han convertido en modelos de estudio. Sin embargo, los esfuerzos se han enfocado en los
cultivos de mayor importancia econémica y se han dejado de lado especies de importancia
regional y a los parientes silvestres.

Este trabajo se centra en Phaseolus coccineus, una de las cinco especies del género
que fueron domesticadas, pero que a diferencia del frijol comun (P. vulgaris), ha recibido poca
atencion. Phaseolus coccineus, junto con otras tres especies de frijoles, fue domesticada en lo
gue hoy es el territorio mexicano. Es una planta perenne pero que es cultivada como anual por
pequefios agricultores para el consumo de sus semillas y vainas inmaduras. En este trabajo se
estudiaron los patrones de diversidad y diferenciacion en las poblaciones silvestres y
domesticadas para tratar de elucidar parte de su historia de domesticacion e identificar loci
relacionados con distintos procesos selectivos (adaptacion, domesticacion y diversificacion de
cultivos). Se colectaron individuos silvestres de 10 localidades, 11 cultivares de México, una
linea mejorada (Blanco Tlaxcala) y un cultivo de Espafia, ademas de tres poblaciones de
ferales. Se generaron datos genémicos basados en la técnica de Genotyping by Sequencing
(GBS), la cual hace un muestreo del genoma, resultando en la obtencion de 42,548 marcadores
genéticos. Se identificaron ocho grupos genéticos, la mitad de éstos corresponden a
poblaciones silvestres y la otra mitad a cultivos. Contrario a lo propuesto por otros autores,
quienes sugieren dos eventos de domesticacion, las plantas cultivadas integran un clado
monofilético, lo que sugiere un evento de domesticacién, el cual probablemente ocurrié a partir
de poblaciones silvestres de la Faja Volcanica Transmexicana.

Uno de los patrones reconocidos en las especies domesticadas es la reduccion de
diversidad genética, resultado del cuello de botella en las fases iniciales de la domesticacion.
En el caso de P. coccineus, los valores de heterocigosis mas bajos fueron encontrados en los
cultivos de Oaxaca (He=0.148) y de Espafia (He=0.134). Sin embargo, no hay un patrén claro
entre los niveles de variaciébn y la condicion de silvestre o domesticada. Por ejemplo,
poblaciones silvestres de la Sierra Madre Occidental presentan valores de heterocigosis tan
bajos como algunos cultivos, y las poblaciones domesticadas de la Faja Volcanica
Transmexicana muestran niveles superiores a algunas poblaciones silvestres. Lo anterior
sugiere que el cuello de botella no fue tan severo. Un factor que pudo haber contribuido al
mantenimiento de la variacion genética es el sistema de polinizacion cruzada que presenta esta
especie. En el caso del cultivo de Espafia, la baja diversidad puede deberse al subsecuente
cuello de botella que ocurrié durante la introduccion a Europa. Finalmente, usando dos métodos
de deteccion de outliers, se identificaron 24 SNPs candidatos relacionados a domesticacion, 13
a diversificacion de cultivos y ocho a seleccion natural. Dentro de los SNPs relacionados a
domesticacion, cuatro se han reportado altamente expresados en flores y vainas, estructuras
que han sido modificadas durante la domesticacion. Sin embargo, la mayoria de estos
marcadores candidatos no se encontraron en regiones anotadas. Este trabajo constituye un
primer acercamiento a la diversidad gendémica de las poblaciones silvestres y cultivadas de P.
coccineus en México, donde fue domesticada esta especie. A través de los datos generados,
fue posible hacer inferencias acerca de la historia de domesticacion y de las regiones que han
sido afectadas en este proceso. Ampliar el muestreo, incluyendo poblaciones de Centroamérica
y cultivos de diferentes paises de Europa, contar con un genoma de referencia de la especie e
incrementar la densidad de marcadores permitiria profundizar en la historia evolutiva de la
especie e identificar con mayor precision regiones que han estado sujetas a seleccion.
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Abstract

Domestication is a complex process where both evolutionary forces and human selection
interact, affecting the phenotypes and the genomes of the domesticated species. In the last few
decades, the development of molecular markers and more recently, of massive sequencing
tools, have enabled the identification of genomic signatures of domestication and the discovery
of common patterns across domesticated species. Crops have become model species for
evolutionary and genetic studies, but most works have focused in economically important crops,
while domesticated species important at regional levels and wild relatives have received little
attention.

This work focuses on the scarlet runner bean (Phaseolus coccineus), which is one of the
five domesticated species in the genus Phaseolus. The domestication of runner bean and other
three species of the genus occurred in Mexico. The scarlet runner bean is a perennial species,
but it is usually cultivated as an annual by smallholder farmers as a self-sufficiency crop for its
dry seeds and immature pods. The aims of this study were to provide information about the
genetic diversity and differentiation patterns of wild and domesticated populations to elucidate its
domestication history and to detect signatures of selective processes (adaptation, domestication
and cultivar diversification). Individuals from 11 wild populations, 11 Mexican cultivars, one
breeding line and one cultivar from Spain were collected. Genomic data were generated using a
Genotyping by Sequencing (GBS) approach, which samples the genome, obtaining 42,548
genetic markers. Eight genetic groups were identified, of which half correspond to wild
populations and the rest to cultivars. Previous works suggested that two domestication events
took place in P. coccineus, but our data show that cultivars integrate a monophyletic group,
suggesting a single domestication event that probably occurred from wild populations in the
Trans-Mexican Volcanic Belt.

A recognized pattern across crop species is the loss of diversity due to the bottleneck
associated with the initial phase of domestication. In the samples included in this study, the
lowest heterozygosity values were estimated in cultivars from Oaxaca (Heg=0.148) and from
Spain (He=0.134). Nonetheless, no clear pattern was observed with regards of the diversity
levels when comparing wild versus cultivated populations. For example, wild samples from
Sierra Madre Occidental presented lower heterozygosity than cultivars from the same
geographic region, and cultivars from the Trans-Mexican Volcanic Belt have higher diversity than
two wild populations. Therefore, our data suggest that the genetic bottleneck related to
domestication was not severe. An important factor that probably contributed to maintain diversity
is the open-pollinated system observed in runner bean. In contrast, the low heterozygosity
estimated in the cultivar from Spain could be due to the second bottleneck that occurred during
its introduction into Europe. To identify signatures of selection and obtain candidate genetic
markers, two methods based on outlier detection were used. Twenty four SNPs putatively
related to domestication, 13 to cultivar diversification and eight to natural selection were
detected. While four of SNPs related with domestication have been reported as highly
expressed in flowers and pods, most of the candidate SNPs fell within no annotated regions of
the genome. This is the first work that focuses on analyzing the genomic diversity of wild and
cultivated populations of P. coccineus in Mexico, its center of domestication. We provide
information about the domestication history of scarlet runner bean and the genomic regions that
were affected during the domestication process.



Capitulo 1: Introduccién

La domesticacion como proceso evolutivo

La domesticacion es un proceso que ha sido ampliamente estudiado, comenzando por el mismo
Darwin, quien documenté como la seleccion ejercida por el ser humano es capaz de modificar
atributos de las especies cultivadas, y usé este caso como analogia de la seleccion natural. La
domesticacion es un proceso dindmico y continuo que comienza con la explotacién, manejo y/o
cultivo deliberado de poblaciones silvestres de una especie (Pickersgill, 2007), e involucra
factores biol6gicos, ecolbgicos y culturales (Larson et al., 2014). Con el tiempo, las poblaciones
manejadas divergen de sus ancestros silvestres y se adaptan a las nuevas condiciones
agroecoldgicas, las cuales en muchos casos son dependientes del ser humano (Meyer y
Purugganan, 2013). Estas adaptaciones resultan en cambios fenotipicos morfolégicos y
fisioldgicos que en conjunto son conocidos como “sindrome de domesticacion”. Frecuentemente
las diferencias entre los atributos de los cultivos y parientes silvestres no son discretas, sino que

integran un continuo morfolégico (Abbo et al., 2014).

Conforme las especies son cultivadas en jardines, traspatios o campos de cultivo y son
dispersadas a nuevas areas geograficas, se establecen poblaciones a partir de un nimero
relativamente pequefo de individuos fundadores (Ladizinsky, 1985). La introduccion a nuevos
agrosistemas conduce a nuevas adaptaciones, asi como a cambios genémicos que reflejan las
historias demogréficas, las presiones selectivas y el flujo genético. Por tanto, al caracterizar y
conocer los patrones de diversidad, estructura y organizacion de los genomas de las especies
domesticadas, asi como identificando cambios causales en loci especificos, es posible entender
los mecanismos moleculares, las respuestas genéticas y fenotipicas a la seleccién artificial, y
tratar de extrapolar a procesos de evolucién natural (Kantar et al., 2017). Por otro lado, debido a
que los patrones de diversidad muestran las historias de ancestria, migracion y cambios en el
tamafio de las poblaciones, los estudios de genética de poblaciones contribuyen a nuestro
entendimiento de donde ocurrié la domesticacion y como aprovechar los recursos genéticos de

los cultivos y sus parientes silvestres (Larson et al., 2014; Kantar et al., 2017).

Los principales cuestionamientos evolutivos en especies domesticadas pueden
clasificarse en seis grandes grupos (Gerbault et al., 2014 ; Gaut et al.,, 2018): 1) ¢Donde,
cuando y cuantas veces fue domesticada una especie?; 2) ¢Cudles fueron las rutas de
distribucion?; 3) ¢Ha ocurrido flujo genético entre los parientes silvestres y las poblaciones

domesticadas?: 4) ¢ En cuantas generaciones se fijaron los atributos fenotipicos que diferencian
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a las formas domesticadas?; 5) ¢Como se adaptan los cultivos a nuevos ambientes
antropogénicos?; 6) ¢, Cual es la historia demografica de las poblaciones cultivadas? Muchos de
estos cuestionamientos pueden ser contestados, al menos de forma parcial, a través de la
genética de poblaciones, ya que la variacion a lo largo del genoma es moldeada por la historia
demogréfica, mientras que la diversidad en genes relacionados con atributos clave estad dada
por seleccion. Sin embargo, diferenciar entre estos dos procesos no es trivial y puede ser

metodolégicamente complejo (Ross-Ibarra et al., 2007; Gerbault et al., 2014).

La investigacion y el camulo de conocimiento de la domesticacion, asi como del origen
espacio temporal de las especies domesticadas, se ha acelerado en los Ultimos afos, resultado
de estudios arqueoldgicos, el avance en las técnicas de secuenciacién del material genético y el
desarrollo de métodos para identificar cambios claves en plantas y animales domesticados
(Meyer y Purugganan 2013; Larson et al., 2014). La domesticacion ofrece la oportunidad de
dilucidar preguntas evolutivas, ya que se trata de un proceso reciente en términos de la escala
geologica, y porque las presiones selectivas que el humano ha ejercido en ocasiones son
conocidas (Fuller et al., 2014). Asi, los principales cultivos se han convertido en modelos de
estudio en el area de la genética y la evolucion, y han permitido estudiar la interaccion de los
humanos con especies bajo manejo (Kantar et al., 2017).

Actualmente una cantidad importante del material conservado en bancos de
germoplasma ha sido secuenciado por completo o genotipado. Por ejemplo, 539 lineas
mejoradas de maiz que se encuentran en el Centro Internacional de Mejoramiento de Maiz y
Trigo (CIMMYT) han sido genotipados (Wu et al., 2016). Se espera que en los proximos afios
aumente la cantidad de informacion genética disponible, tanto de cultivos como de parientes
silvestres. Pese a que el objetivo de estos esfuerzos se centra en mejoramiento, estos recursos
son también utiles para estudios de genética de poblaciones, evolucion de los genomas y de
diversidad (Kantar et al., 2017).

Mesoameérica, lugar de origen de cultivos

Un cuerpo rico y diverso de datos arqueoldgicos y moleculares sugieren que la agricultura
surgio de forma independiente en los distintos continentes y en diferentes culturas (Fuller et al.,
2014; Larson et al., 2014). Los primeros estudios en plantas domesticadas impulsaron los
conceptos de los Centros de Origen o Centros de Domesticacion. Esta hipotesis, que fue
originalmente propuesta por Alphonse de Candolle en 1886, y posteriormente refinada y

popularizada por Nikolai Vavilov (1951), proponia que la domesticacién ocurrié en unas pocas y
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discretas regiones geograficas (“centros”), a partir de los cuales las especies domesticadas se
expandieron a través de las migraciones humanas y el comercio. Lo que Vavilov observd es
gue la variacion de los cultivos se concentra en ciertas regiones geograficas, y estos centros de

diversidad frecuentemente coinciden entre varias especies domesticadas.

Actualmente, datos genéticos y arqueoldgicos sugieren que estos sitios discretos o
centros de domesticacion pueden estar simplificando la historia de las especies cultivadas
(Harlan, 1971). Sin embargo, el concepto de Centro de Origen es Util para tratar de responder
preguntas relacionadas con encontrar variacion importante en los cultivos, estudiar el cambio en
la diversidad dentro y fuera de su rango natural de distribucién, y examinar la evolucién
fenotipica y genotipica, especialmente cuando los cultivos son introducidos a nuevos sitios
(Kantar et al., 2017).

Mesoameérica es una de las areas de América donde surgio la agricultura, lo que llevé al
origen de distintos cultivos en esta regién (Harlan 1971). Esto puede estar relacionado con la
alta diversidad de plantas y culturas presentes (Casas et al., 2007; Pickersgill, 2007). Por
ejemplo, sélo en el territorio mexicano, Villasefior (2003) estima la presencia de mas de 22,300
especies de angiospermas, de las cuales el 56% son endémicas de México. Por otro lado, de
acuerdo con Toledo (2001) en el territorio mexicano habitan 56 grupos étnicos indigenas, cuyos
ancestros han ocupado el area por 12,000-14,000 afios. Asi, los grupos humanos en
Mesoamérica se han establecido y diversificado en una amplia gama de ecosistemas,
explorando y modificando a través de seleccibn un gran ndmero de especies de plantas
(Delgado-Salinas et al., 2004).

Se calcula que en Mesoameérica se utilizan entre 5,000 y 7,000 especies de plantas, y
mas de 200 especies nativas fueron domesticadas en esta region, lo que implica que coexisten
con sus parientes silvestres (Casas et al., 1994). Dentro de estos cientos de especies
domesticadas en Mesoamérica se incluyen algunas de gran importancia econémica a nivel
mundial, como el maiz (Zea mays), el chile (Capsicum annum), distintas especies de calabaza
(Cucurbita spp.), el algodén (Gossypium hirsutum) y los frijoles (Phaseolus spp.). Pero también
hay especies econémicamente importantes a nivel regional con niveles de domesticacion que
van desde incipiente hasta avanzada (Casas et al., 2007). Ejemplos de esto incluyen especies
de los géneros Agave, Opuntia, Leucaena, Chenopodium y Amaranthus; asi como al tomate
(Physalis sp.), el aguacate (Persea americana), el chayote (Sechium edule), el zapote blanco
(Casimiroa edulis), el zapote negro (Diospyros digyna), la jicama (Pachyrhizus erosus) y la

vainilla (Vanilla planifolia), entre otras (Delgado-Salinas et al., 2004; Casas et al., 2007)
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Existe un amplio espectro de formas en las que el humano interactla con las especies

manejadas. Se pueden distinguir dos tipos principales (Casas et al., 1996):

e |n situ: interacciones que se llevan a cabo en los espacios naturalmente ocupados por
plantas silvestres. EI humano puede o no alterar la estructura fenotipica y/o genética de
las poblaciones. Incluye la recoleccion, tolerancia, fomento o induccion, y la proteccion.

e Ex situ: interacciones que se llevan a cabo fuera de las poblaciones naturales, en

habitats creados y controlados por el hombre.

México y sus (sabrosos) frijoles

El género Phaseolus (Fabaceae) contiene alrededor de 70 especies, la mayoria de ellas
distribuidas en Mesoamérica, donde se diversificé el género hace 4-6 millones de afios
(Delgado-Salinas et al., 2006). Phaseolus (2n = 2X = 22) representa un caso destacable de
domesticacion ya que ocurrieron varios eventos, resultando en cinco especies domesticadas:
Phaseolus vulgaris, P. coccineus, P. acutifolius, P. dumosus, y P. lunatus. Cuatro de estas
especies fueron domesticadas en lo que hoy es el territorio de México (Blair et al., 2012;
Schmutz et al., 2014; Chacon-Sanchez y Martinez-Castillo, 2017; Guerra-Garcia et al., 2017;
Chacon-Sanchez, 2018; Fig. 1). Unicamente P. dumosus fue domesticada fuera del territorio
mexicano (Chacén-Sanchez, 2018), y dos especies (P. vulgaris y P. lunatus) se domesticaron
de forma independiente en Mesoamérica y en los Andes (Andueza-Noh et al., 2012; Schmutz et
al., 2014; Andueza-Noh et al., 2015; Chacén-Sanchez y Martinez-Castillo, 2017; Fig. 1).

El registro arqueoldgico sugiere que la domesticacion de las especies de este género
ocurrié posterior a la de otros integrantes de la milpa. Por ejemplo, los restos arqueoldgicos mas
antiguos de calabaza, los cuales se encontraron en la cueva de Guila Naquitz, en Oaxaca,
pertenecen a la especie Cucurbita pepo y datan de hace alrededor de 10,000 afios (Smith,
1997). Por su parte, los restos mas antiguos de maiz son granos de almidon localizados en la
cueva Xihuatoxtla, en la Cuencas del Balsas, con una edad estimada de 8,700 afios (Piperno et
al., 2009). Esto concuerda con datos genéticos que ubican temporalmente a la domesticacién
del maiz hace 9,000 afios (Matsuoka et al., 2002).

El registro arqueolégico en Mesoamérica de las especies domesticadas del género
Phaseolus no es tan antiguo como en el caso de la calabaza y el maiz. Los restos de mayor
antigledad de frijol comdan (P. vulgaris) y teparis (P. acutifolius) en Mesoamérica fueron
encontrados en el Valle de Tehuacan y tienen una edad de 2,500 afios. Los siguientes mas

antiguos provienen del Valle de Oaxaca y datan de hace 2,100 afos. De ayocote, en el Valle de
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Oaxaca y en Rio Zape, Durango, se han encontrado restos de semillas que datan de hace
1,100 afios (Kaplan & Lynch, 1998). En la Regién Andina de Peru se han descubierto restos de
frijoles domesticados de hace 4,400 afios, mientras que en los valles costeros de ese mismo
pais se han hallado restos de P. lunatus de 5,600 afios (Kaplan & Lynch, 1998). Sin embargo,
datos genéticos y gendmicos sitlan a la domesticacién de estas leguminosas miles de afios
atrds. Por ejemplo, Schmutz et al. (2014) estimaron que la domesticacién del frijol comun
ocurrid hace alrededor de 8,000 afios de forma independiente en Mesoamérica y en la Region
Andina.
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Fig. 1. Distribucién de poblaciones silvestres de las cinco especies de frijoles domesticados. Las areas
delimitadas indican los centros de domesticacion que han sido propuestos para cada especie. Tomado y
modificado de Bitocchi et al. (2017).
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Estas especies ofrecen la oportunidad de estudiar y evaluar las bases genéticas del
proceso de domesticacion al comparar a los frijoles domesticados, y poner a prueba
paralelismos y convergencias dentro de una misma especie. Pese a esto, existe una gran
diferencia en el cumulo de informacién de las distintas especies, siendo el frijol comun la
especie mas estudiada, seguido del frijol ibe o lima (P. lunatus; Bitocchi et al., 2017; Chacén-
Sanchez & Martinez-Castillo 2017). En contraste, la cantidad de estudios acerca del origen,

historia y patrones de diversidad genética en las otras tres especies es menor.

Distribucion e historia evolutiva de los frijoles
Frijol comun (Phaseolus vulgaris)

Las poblaciones silvestres de P. vulgaris se distribuyen desde el norte de México hasta
el noroeste de Argentina (Fig. 1), y tres pozas genéticas eco-geograficas habian sido descritas.
Dos de estas pozas, la mesoamericana y la andina, representan las mayores pozas de la
especie y cada una incluye tanto formas silvestres como cultivadas (Bitocchi et al., 2013). La
tercera poza génica esta constituida por poblaciones silvestres del norte de Per y Ecuador. Las
poblaciones silvestres de México se encuentran subdivididas, y las relaciones filogenéticas
entre los grupos muestra un cluster mesoamericano mas cercanamente relacionado con la poza
andina, y otro grupo mexicano mas cercano a las poblaciones del norte Pera y Ecuador. Lo
anterior llevo a la conclusion de que cada poza sudamericana se origind a partir de distintos
eventos de migracion provenientes de México (Bitocchi et al.,, 2013; Schmutz et al., 2014;
Renddén-Anaya et al., 2017b) hace alrededor de 165,000 afios (Schmutz et al., 2014). Sin
embargo, recientemente Rendén-Anaya et al. (2017a), usando informacién de secuenciacion de

genomas completos, sugirieron que el grupo Perl y Ecuador son una especie hermana.

Dos regiones han sido sugeridas como areas de domesticacién en Mesoamérica: Kwak
et al. (2009), usando microsatélites, proponen la cuenca del Rio Lerma-Rio Grande de
Santiago, en en centro oriente de México; mientras que los trabajos de Bitocchi et al. (2013) y
de Rodriguez et al. (2016) situan el inicio de la domesticacién en el Valle de Oaxaca. En el caso
de la domesticacion en la Region Andina, también dos zonas han sido propuestas: centro-sur
de Pera (Chacon-Sanchez et al., 2005) y norte de Argentina-sur de Bolivia (Beebe et al., 2001;
Rodriguez et al., 2016).

La teoria de genética de poblaciones predice que durante la domesticacion ocurre una
reduccion en la diversidad genética y un incremento en la divergencia entre poblaciones

silvestres y cultivadas, lo cual se debe a procesos demograficos que afectan a todo el genoma y
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a la seleccion artificial en ciertos loci. En el caso del frijol comdn, varios estudios han
identificado el decremento de variacidn genética consecuencia de los cuellos de botella por los
que han pasado las poblaciones domesticadas (Kwak et al., 2009; Mamidi et al., 2011; Bitocchi
et al.,, 2013; Bellucci et al., 2014). Esta reduccion en la diversidad genética es mayor en los
cultivos mesoamericanos que en los andinos (Bitocchi et al.,, 2013). Ademas, Bellucci et al.
(2014), con informacién de secuenciacién de ARN, mostraron que ademas del decremento en

la variacion, los cultivos también presentan una reduccion de la expresion génica.

Hasta el momento, P. vulgaris es la Unica especie del género que cuenta con un
genoma secuenciado (Schmutz et al., 2014), el cual es el mas pequefio de las cinco especies
domesticadas de Phaseolus, con un tamafio de 587 Mb. Papa et al. (2007), usando 2,506
AFLPs para detectar firmas de seleccion, estimé que alrededor del 16% del genoma esta bajo
efectos selectivos. Mas recientemente, Bellucci et al. (2014) con informacion de transcriptomas
y simulando la dinamica demogréfica, calculé que el 9% de los genes han estado bajo
presiones de seleccion artificial. Finalmente, Schmutz et al. (2014), secuenciado genomas
completos, estimaron que alrededor de 74 Mb del genoma de P. vulgaris fueron afectadas por
la domesticacién, pero menos del 10% de estas regiones son compartidas entre los cultivos

andinos y mesoamericanos.

Frijol lima (Phaseolus lunatus)

La segunda especie del género de mayor importancia econémica es P. lunatus o frijol
lima, la cual se distribuye desde el centro de México hasta el norte de Argentina (Fig. 1). Los
estudios sobre la historia evolutiva del frijol lima se han basado en espaciadores intergénicos de
cloroplasto (atpB-rbcL, trnL-trnF; Serrano-Serrano et al., 2010), en la secuencia ribosomal 5.8S
y en espaciadores internos transcritos (region ITS; Motta-Aldana et al., 2010; Serrano-Serrano
et al., 2012), asi como en 10 microsatélites (Martinez-Castillo et al., 2014). Los resultados de
estos estudios presentan discordancias, especialmente al contrastar conclusiones obtenidas

con marcadores nucleares y citoplasmicos.

Al igual que en el frijol coman, el frijol lima se domesticé dos veces. Uno de estos
eventos ocurrio en la Region Andina y dio origen a los cultivares conocidos como “Lima
grande”, y el otro ocurri6 en Mesoameérica, a partir del cual surgieron cultivares cuya semilla es
de menor tamafio (Motta-Aldana et al., 2010; Serrano-Serrano et al.,, 2012). Recientemente,
Chacén-Sanchez y Martinez-Castillo (2017) realizaron el primer andlisis gendmico de la

especie. Sus resultados también apoyan dos eventos de domesticacion.
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Andlisis de diversidad genética con distintos marcadores moleculares han detectado una
severa reduccién de variacién al comparar poblaciones silvestres y cultivadas del frijol lima,
tanto en la poza génica mesoamericana como en la andina (Motta-Aldana et al., 2010; Serrano-
Serrano et al.,, 2010; Serrano-Serrano et al., 2012; Martinez-Castillo et al., 2014; Chacén-
Sanchez y Martinez-Castillo, 2017). Este decremento de diversidad parece ser aln mas

pronunciado en el cloroplasto (Serrano-Serrano et al., 2010).

Frijol tepari (Phaseolus acutifolius) y piloy (Phaseolus dumosus)

Dada la importancia econémica del frijol comudn, es la especie de Phaseolus mas estudiada,
seguida del frijol lima. De las otras tres especies de frijoles domesticados poco se conoce de su
historia evolutiva y proceso de domesticacion.

El frijol tepari silvestre (P. acutifolius) crece desde el centro de México hasta el suroeste
de Estados Unidos (Fig. 1). Estudios de esta especie basados en faseolina (Schinkel y Gepts,
1988), isozimas (Garvin y Weeden, 1994), microsatélites (Blair et al.,, 2012) y 645 SNPs
(Gujaria-Verma et al., 2016) indican un solo evento de domesticacion y una reduccion de
diversidad en los cultivos. Ademas, el trabajo realizado por Gujaria-Verma et al. (2016) muestra
que los cultivos de frijol tepari se encuentran divididos en dos grupos genéticos (centro de
México y noroeste de México-Sur de Estados Unidos), lo que sugiere que el evento de
domesticacion fue seguido de la separacion de los cultivos en dos regiones geograficas
(Gujaria-Verma et al., 2016).

De las especies domesticadas de frijoles, P. dumosus presenta el area de distribucion
mas reducida, ya que sus parientes silvestres Unicamente crecen en la parte central de
Guatemala, donde muy probablemente se originé la especie. Los datos por Schmit y Debouck
(1991) de faseolina muestran la presencia de un sélo grupo genético de poblaciones silvestres,
lo cual fue corroborado por Mina-Vargas et al. (2016) usando 600 marcadores moleculares. A
partir de esta poza génica de Guatemala se domesticé el frijol piloy, y posteriormente se

expandi6 a Chiapas, Oaxaca, Puebla y Veracruz (Schmit y Debouck, 1991).
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Phaseolus coccineus: Ayocote, botil, xut chenek, xutito, pocohuinic, tacahuaquetl,

tecomari, patol, cimat

Al igual que muchas especies domesticadas, las poblaciones domesticadas de Phaseolus
coccineus tienen distintos nombres de acuerdo a la region y caracteristicas del cultivo. Por
ejemplo, el nombre comun en el centro del México es ayocote, mientras que en la zona de
Chiapas es conocido como botil o shbotil, y en la Sierra Tarahumara es llamado tecomari. Otros
nombres comunes son xut chenek, xutito, pocohuinic, tacahuaquetl, tachena, tukamuli,

shashana, tangashtpu, chambotorte, patol, yeguas y cimatl.

Phaseolus coccineus se distribuye en zonas templadas (1,000-3,000 m.s.n.m.) desde
Chihuahua en el norte de México hasta Costa Rica (Salinas, 1988). Freytag y Debouck (2002)
con base a comparaciones morfolégicas proponen dos subespecies: P. coccineus subsp.
coccineus y P. coccineus subsp. striatus. De acuerdo con esta clasificacion, la principal
diferencia entre las subespecies es que la primera presenta flores de color rojo, mientras que la
segunda posee flores rosas, lilas o0 moradas. Cabe mencionar que las formas domesticadas

corresponden a P. coccineus subsp. coccineus var. coccineus, junto con otras 11 variedades

mas. Por su parte, dentro de P. coccineus subsp. striatus se incluye a 8 variedades (Tabla 1).

Tabla 1. Subespecies y variedades de P. coccineus descritas por Freytag y Debouck (2002).

Subespecie

Variedades

Caracteristicas y distribucién

P. coccineus subsp.
coccineus

var coccineus

var parvibracteolatus
var griseus

var lineatibracteolatus
var tridentatus

var splendens

var strigillosus

var semperbracteolatus
var condensatus

var pubescens

var argentus

var zongolicensis

Plantas trepadoras con flores rojas o
escarlata.

Los cultivares pertenecen a var. coccineus y
en raras ocasiones pueden presentar flores
blancas.

La subespecie coccineus presenta una
amplia distribucién, que incluye zonas
montafiosas desde Chihuahua hasta Costa
Rica.

P. coccineus subsp. striatus

var striatus

var minuticicatricatus
var guatemalensis
var purpurascens
var rigidicaulis

var pringlei

var timilpanesis

Variedades con flores de color lila o purpura,
en su mayoria de crecimiento postrado,
excepto la var. guatemalensis.

La distribucion de striatus es mas restringida
en comparacion con la otra subespecie. En
México se encuentra principalmente en la
Ciudad de México, Morelos y Estado de
México. Fuera de México se distribuye en
Guatemala y Nicaragua.
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Como cultivo, P. coccineus es aprovechada en México, Guatemala y Honduras
principalmente para autoconsumo por pequefios agricultores, y en menor medida, se
comercializa en areas urbanas. Las partes consumidas con mayor frecuencia son las semillas y
vainas inmaduras (“ejotes”), pero también se usan como alimento las flores, el follaje y la raiz
(“camotes”; Basurto, 2000). Comunmente se siembra asociado a maiz y en regiones como la
Sierra Norte de Puebla es posible encontrar cultivos con hasta tres especies de frijoles (P.
vulgaris, P. dumosus y P. coccineus, Basurto 2000). En el rango de distribucion de la especie,
es frecuente que poblaciones silvestres, cultivadas y ferales se encuentren en simpatria, lo que

resulta en un gradiente morfolégico (Salinas, 1988).

Gracias al intercambio de productos entre el Nuevo y el Viejo Mundo, P. coccineus fue
llevado a Europa, y se cree que Espafia fue el pais a través del cual se introdujo (Zeven et al.,
1993). Actualmente el Reino Unido es el pais donde mas se cultiva fuera de América debido a
su capacidad de crecer en temperaturas bajas, donde se le conoce como “scarlet runner bean”.
(Rodifio et al., 2006).

Diversidad genética del ayocote

A diferencia de P. vulgaris, que es una especie autdgama, P. coccineus presenta un alto
porcentaje de entrecruzamiento (Escalante et al., 1994), mediado por abejas y varias especies
de colibries, sin embargo, los polinizadores mas importantes son los abejorros (Sousa-Penfa,
1992). Este tipo de sistema de apareamiento promueve el mantenimiento de una alta
diversidad, la cual fue reportada por Escalante et al. (1994) en poblaciones silvestres y
cultivadas de México, quienes realizaron uno de los primeros estudios de diversidad genética,

identificando también alta diferenciacion entre las poblaciones del centro del pais y de Chiapas.

Son escasos los trabajos en esta especie, y pese a que la domesticacion de P.
coccineus ocurri6 en Mesoamérica, la variacion genética de los cultivos europeos ha sido
estudiada mas ampliamente: Sicard et al. (2005) y Acampora et al. (2007) estimaron la
diversidad en cultivos italianos, registrando una alta variacién pese a las pocas accesiones
incluidas; Nowosielski et al. (2002) y Boczkowska et al. (2012) emplearon RAPDs y AFLPs,
respectivamente, para analizar poblaciones de Polonia, donde registraron una baja variabilidad,
probablemente debido a los cuellos de botella por los que habian pasado los cultivares al llegar
a este pais. Spataro et al. (2011) analizaron accesiones de 10 paises europeos y de
Mesoamérica con 12 microsatélites, encontrando altos niveles de diversidad tanto en las

muestras del Viejo y del Nuevo Continente, lo que sugiere que el cuello de botella por el que
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pasaron las poblaciones europeas no fue severo (Tabla 2). Estos resultados fueron apoyados
por los de Rodriguez et al. (2013), quienes usaron microsatélites de cloroplasto y aumentaron la

cantidad de accesiones (Tabla 2).

Spataro et al. (2011) ademas encuentra evidencia de alta diferenciacién genética entre
los cultivos europeos y mesoamericanos, lo cual puede ser resultado de nuevas presiones
selectivas, deriva génica y la falta de flujo genético con poblaciones silvestres (Spataro et al.
2011). Dentro de las poblaciones europeas, la diferenciacion es baja, y se ha reportado una
correlacion entre la distancia genética y geografica, sugiriendo flujo génico mediado por el

intercambio de semillas (Rodriguez et al. 2013).

En cuanto a la historia de domesticacién de esta especie, empleando microsatélites de
cloroplasto, Angioi et al., (2009) detectaron dos grupos genéticos, cada uno contenia tanto
accesiones silvestres como cultivadas, sugiriendo multiples eventos de domesticacion de P.
coccineus. Sin embargo, s6lo ocho accesiones silvestres y 11 cultivadas de P. coccineus fueron
usadas en este trabajo. Rodriguez et al. (2013), con evidencia de seis microsatélites de
cloroplasto, proponen dos eventos de domesticacion, uno de los cuales ocurri6é en la regién de
Guatemala y Honduras, y un segundo en México. En este caso también pocas accesiones
silvestres y cultivadas de México son incluidas (siete y 31 respectivamente), y su trabajo se

centra en cultivos de Europa (331 accesiones europeas).

Tabla 2. Estadisticos de diversidad de P. coccineus. Los resultados de microsatélites nucleares fueron
obtenidos por Spataro et al. (2011), y los de cloroplasto por Rodriguez et al. (2013). Las accesiones de
Mesoamérica provienen de México, Guatemala, Honduras y Costa Rica.

Microsatélites nucleares Microsatélites de cloroplasto

Cultivares Cultivares Silvestres Cultivares Cultivares Silvestres
Europa Mesoamérica Mesoamérica  Europa  Mesoamérica Mesoamérica

Tamafio de 148 52 28 331 37 12
muestra

n alelos 91 101 77 19 16 17
n alelos 36 28 29 - - -
privados

n haplotipos - - - 29 15 10
n haplotipos - - - 26 8 4
privados

He 0.37 0.55 0.5 0.29 0.33 0.56
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Para poder conocer a mayor profundidad la historia de domesticacion de P. coccineus,
es necesario analizar cultivos y poblaciones silvestres que representen el area de distribucion
de la especie, y utilizar marcadores moleculares que den una resolucion a nivel del genoma
completo. Asi, los objetivos del presente trabajo son: 1) brindar informacién acerca de los
patrones de diversidad y diferenciacion de las poblaciones cultivadas y silvestres de P.
coccineus en México; 2) generar informacién acerca de la historia de domesticacion de la
especie, poniendo a prueba la hipotesis de dos eventos de domesticacion; 3) identificar loci
candidatos que presenten firmas de seleccion natural y artificial (domesticacion).

En el segundo capitulo se hace una revision de los métodos, enfoques y herramientas
gendmicas que se emplean para hacer inferencias acerca de la historia de las especies
domesticadas, asi como para identificar los genes o regiones afectadas durante este proceso.
En el tercer capitulo se abordan las preguntas de P. coccineus antes planteadas, utilizando
individuos silvestres, cultivados y ferales (242 en total), y usando la herramienta de Genotyping
by Sequencing (GBS), con la cual se hace un muestreo aleatorio del genoma, obteniendo
decenas de miles de marcadores moleculares a lo largo de los genomas de los individuos.

Métodos y analisis en gendmica de poblaciones

La caracterizacion de la historia evolutiva de las especies y la identificacion de patrones de
adaptacion es crucial en campos como la ecologia funcional, la conservacion, la agronomia y la
biologia evolutiva. Para poder comprender los procesos evolutivos usando herramientas
gendmicas son necesarias las bases tedricas de la genética de poblaciones. Sin embargo, en
los inicios de la genémica, ambos campos fueron desarrollados de forma independiente. El
surgimiento de herramientas de secuenciacién de siguiente generacion (Next Generation
Sequencing, NGS) o secuenciacion masiva han incrementado la cantidad de marcadores
moleculares disponibles, derivando en la creacion de herramientas computacionales para su
andlisis. Estas herramientas frecuentemente estan poco unificadas e interconectadas entre si,

lo que puede restringir la cantidad de informacion que se extrae de los datos.

Gran parte de los esfuerzos para generar y analizar datos del genoma se han centrado
en el ser humano, en especies modelo y/o de valor econdmico. No obstante, es necesario
trasladar los métodos y herramientas a especies no modelo para poder entender los procesos

evolutivos a distintos niveles y abarcando una amplia diversidad biolégica.
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Dentro de las estrategias en gendmica para el estudio de organismos no modelo las mas
usadas son las librerias de representacion reducida y la resecuenciacion de genomas
completos (Bourgeois et al., 2016). Las librerias de representacion reducida tienen la ventaja de
bajar costos y permiten muestrear variantes a lo largo del genoma al secuenciar fragmentos de
ADN flanqueantes a sitios de restriccion. Dentro de este tipo de técnica se encuentra la
secuenciacion RAD (RAD-sequencing; Baird et al., 2008) y Genotipado por Secuenciacion
(Genotyping by Sequencing, GBS; Elshire et al., 2011). Pese a que no es forzoso contar con un
genoma de referencia, el usar uno brinda informacién de las posiciones de las variantes, del
tamafo de haplotipos y desequilibrio de ligamiento (Bourgeois et al., 2016). Por otro lado, la
resecuenciacion de genomas completos requiere de un genoma de referencia y es mas
costosa, especialmente en el caso de genomas grandes y complejos. Sin embargo, ofrece una

vision completa de las variantes del genoma.

Exploracion de la estructura poblacional

Identificar la estructura poblacional es un paso crucial y omitirla puede sesgar inferencias
demograficas (Chikhi et al., 2010) o puede llevar a identificar erroneamente variantes bajo
seleccion (Nielsen, 2005). Un método relativamente simple para comenzar a explorar el
agrupamiento de los individuos es el Andlisis de Componentes Principales (Principal
Component Analysis; PCA), el cual se basa en analizar la varianza y covarianza entre los
genotipos (Bourgeois et al., 2016). Este analisis puede llevarse a cabo en el paquete de R
SNPRelate (Zheng et al., 2012) o en el programa PLINK (Chang et al., 2015).

Otro enfoque para inferir la estructura de las poblaciones es usar métodos como
Structure (Pritchard et al., 2000) o fastSTRUCTURE (Raj et al., 2014), ambos basados en
estadistica Bayesiana; o Admixture (Alexander et al., 2009), que usa maxima verosimilitud.
Estos métodos determinan la estructura al agrupar a los individuos en clusters sin ningun priori
y ademas pueden detectar flujo genético. Computacionalmente fastSTRUCTURE y Admixture

son mas rapidos y permiten analizar bases de datos més grandes.

Para poner a prueba la existencia de poblaciones con una estructura jerarquizada
también pueden usarse métodos basados en medidas de diferenciaciéon (por ejemplo, Fsr), con
los cuales es posible construir hipotesis filogenéticas (Bourgeois et al., 2016). POPTREE
(Takezaki et al., 2010) permite usar varias medidas de diferenciacion para inferir las relaciones

filogenéticas. TreeMix (Pickerell y Pritchard, 2012) construye un arbol filogenético de las
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poblaciones con base en la matriz de covarianza de las frecuencias alélicas de las poblaciones
y permite rastrear eventos de flujo genético, sin embargo, requiere predefinir las poblaciones.
Otros programas usan los datos de cada SNP de forma individual para construir la filogenias,
como PhyML (Guindon et al.,, 2010) o RAXML (Stamatakis, 2014). Usando estadistica
Bayesiana, SNAPP (Bryant et al., 2012) hace hipoétesis filogenéticas con datos de SNPs, sin
embargo, requiere una gran cantidad de recursos computacionales y los tiempos de analisis
son relativamente largos. Por su parte, Splitstree (Huson y Bryant, 2005) construye redes
filogenéticas, permitiendo inferir eventos de flujo.

Inferir la historia de las poblaciones con coalescencia

La teoria de la coalescencia fue inicialmente planteada para modelar la genealogia de los alelos
de una muestra tomada de una poblacion. Al ir hacia atras en el tiempo, los alelos convergen
(coalescen) de forma estocdstica hasta llegar al ancestro comin mas reciente (Kingman, 1982).
Diversos métodos han usado y enriquecido esta base teérica para inferir la historia de las
poblaciones y sus parametros demograficos asociados, como los tiempos de divergencia, los
tamafos efectos o flujo genético (Bourgeois et al., 2016). Dentro de los programas basados en
coalescencia mas usados se encuentran IMa (Hey y Nielsen, 2007) y Migrate-n (Beerli y
Palczewski, 2010). Pese a que estas herramientas son muy poderosas para estimar parametros
demograficos, computacionalmente son costosas y lentas ya que requieren la evaluacion
completa de la funcién de la probabilidad asociada a un modelo, proceso que puede ser muy
complejo cuando se trata de cientos o miles de marcadores moleculares. Los métodos
computacionales de aproximacion bayesiana (Approximate Bayesian Computation, ABC) evitan
este problema al comparar los datos reales con datos simulados por coalescencia bajo
escenarios predefinidos, y posteriormente se determina qué escenario explica mejor los datos.
Dentro de este tipo de herramientas se encuentran DIYABC (Cornuet et al., 2008) y

fastsimcoal2 (Excoffier y Foll, 2011).

Deteccién de firmas seleccién

Tanto los procesos demograficos como los selectivos alteran los patrones de diversidad y
diferenciacién en los genomas. Sin embargo, estos procesos afectan de forma diferencial: los
eventos demograficos alteran por igual a todo el genoma, mientras que la seleccion sélo actla

sobre algunos genes y sus alrededores (Lewontin y Krakauer, 1973). De acuerdo al tipo de
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seleccion que esté actuando, el patron de diversidad resultante es distinto: la seleccién
balanceadora produce altos niveles de variacion; la seleccion purificadora disminuye la
diversidad genética; finalmente la seleccibn direccional incrementa la diferenciacion
(Charlesworth et al. 1997). Ademas, las regiones neutrales ligadas o cerca de loci bajo
seleccidn pueden ser afectadas por barrido selectivo. El tamafio de la regidon genémica sujeta al
barrido depende de la intensidad de la seleccion y de la frecuencia de recombinacion efectiva
(Charlesworth et al. 1997).

Los métodos para identificar regiones que han estado baja seleccién pueden clasificarse
en tres tipos de acuerdo al patron dejado por la seleccion que tratan de detectar (Bourgeois et
al., 2016): 1) basados en la variacion de las frecuencias alélicas y polimorfismos; 2) basados en
los patrones de desequilibrio de ligamiento; 3) basados en la reconstruccion de la genealogia
de los alelos usando coalescencia.

La seleccién afecta la diversidad y diferenciacion, y es posible analizar los patrones de
estos atributos a lo largo del genoma usando estadisticos como la diversidad nucleotidica (rr;
Nei y Li, 1979) y Fst. Algunos métodos de analisis de seleccion se basan en detectar valores
extremos (outliers) de estos estadisticos, por ejemplo BAYESCAN (Foll y Gaggiotti, 2008) vy
PCAdapt (Luu et al., 2017). Algunos permiten ademas correlacionar factores ambientes o
fenotipicos a las variantes candidatas, como BAYENV (Ginther y Coop, 2013) y LFMM (Frichot
et al.,, 2013). Es importante tener en cuenta que procesos demograficos pueden sesgar los
resultados, por lo que es indispensable conocer previamente la estructura e historia de las

poblaciones (Nielsen, 2005).

Por otro lado, el desequilibrio de ligamiento se incrementa y la diversidad se reduce en
regiones cercanas a loci bajo seleccién, especialmente cuando el proceso selectivo es reciente
(Charlesworth et al. 1997). Un grupo de métodos busca identificar esas regiones que muestran
un exceso de haplotipos homécigos largos, como la prueba de homocigosis de haplotipos
extendidos (Extended Haplotype Homozygosity; EHH; Sabeti et al., 2002). Este tipo de analisis
requieren de un genoma de referencia para poder conocer la posicion de las variantes, asi

como una alta densidad de marcadores (Bourgeois et al., 2016).

Finalmente estan los métodos basados en coalescencia. Una vez que se tiene un locus
candidato, es posible usar simulaciones de coalescencia para evaluar la fuerza de la seleccion
y estimar el tiempo del alelo. Dentro de este grupo se encuentran los programas ARGWeaver
(Rasmussen, 2014) y BALLET (DeGiorgio et al., 2014).
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Abstract

Background: The domestication process has left signatures in the genomes of domesticated species. Before the existence
of molecular markers, only phenotypic traits could be used in domestication studies and breeding programs, but these ap-
proaches required long time and effort. In the last decades, the use of molecular markers dramatically increased, and the
development of massive sequencing tools have enable to obtain thousands or even millions of molecular markers.
Questions: The main goal of this review us to bring a general and an integrative perpective of the data. approaches and
questions that can be answered using new sequencing tools.

Species study and data description: This work focuses on domesticated plants, comparing genetic and genomic data.
Results: The use of molecular markers in the last decades has increased the efficiency and accuracy of plant breeding,
allowing to access information about domestication history and to identify genes affected by domestication. Some
patterns have been identified in domesticated species: (1) genetic diversity reductions due to demographic bottlenecks
and artificial selection: (2) frequently. mutations related with domestication syndrome preexisted at low frequency in
natural populations; (3) accumulation of deleterious mutation; (4) gene flow between wild and cultivated populations:
(5) phenotypic convergence usually do not result from molecular convergence. There are several approaches that can
be used in massive sequencing tools: de novo genome sequencing, whole genome resequencing, reduction of genome
complexity using restriction enzymes, transcriptome analysis and epigenetic studies.

Conclusions: Despite the progress made, enormous challenges remain: storage of large databases: development of fast
and accurate methods to evaluate phenotypes; identification of paralogous genes in polyploid species; and the analysis
of large and highly diverse genomes.

Keywords: artificial selection, genomics, plant breeding. molecular markers

Métodos y enfoques modernos del estudio de la domesticacién

Resumen

Antecedentes: La domesticacion es un proceso que ha dejado huellas en los genomas de las especies domesticadas.
Anterior al surgimiento de los marcadores moleculares, inicamente se utilizaban atributos fenotipicos para estudiar la
domesticacion y para seleccionar individuos para el mejoramiento de cultivos. En las dltimas décadas, el uso de marca-
dores moleculares se ha incrementado dramdticamente, y las técnicas de secuenciacion masiva han permitido obtener
miles, e incluso millones de marcadores

Preguntas: El objetivo de esta revisidn es brindar una vision general e integrativa de los distintos tipos de datos, enfo-
ques y preguntas que se pueden contestar usando nuevas herramientas de secuenciacion.

Especies de estudio y descripcion de datos: Especies de plantas cultivadas, contrastando datos genéticos con datos
gendmicos.

Resultados: El uso de marcadores moleculares ha incrementado la eficiencia del mejoramiento de cultivos y ha permiti-
do hacer inferencias sobre la historia de la domesticacion y los genes involucrados. Se han encontrado algunos patrones
en las especies domesticadas: (1) reduccidn de la diversidad genética. debido a cuellos de botella y seleccion artificial:
(2) frecuentemente, las mutaciones relacionadas al sindrome de domesticacién preexistian en poblaciones silvestres; (3)
acumulacion de alelos deletéreos: (4) flujo genético entre formas cultivadas y silvestres: (5) la convergencia fenotipica
cominmente no resulta de convergencia a nivel molecular. Hay una amplia gama de estrategias que se pueden usar con
las herramientas de secuenciacién masiva que van desde secuenciar genomas completos, usar enzimas de restriccién
para reducir la complejidad del genoma, hasta el andlisis de transcriptomas y estudios epigenémicos.

Conclusiones: Pese a estos avances, ain quedan grandes retos como el andlisis de grandes bases de datos; desarrollo de
estrategias para obtener informacién fenotipica de forma ripida y precisa; identificacion de genes pardlogos en especies
poliploides: andlisis de genomas grandes y muy diversos.

Palabras clave: seleccion, genémica, mejoramiento, marcadores moleculares
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he domestication process and its effect on genomes. During the Neolithic, a major change oc-

curred in the way humans obtained food and resources. Human transitioned from hunters-gath-

ers to practice agriculture, a sedentary lifestyle, settlement of villages and the creation of ce-

ramic, eventually leaded to the development of hierarchical civilizations (Gepts 2014, Larson et

al.2014). During this process, domestication was a key technological tool (Gepts 2014).
Domestication is an evolutionary process, in which humans promote the adaptation of wild

species to agroecological niches and to local preferences (Figure 1. Casas et al. 1996, Larson et

al.2014). The evolutionary trajectory from wild to domesticated population is a complex multi-

stage process, that involves several steps (Figure 2. Meyer & Purugganan 2013):

a) Predomestication: humans begin to purposely plant and look after wild plants with favorable
traits.

b) Artificial selection in environments created by humans: at this the stage, human selective
pressures promote alleles related with domestication traits.

¢) Spread and diversification: propagation and local adaptation to different agroecological and
cultural environments. In this stage, cultivated and wild populations diverge and domesti-
cated traits diversify.

-

Figure 1. Examples of wild and domesticated forms of crops. The first image of each row is the wild relative. a) teosinte and maize (Zea
mays); b) chilli pepper (Capsicum annuum); ¢) common bean (Phaseolus vulgaris); d) cotton (Gossypium hirsutum). Images taken from
CONABIO.and CIAT and CIAT.
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Figure 2. Evolutionary stages
of domestication. W represents
wild populations. C cultivated
populations and IM improved
lines. a) Predomestication; b)
Management in environments
created and controlled by hu-
mans; ¢) Spread and adapta-
tion of cultivated populations;
d) Deliberate breeding. It is
important to notice that these
stages are not mutually exclu-
sive and can occur in presence
of wild progenitors, increas-
ing the probability of gene
flow. Modified from Meyer &
Purugganan (2013).

a) Predomestication

Wild O Cultivated

©
' @ @<

b) Artificial selection ex situ

c) Spread and diversification

d) Deliberate breeding: this last stage has been practiced intensively in the last century. In clas-
sical breeding, controlled crosses between inbred lines are made and then individuals with
desirable traits are selected. In the last decades, molecular and genetic tools have been inte-
grated to breeding practices.

These stages are not mutually exclusive and can occur simultaneously, even today. For ex-
ample, Nahuas communities in Mexico consume wild progenitors of crops like common bean,
chili pepper, agave and tomato (in total 68 wild species) using techniques and tools that are
available since the Archaic period (Zizumbo-Villarreal et al. 2012).

The domestication process affects the genomes of cultivated species and leaves a signature that
can be identified. Domestication results in a pronounced alteration in the diversity and differentia-
tion of few genes, while most of the genome reduces its variation as a result of population bottle-
necks that occur in the initial predomestication stage (Charlesworth er al. 1997, Gepts 2004).

What do domesticated plants have in common? While the domestication process has varied in
different plant groups depending on the mating system, growth form, harvested plant parts and
economic importance there are several aspects that have been identified to be common to most
domestication processes. These include loss of genetic diversity, the genes associated with the
domestication process, an accumulation of deleterious variants, the relation between the cultivar
and its wild relatives and the possibility of phenotype convergence and its molecular basis in
different domestication processes.

Genetic diversity reduction.- One of the most important determinants in crop evolution is the
level of genetic diversity contained in the domesticated accessions, especially with reference
to the wild ancestral gene pool. Genetic diversity is important as a necessary condition for
further evolution in response to selection pressures, not only in the wild but also in breeding
programmes (Gepts 2002). Genetic diversity reduction has been widely described in some of
the most important crops. It is due to genetic drift resulted from population bottlenecks. and to
artificial selection and the consequent selective sweep (Charlesworth et al. 1997, Gepts & Papa
2003, Gepts 2014). The domestication process itself, the spread from the center of origin and
modern breeding practices, involve population bottlenecks because only some genotypes are
selected, promoting a genetic diversity reduction (Gepts & Papa 2003). This pattern has been
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reported in numerous species, for example, Mesoamerican common bean (~20 % reduction:
Schmutz er al. 2014); sunflower (~30 %; Renaut & Rieseberg 2015); soybean (~30 %; Li et al.
2013); maize (~17 %: Hufford et al. 2012): and in cultivated Agave species (from 21 to 66 %:
Eguiarte et al. 2013). In sunflower, maize and soybean, the largest diversity decrease occurs
between wild populations and landraces; on the contrary, the difference in genetic variation
between landraces and improved varieties is low, indicating that breeding practices, at least in
these cases, do not have major effects in terms of genetic diversity, at least in these species (Li
et al. 2013, Hufford ef al. 2012, Renaut & Rieseberg 2015).

However, exceptions to this pattern have been reported. For example, in carrots, high levels
of gene flow between wild and domesticated populations, besides a strong inbreeding depres-
ston, have prevented from genetic variation reduction (lorizzo et al. 2013). In the Andean re-
gion, cultivated common bean is more genetically diverse than wild populations (Schmutz et al.
2014). In central Mexico, managed populations of the cacti Stenocereus stellatus (Pfeiff.) Ric-
cob., presents higher levels of genetic variation than unmanaged populations, showing that the
management made by humans can potentially alter the genetic diversity of non-domesticated
species (Cruse-Sanders et al. 2013).

Mutations in genes under domestication-. Identification and isolation of genes that underlie do-
mestication traits provide the opportunity to identify patterns present in these loci. These genes
show a wide range of functions, from transcription factors to metabolic enzymes, although
many encode similar enzymes or are involved in the same metabolic pathways (Meyer & Purug-
ganan 2013).

According to Meyer & Purugganan (2013), the most frequent functional changes occur in
alleles involved in function loss and gene expression. These mutations promote major effects
in phenotypes, which usually distinguish domesticated and wild populations. For example, in
woodland strawberry (Fragaria vesca L.), a 2-bp deletion in the coding region of the KSN gene
—which is a transcriptional factor— introduces a frameshift, resulting in continuous flowering
(Iwata er al. 2012). Also, the function loss of Vis! gene in barley (Hordeum vulgare L.), changed
the inflorescence architecture from two-rowed to six-rowed type (Komatsuda et al. 2007).
Mutations in genes under domestication include single nucleotide polymorphisms (SNPs), in-
sertions and deletions (indels), transposon insertions, gene duplication (including gene copy
number) and chromosomal rearrangements. The most frequent alterations are SNPs, followed
by indels (Meyer & Purugganan 2013).

An important question is whether mutations that lead to domestication phenotypes are new
or preexisted in wild populations. This has implications in the nature of selective sweeps and
crop species evolution dynamics; for example, a selective sweep caused by a preexisting muta-
tion leaves weaker signatures of selection and allows rapid evolution, because it has a higher
frequency than a new mutation (Gepts 2014).

There are some examples of alleles that underlie domesticated traits that appeared recently and
are not present in wild populations. That is the case of LG/ gene in rice, associated with closed
panicle (Huang et al. 2012) or the SUN gene duplication in tomato, which regulates fruit shape
(Rodriguez er al. 2011). However, there are cases of alleles that preexisted in wild populations
at low frequency that were subjected to human selective pressures. For example, the Brassica
oleracea CAL gene encodes a transcription factor that regulates floral meristem development, and
a nonsense mutation leads to the proliferation of floral meristem in domesticated cauliflower and
broccoli (Purugganan ef al. 2000). This mutation is either fixed or present at a high frequency in
cultivars, but it is also present at low frequencies in wild populations (Purugganan et al. 2000).
Another example 18 the single-stem phenotype of domesticated maize, which is controlled by
the dominant 7h-1 allele. This allele arose before domestication by the insertion of a Hopscotch
transposon leading to overexpression. The insertion occurred 28.000-23,000 years BP, predating
domestication (Studer ez al. 2011). This suggests that many domesticated traits arise not from new
mutations but rather from mutations that segregate in wild population of crop species.

Accumulation of deleterious mutations - Mutations can have several effects on fitness that range
from lethal to neutral and advantageous, but most of these new variants in coding regions are
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expected to be deleterious, because they may alter phylogenetically conserved sites or can cause
loss of protein function (Kono et al. 2016). Under mutation-selection balance and in sexually
reproducing species, the accumulation of deleterious alleles -- particularly strongly deleterious
and with dominant effects -- is infrequent, because recombination brings together deleterious
variants, resulting in unfit genotypes that are eliminated from the population, purging deleteri-
ous mutations by purifying selection. Weakly deleterious variants on the other hand, can be po-
tentially maintained under some circumstances, like population size reduction and/or inbreed-
ing, reducing the effective recombination rate and promoting the accumulation of deleterious
mutations (Morrell ef al. 2011, Renaut & Rieseberg 2015).

Besides. as a species expands into new environments (either natural or artificial), genetic drift
could increase, due to the reduction of effective population size and a posterior fast growth rate.
During the process of domestication and improvement, populations undergo multiple bottle-
necks, accompanied by strong artificial selection and the relaxation of selective pressures on
traits important in the wild (Morrell et al. 2011). These bottlenecks increase the probability that
a deleterious variant increases its frequency and gets fixed (Mezmouk & Ross-Ibarra 2014).
Also, the linkage between desirable beneficial and deleterious mutations may reduce the ef-
ficiency of selection to eliminate the latter, contributing cumulatively to fitness reduction and
probably constraining crop yield (Renaut & Rieseberg 2015).

The selective and demographic processes of domestication have led to three hypotheses about
the patterns of deleterious mutations (Kono et al. 2016):

a. There will be more deleterious alleles in domesticated than in wild relatives.

b. Deleterious variants will be enriched near loci that have been under artificial selection.

c. There will be less deleterious mutations in elite cultivars than in landraces due to strong selec-
tion for yield.

There is evidence that supports these hypotheses, as it is estimated that 20 % of non-syn-
onymous variants in rice (Lu ef al. 2006) and in maize (Mezmouk & Ross-Ibarra 2014) present
deleterious effects. In sunflower, landraces and elite lines possess more non-synonymous SNPs
compared to wild relatives, particularly regions with low recombination rates and less deleteri-
ous mutation, are present in elite cultivars compared to landraces (Renaut & Rieseberg 2015).
Also, hundreds of deleterious mutations have been identified in barley and soybean cultivars,
being non-sense mutations the least frequents (Kono et al. 2016).

Recent advances in sequencing technologies permit to use bioinformatics tools to examine the
patterns of deleterious variants in populations. Pure bioinformatic approaches use sequence con-
servation to infer variants with a significant probability of being deleterious. As a consequence, the
identification and elimination of these alleles can potentially provide a complementary approach
to breeding practices if identified variants are truly deleterious (Kono et al. 2016).

Gene flow between domesticated plants and their wild relatives.- Gene flow between crops and
their wild relatives is common, since these two types of population coexist in sympatry, and in
most cases, crops and their wild progenitors belong to the same biological species (Gepts 2014).
The potential consequences of gene flow are diverse. For example. gene flow between wild
and domesticated populations can result in diversity recovery in cultivated forms, as has been
described in maize due to continuous introgression with teosinte (Hufford er al. 2012). This is
also the case in grapevine during cultivars spread through Europe (Myles et al. 2011). Also,
emergence of weeds has been reported, as occurred in hybrid rice populations from China (Jiang
et al. 2011, Xia et al. 2011) and the United States (Olsen et al. 2007).

Despite gene flow, wild and domesticated plants remain phenotypically distinct, at least with
respect to domesticated syndrome traits, probably because of human selective pressures on cul-
tivated populations, and natural selection of wild forms. For example, gene flow among wild
and cultivated squash taxa have been detected in Mexico (Montes-Hernindez & Eguiarte 2002).
But farmers do not select seeds from the individuals that present intermediate morphological
characters for seed stock (Montes-Hernandez et al. 2005).

Following the definition in its broad sense, introgression is the transfer of genes between ge-
netically distinguishable populations (Rieseberg & Carney 1998). Introgression can take place
between populations of wild species (wild—wild) that are related and between a cultivated spe-
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cies and its close wild relatives (crop—wild: Rieseberg & Carney 1998). Nevertheless, intro-
gression is not uniform across the genome and it is unlikely to occur on regions close to genes
related with domestication (Gepts 2014). Gene flow may also be asymmetric, although the
direction is not consistent: for example, in common bean it mainly occurs from domesticated to
wild types (Papa & Gepts 2003), but the opposite happens in maize (from Zea mays L. subspe-
cies mexicana teosinte to cultivated maize; Hufford et al. 2013).

Introgression may produce profound effects on domestication evolutionary trajectories. The
evolutionary history of rice (Oryza sativa L.) is an example: Molina et al. (2011) suggest that
rice domestication occurred in China, where japonica variety arose. Later, indica variety was
originated by a hybridization event between japonica and a putative indica protoform or with O.
ryfipogon from South Asia. This resulted in the introgression of japonica domesticated genes.

Another case that illustrates the impact of gene flow occurs in domesticated citrus species.
Wu et al. (2014) sequenced and compared the genomes of some Citrus species and showed that
cultivated types derive from two progenitor species: introgression from C. maxima (Burm.)
Merrill to ancestral mandarin species C. reticulata Blanco originated tangerine; sweet orange is
the offspring of previously admixed individuals of these two species; and sour orange is an £/
hybrid of pure C. maxima and C. reticulata parents. The exception is pomelo, which is the result
of selection on C. maxima (Wu et al. 2014).

Phenotypic convergence.- The Law of Homologous Series, formulated by Vavilov (1922), and
‘analogous variation” term used by Darwin, are based on the observation that similar pheno-
types were selected during domestication. This leads to the question: phenotypic parallelisms
result from molecular convergences? In other words, selection on particular traits affects the
same genes in different species? If this is true, parallelisms potentially can be used in breeding
programs focusing on regions previously identified to be related with important domestication
traits (Pickersgill 2009). However, contradictory data has been found and there is evidence for
and against this. For example, Grube et al. (2000) found five clusters of resistance genes com-
mon to potato, tomato and chili pepper, and seven clusters common to two of these three crops:
they concluded that the position of resistance genes, is conserved in Solanaceae. However, they
found only two examples in which these homologous genes controlled resistance to the same
disease. Therefore, knowing the sequence of alleles and the structure of their products can be
useful in the development of new pathogens or pest control methods (Pickersgill 2009). Another
example is the Shattering gene (Shl), which avoids dehiscence in maize, rice, sorghum and
common bean; furthermore, there is evidence that Sh1 independently emerged three times in
sorghum (Lin ef al. 2012, Schmutz et al. 2014).

On the other hand, evidence against molecular convergence in crops includes two cotton spe-
cies (Gossypium hirsutum L. and G. barbadense L.), which were independently domesticated,
but selection by humans acted in different genetic components that control fiber development
(Hovav et al. 2008). Another case where parallelism in phenotypes does not correspond at the
gene level occurs between common bean and pea: p and v genes are partially responsible of
dehiscence inhibition in common bean, whereas dpol and dpo2 genes control this trait in pea,
despite p and v genes are also present (Weeden 2007). Also, in common bean —which was inde-
pendently domesticated in South America and Mesoamerica—Schmultz et al. (2014) identified
1,835 candidate genes under artificial selection in Mexican populations, and 748 in Andean
ones, however only 59 were shared genes between the two gene pools. Probably, in some cases,
genetic architecture behind domestication is so diverse that similar phenotypic changes are due
to selection on different genes.

Using molecular markers to study domestication and advance breeding programs. Before the
development of molecular markers, farmers and breeders only had phenotypic traits to select
desirable individuals to interbreed. Nevertheless, relative long periods of time and several gen-
erations were required to evaluate and select useful genotypes. Some decades ago. molecular
markers started to be used in breeding programs and in the development of new cultivars or
varieties (Kim er al. 2015).

Following the first molecular markers tools (He et al. 2014), Sanger DNA sequencing al-
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lowed the identification of variants at the single base pair resolution. However, sequencing
small genomes or large regions from complex genomes using Sanger technique is expen-
sive and laborious. The Human Genome Project encouraged the development of techniques
for sequence whole genomes at low cost and less time-consuming. These sequencing tools
are known as massive parallel sequencing (MPS), also called Next Generation Sequencing
(NGS) and have allowed the routine use of single nucleotide polymorphisms (SNPs) in the
last decade, even in no model species (Escalante et al. 2014). These massive sequencing
tools are used by breeders to sequence large populations, study genetic composition of crop
varieties, understand evolutionary relationships between cultivars and wild relatives, identify
genotype-genotype (G x G) and genotypes-environment (G x A) interactions, and increase
the resolution of gene and quantitative trait locus (QTL) discovery, providing the basis for
modeling complex genotype-phenotype relationships at the whole-genome level (Figure 3.
Cobb et al. 2013, Varshney et al. 2014).

Several methods are used to identify relationships between genes or genomic regions and
domestication syndrome traits. These can be classified in bottom-up and top-down approaches
(Figure 4).

Top-down domestication studies.- Classical studies to infer the genetic basis of domestication
traits use a top-down approach, especially when used in mapping QTLs. Traditional QTL map-
ping studies begin with two inbred parental lines that differ in their trait values. After creating an
F, generation by crossing the parental lines, F, individuals are crossed to create an F, mapping
population. These individuals are measured for the trait of interest and genotyped at markers
that segregate between parental populations. QTLs are then identified by correlations between
trait value and genotype at a locus. The ability to identify a QTL using this method depends on
the scale of recombination in the mapping population. For this reason, recombinant inbred lines
(RILs) are often used to increase mapping resolution (Mackay et al. 2009).

On the other hand, genome-wide association studies (GWAS) utilize association mapping,
also known as linkage disequilibrium (LD) mapping, to map QTLs by taking advantage of
historic LD to identify statistically significant phenotype-genotype associations (Varshney et
al.2014). Unlike classical methods to identify QTLs, in GWAS population mapping is usually
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an outbred population and the markers used are SNPs. In general, the results are better than the
ones using RILs. However, the power to detect a QTL depends of the phenotypic variance that
is explained by the QTL that is determined by its effect and allele frequency. Because of this,
GWAS generally has low power to detect QTL variants with small effect or that are rare in the
population (Mackay et al. 2009). Nevertheless, GWAS have been successfully performed in
several crops, and the use of massive sequencing makes possible to genotype larger popula-
tions with a higher density of markers (tens to hundreds of thousands of markers are needed in
GWAS), increasing mapping resolution (Varshney et al. 2014, Andrews et al. 2016).

Results of the top-down approach have shown that many traits are controlled at least in part
by a few major genes, that genetic effects predominate over environmental ones, and that some
genes are linked. It is likely that this approach underestimates the number of genomic regions
involved in domestication syndrome. For example, Hufford ef al. (2012) estimated that only ~3 %
of maize genome have been affected by domestication using top-down approach.

The disadvantages of the top-down approach include that phenotypic information is required.
and that only few traits can be considered at the same time (Tang er al. 2010). A recent study
using a top-down approach was performed in rice, in which 203 varieties with well-character-
ized phenotypes were sequenced, and three traits were mapped (Wang et al. 2016). For amylose
content and seed length traits, this approach leads to direct identification of the previously iden-
tified causal SNPs as the major-effect loci. For pericarp color, they identified a new major-effect
locus. Although previously known loci can explain color variation in the varieties of two main
subspecies of Asian domesticated rice, japonica and indica, the new locus identified is unique
to another domesticated rice subgroup, aus, and together with existing loci, can fully explain the
major variation in pericarp color (Wang et al. 2016).

Bottom-up domestication studies.- Compared to classic genetic studies, in which relatively few
markers are used, genomic approaches provide additional information about the diversity and
LD patterns at the genome level. Therefore, genomics provides a broader view across taxa
and across individual genomes (Gepts 2014). The bottom-up approach consists in population
genetic screenings of genome-wide diversity, including sequence diversity departures from neu-
trality, scans for selective sweeps or highly divergent regions (£ ). Further research, involving
functional genetics, is then needed to directly establish a causal effect between candidate genes
or alleles and phenotypes.

Comparison of sequence diversity combined with neutrality tests in wild and domesticated
populations can identify regions that were affected by domestication. Furthermore, comparisons
between landraces and wild forms focus specifically on the effect of initial domestication, whereas
comparisons between landraces and improved cultivars measure the effect of subsequent selec-
tion, including modem breeding (Tang et al. 2010, Gepts 2014). The bottom-up approach does
not require previous phenotypic data, allowing the identification of a larger amount of candidate
genes or genomic regions under selective pressures, unlike the top-down approach which can
only consider few genes or regions (Tang ef al. 2010). For example, with a top-down approach,
in which only ~3 % of the maize genome was estimated to be affected by domestication, using a
bottom-up approach 1,764 genes (representing ~6.6 % of its genome) were inferred to be related
to domestication and 1,508 genes (~5.6 %) related to breeding (Hufford et al. 2012).

An example of selective sweep detection using a bottom-up approach includes sorghum,
where selective sweeps that encompass genes for starch synthesis enzymes, seed shattering,
plant height and time to maturity, were detected using 1,000 accessions and ~265.000 SNPs
(Morris et al. 2013). Another example was found in rice, where by resequencing 1,529 wild and
domesticated accessions, 55 selective sweeps were detected, including BA4 (hull color), PROG!
(tiller angle), sh4 (seed shattering), gSW5 (grain width) and OsC1 (leafl sheath and apiculus
color: Huang et al. 2012).

Challenges to overcome using a bottom-up approach include that the phenotypic traits af-
fected by the genes or regions encompassed in selective sweeps may be and remain unknown,
and that demographic events may hide selective signatures because they alter diversity patterns,
and standard test typically assume that populations evolve according to the idealized Wright-
Fisher model, with panmictic populations of constant size (Ross-Ibarra et al. 2007). When these
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assumptions are inaccurate, because domestication involves genetic bottlenecks followed by
demographic expansion, tests to detect selection can be inaccurate (Ross-Ibarra et al. 2007).

Advantages of using molecular markers.- There are two main types of genomic-assisted breed-
ing: marker-assisted selection (MAS) and genomic selection (GS). MAS, which includes mark-
er-assisted back-crossing (MABC), uses molecular markers that map within specific genes or
QTLs known to be associated with target traits or phenotypes to select individuals that carry
favorable alleles and/or discard those that do not (Mackay et al. 2009).

GS uses all available marker data for a population as predictor of breeding value. GS inte-
grates marker data from a training population with phenotypic and when available, pedigree data
to generate a prediction model. The model output genomic estimated breeding values (GEBVs)
for all genotyped individual, which are used as a predictor of how well a plant will perform as a
parent for crossing (Varshney er al. 2014).

The advantage of using molecular markers in breeding programs is that genotypic data ob-
tained from a seed or seedling can be used to predict the phenotypic performance of mature
individuals without the need for extensive phenotypic evaluation over long periods of time, al-
lowing for more selection cycles and greater genetic gain per unit of time (Varshney er al. 2014).
Previously, marker data were expensive per data point, and laborious to generate, and MAS
were constrained by the number of available markers. As a result, only markers in important
genome regions were utilized to predict the presence or absence of agriculturally valuable traits.
By contrast, the use of massive parallel sequencing technologies provides genome-wide mark-
ers coverage at a low cost per data point, allowing to assess the inheritance of the entire genome
with nucleotide-level precision (Cobb et al. 2013, Varshney et al. 2014).

Today, studies are no longer limited by our ability to genotype large populations or by the
number of markers, but rather by the high cost and low throughput of phenotypic strategies for
traits of interest and in environments relevant to plant breeding (Cobb et al. 2013).

How genomic markers help understand the history of domesticated species?.- Molecular mark-
ers that are not affected by selection bring information about demographic histories, including
the history of the domestication process (Tang et al. 2010). Earlier models of domestication pro-
posed a single domestication event and suggested that domestication occurred through strong
selection and severe genetic bottleneck, which resulted in reproductive isolation between wild
and cultivated populations (Meyer & Purugganan 2013). Then, models integrated gene flow and
mntrogression between cultivated and wild relatives, as occurred in grape (Vifis vinifera L. subsp.
vinifera), that emerged in Near East region, but evidence of introgression from the wild progeni-
tor (Vitis vinifera subsp. sylvestris) during Europe introduction was found (Myles ef al. 2011).
High levels of genetic diversity and fast decay of LD in vinifera suggest a weak bottleneck at the
beginning of domestication process, followed by thousands of years of vegetative propagation
(Myles et al. 2011).

There are some cases in which multiple domestication events occurred. For example, rese-
quencing common bean genomes -- including wild and domesticated forms -- confirmed two in-
dependent domestication events, one occurred in Mesoamerica and the other one in the Andean
region. Besides, these two gene pools diverged 165,000 years ago, long before domestication
started (Schmutz e al. 2014). Finally, an alternative domestication model proposes that crops
are domesticated from interspecific hybridization, sometimes followed by clonal propagation.
This is common in tree crops, as is the case of species of the genus Citrus, previously discussed.
New groups of bananas and plantains developed when diploid domesticated bananas (genome
AA) spread into the range of wild Musa balbisiana Colla (genome BB), producing the AAB and
ABB triploids (Heslop-Harrison & Schwarzacher 2007).

How is genomic data obtained? Several massive parallel sequencing platforms are commer-
cially available. and while the specific methods vary, they obtain millions of short DNA se-
quence reads from random locations in the genome (Escalante ef al. 2014). Massive sequencing
technologies have been widely used for de novo sequencing and several crop and other angio-
sperm genomes have been sequenced, which are used as reference in no model species studies
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(Table 1). Some of the genome assemblies are in draft stage and extensive work is ongoing in
the direction of closing the gaps and re-sequencing. In addition to the genome sequence, tran-
scriptomes and expressions profiles are also available for many crops. The large genome size
and polyploidy exhibited by many crop species make more difficult the sequencing and further
analysis. In some allopolyploid crops, the genomes of progenitors species were first sequenced
and then were used to assemble the polyploid genomes of the domesticated forms. This strategy
was used in cotton (Wang et al. 2012, Li et al. 2014, Li ef al. 2015), strawberry (Hirakawa et al.
2014) and peanut (Bertioli et al. 2016).

Several strategies to construct genomic libraries (collection of DNA that will be sequenced)
have been developed. When the genomic library consists in fragments from whole genomes,
it is called whole genome resequencing (WGRS). This approach has been used in several crop
species, as common bean (Schmutz et al. 2014), rice (Huang et al. 2012, Wang et al. 2016),
maize (Hufford et al. 2012, Xu et al. 2014); and soybean (Li et al. 2013) to identify selection
signatures and to infer the domestication history. Nevertheless, WGRS 1is relatively expensive,
particularly in large genomes or polyplolid species, reducing the number of samples that can be
multiplexed (Kim er al. 2015).

In the last few years, different strategies to genotype a larger number of samples at re-
duced costs have been developed, including microarrays and methods to construct reduced
representation libraries (RRLs). The cost per SNP using microarrays is relatively low but it is
necessary to know the sequence of the variants (SNPs) that will be used (Bolger ef al. 2014).
Construction of RRLs, also known as restriction-associated DNA sequencing (RAD-seq), is
a method for sequencing loci adjacent to restriction cut sites across the genome. RAD-seq
targets a subset of the genome, therefore allow multiplex a higher number of samples with-
out prior genomic information (Elshire et al. 2011, Andrews et al. 2016). The use of these

on, despite several model

Species Common Genome Assembly Ploidy and # predicted Reference
name size (Mb) size chromosome genes
number

Domesticated in Mexico

Amaranthus hypochondriacus Amaranth 466 377 2n=32 23,059 Clouse et al. 2016
Capsicum annuum Hot pepper 3,480 3,060 2n=24 34,903 Kim et al. (2014)
Carica papaya Papaya 372 271 2n=18 24,746 Ming et al. (2008)
Gossypium hirsitum Cotton 2,250-2,430 2,173 2n=4x =52 76,943 Li et al. (2015)
Phaseolus vulgaris Common bean 587 473 2n=22 27,197 Schmutz et al. (2014)
Theobroma cacao Cocoa 430 327 2n=20 28,798 Argout et al. (2011)
Zea mays Maize 2,300 2,048 2n=20 32,540 Schnable ef al. (2009)
Domesticated in America
Anana comosus Pineapple 526 382 2n =50 27,024 Ming et al. (2015)
Chenopodium quinoa Quinoa 1,450-1,500 1,390 2n=4x =136 44,776 Jarvis et al. (2017)
Gossypium barbadense Cotton 2,470 1,395 A subgenome  2n = 4x = 52 77,526 Liu et al. (2015)
776 B subgenome

Manihot esculenta Cassava 770 532 2n =36 30,666 Prochnik et al. (2012)
Nicotina tabacum Tobacco 4,500 3,700 2n=4x =48 90,000 Sierro et al. (2014)
Solanum lycopersicum Tomato 900 760 2n=24 34,727 The Tomato Genome

Consortium (2012)
Solanum tuberosum Potato 844 727 2n=12 39,031 The Potato Genome

Sequencing
Consortium (2011)

Vaccinium macrocarpon Cranberry 470 420 2n=12 36,364 Polashock et al.
(2014)

Other important economic crops

Glycine max Soybean 1,115 950 2n=20 46,430 Schmutz et al. (2010)

Oriza sativa indica Rice 466 429 2n=24 46,022-55,615 Yu et al. (2002)

Oriza sativa japonica Rice 420 390 2n =24 37,544 Goff et al. (2002}

Sorghum bicolor Sorghum 730 698 2n =20 27,640 Paterson et al. (2009)

Triticumn aestivum Bread wheat 17,000 3,800 2n=6x =42 90,000-94,000 Brenchley et al.
2012)
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tools has been intensified to genotype large populations, for both top-down and bottom up
approaches. For example, the 539 inbred lines of maize found in the International Maize
and Wheat Improvement Center (Centro Internacional de Mejoramiento de Maiz y Trigo.
CIMMYT) have been genotyped using genotyping by sequencing (GBS) to know the genetic
diversity and structure (Wu et al. 2016).

To design a genomic study it is necessary to consider the size and complexity of the genome,
and if a reference genome is available. Besides, the amount of markers that will be identified de-
pends on the approach used to construct the library (WGRS, RAD-seq or microarray). This must
be considered within the context of the biological question. For instance, to infer neutral processes.
as demographic histories, it only requires from hundreds to a few thousands of molecular markers.
If the goal is to identify selection signatures or functionally characterize regions, dozens of thou-
sands to hundreds of thousands of markers are required: for example, for GWAS or gene mapping.
at least hundreds of thousands of SNPs are needed (Andrews et al. 2016).

The functional aspect of genomics in domestication studies. The goal of functional genomics is
to understand the complex relationships between the genome and the phenotype. This involves
dynamic processes as gene transcription, translation, regulation of gene expression and protein
interactions. These processes comprise a number of -omics approaches, such as transcriptomics
(gene expression), proteomics (protein production), and metabolomics (characterization of met-
abolic products; Huang et al. 2016). Recently, some studies have added the functional genomics
aspect of domestication to assess how many and which genes show differences in expression
when wild and domesticated forms are compared.

From the -omics, transcriptomics has received more attention (Huang et al. 2016). The tran-
scriptome is the set of messenger RNA molecules in one cell or a population of cells, and
provides information about expression and genic regulation. RNA-seq (RNA sequencing), also
called whole transcriptome shotgun sequencing (WTSS), uses massive sequencing to reveal the
presence and quantity of RNA in a sample at a given moment in time. RNA-seq is an alternative
of genome reduction representation, that can be used to identify differential expressed genes,
alternative splicing (mechanism by which different forms of mature mRNAs are generated from
the same gene), and genetic regulatory networks, as well as for annotation. and gene and mark-
ers discovery (Andrews et al. 2016, Huang et al. 2016). Transcriptomics may complement ge-
nomic studies, because RNAseq focused on coding regions, while genomics approaches, as
RADseq. include coding and noncoding regions (Andrews et al. 2016).

For example, in developing cotton fiber, ~15 % of 1,300 proteins are significant up or down-
regulated (Hu er al. 2013). Most of the changes took place in the early developmental stages.
which is consistent with human selection for earlier activation of fiber elongation in domesti-
cated types. Nevertheless, there were a few changes that overlapped between transcripts and
proteins, probably because protein abundances depend on multiple factors, as translation, post-
translational modifications and degradation processes (Hu et al. 2013).

In maize, Swanson-Wagner et al. (2012) detected hundreds of genes whose expression pat-
terns were altered during domestication, some of them are involved in biotic and abiotic stress
responses. More recently, Huang et al. (2016) studied the transcriptomes of six teosinte acces-
sions and found that approximately 75 % of the genes were highly conserved between maize
and teosinte. Moreover, they also found 1,516 unigenes (set of transcripts located at the same
loci) that were specifically expressed in teosinte, and identified 99 unigenes with strong selec-
tion signals, of which 57 might be under strong selection during maize domestication and im-
provement. This kind of functional studies allows an integrative understanding of the genomic
effects that domestications has on species.

Conclusions

The domestication process and breeding have modified the genomes of the plant species that we
consume on a daily basis. The recent development of massive parallel sequencing tools allows
us to access to information from whole genomes, accelerating identification of genes affected by
domestication and to correlate domestication syndrome traits with their molecular basis.
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Because many crop species represent a good model for evolutionary studies and have high
economic value, there are detailed genetic studies of the most important crops and their wild
relatives. From these studies, general patterns have been inferred and in some species, at least
partially, the dynamics of the evolutionary process associated to domestication and diversifica-
tion have been elucidated. Nevertheless, it is necessary to expand our knowledge to no model
species, particularly to perennial plants, including tree crops, which have received far less atten-
tion. Besides, more functional genomics studies are needed to have an integrative knowledge of
the changes that have affected crop species.

Despite major advances of the last years in genomics, important challenges still remain. One
important challenge is the analysis of big databases that are generated because computer clusters
are frequently needed. Also, the analysis of large, complex and diverse genomes as is the case of
conifers is still a relevant problem. We also need to develop efficient approaches to include and
analyze repetitive regions. In addition, the identification of paralogues, and the study of poly-
ploid species, remain as some of the most critical problems when analyzing massive sequencing
data. Besides, in GWAS, phenotyping is a major operational bottleneck that limits the power
and resolution of genetic analysis. There is an urgent need for high throughput, cost-effective,
and precise phenotyping methods.

Given the importance of wild progenitors to analyze changes derived from domestication,
more attention should be paid to the genetic diversity and adaptation of the wild forms. Besides,
in the context of climate change, this approach facilitates the development of climate-tolerant
cultivars. In order to achieve these goals, it is necessary to integrate training and research across
scientific fields, including genetics, plant breeding, molecular biology, evolution, statistics and
bioinformatics.
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The runner bean is a legume species from Mesoamerica closely related to common
bean (Phaseolus vulgaris). It is a perennial species, but it is usually cultivated in small-
scale agriculture as an annual crop for its dry seeds and edible immature pods. Unlike
the common bean, P coccineus has received little attention from a genetic standpoint.
In this work we aim to (1) provide information about the domestication history and
domestication events of P coccineus; (2) examine the distribution and level of genetic
diversity in wild and cultivated Mexican populations of this species; and, (3) identify
candidate loci to natural and artificial selection. For this, we generated genotyping
by sequencing data (42,548 SNPs) from 242 individuals of B coccineus and the
domesticated forms of the closely related species F vulgaris (20) and P dumosus (35).
Eight genetic clusters were detected, of which half corresponds to wild populations and
the rest to domesticated plants. The cultivated populations conform a monophyletic
clade, suggesting that only one domestication event occurred in Mexico, and that it took
place around populations of the Trans-Mexican Volcanic Belt. No difference between
wild and domesticated levels of genetic diversity was detected and effective population
sizes are relatively high, supporting a weak genetic bottleneck during domestication.
Maost populations presented an excess of heterozygotes, probably due to inbreeding
depression. One population of P coccineus subsp. striatus had the greatest excess
and seems to be genetically isolated despite being geographically close to other wild
populations. Contrasting with previous studies, we did not find evidence of recent gene
flow between wild and cultivated populations. Based on outlier detection methods,
we identified 24 domestication-related SNPs, 13 related to cultivar diversification and
eight under natural selection. Few of these SNPs fell within annotated loci, but the
annotated domestication-related SNPs are highly expressed in flowers and pods. Our
results contribute to the understanding of the domestication history of P coccineus,
and highlight how the genetic signatures of domestication can be substantially different
between closely related species.

Keywords: domestication, genotyping by sequencing, Phaseolus coccineus, adaptative variation, population
genomics
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INTRODUCTION

The scarlet runner bean (Phaseolus coccineus L.) is one of the five
Phaseolus species that were domesticated in Mesoamerica, and it
is the third-most economically important, after P. vulgaris L. and
P. lunatus L. The domestication process of this species continues
today both in the Americas and Europe, where it was introduced
by the Spaniards. One of its main characteristics is its ability to
tolerate cooler climates than other Phaseolus and up to date it is
an important food source for smallholders and indigenous groups
in Mexico (Salinas, 1988). Despite the cultural value, economic
importance, and agronomic potential of P. coccineus, little is
known about its domestication history and the genetic variability
of its wild and cultivated forms.

Wild P. coccineus are perennial climbing plants, occurring
mostly at mid-high elevations (1,000-3,000 m.as.l.), from
northern Mexico (Chihuahua) to Panama (Salinas, 1988). It
has 11 pairs of chromosomes and an estimated genome size
of 660 Mb (Plant DNA C-values database). Contrasting with
the autogamous common bean, the scarlet runner bean is an
open-pollinated species. The high morphological diversity of
this species has been classified under two subspecies (Freylag
and Debouck, 2002): P. coccineus subsp. coccineus (mostly with
red flowers), including 11 wild varieties and the domesticated
form, and P. coccineus subsp. striatus (purple or mauve flowers),
conformed by eight wild varieties. No genetic evidence supports
these subspecies and varieties, but given the environmental and
cultural heterogeneous landscape where P. coccineus occurs, it is
expected that the species should be genetically structured.

As a cultivated species, P. coccineus is currently grown in
Mexico, Guatemala, Honduras and Costa Rica, and in lesser
degree in South America. In Europe, it is mostly cultivated in the
United Kingdom, Netherlands, Italy, and Spain (Rodifo et al.,
2006). In Mexico, the scarlet runner bean is cultivated both as
a self-sufficiency crop by smallholder farmers (<5 ha) and also
commercially for urban areas. Besides its native cultivars, in
Mexico there is one breeding line (Blanco Tlaxcala) developed
using a multi linear method (Vargas-Vazquez et al., 2012). Feral
populations are common, but it is unknown if they originated
from hybridization between wild and domesticated populations,
or if they escaped from cultivation. Wild, feral and domesticated
distributions overlap in Mesoamerica, suggesting that there are
plenty of opportunities for gene flow to occur, making the
domestication history of P. coccineus difficult to disentangle
without high resolution genetic markers.

The domestication history of the scarlet runner bean has
been explored previously with low resolution molecular markers,
and multiple domestication events were suggested. Specifically,
chloroplast and nuclear SSRs of P. coccineus accessions including
European domesticated populations, Mesoamerican landraces
and wild samples from Mexico, Guatemala, and Honduras
(Angioi et al, 2009; Spataro et al, 2011; Rodriguez et al,
2013) suggest that P. coccineus domestication took place in
the Guatemala-Honduras area, or that alternatively another
domestication event occurred in Mexico followed by extensive
hybridization with the cultivated populations from Guatemala
and Honduras. However, few Mesoamerican samples were

included in these studies, and they focused on European
domesticated populations. Phylogenetic analyses including more
samples from the wide distribution of P. coccineus could bring
clues about the number of domestication events that took place
in this species. For example, if cultivars are grouped in one
monophyletic clade, it would suggest one domestication event.

Another interesting feature of P. coccineus domestication
history is that similar levels of genetic variation have been
reported in wild and cultivated populations (Escalante et al.,
1994; Spataro et al, 2011; Rodriguez et al, 2013). This
contradicts the population genetics models that predicts a genetic
diversity reduction and increased divergence between wild and
domesticated forms due to demographic factors and selection
at target loci (Meyer and Purugganan, 2013). This pattern has
been described in crops like sunflower (~30%; Renaut and
Rieseberg, 2015); soybean (~30%; Li et al., 2013); maize (~17%;
Hufford et al., 2012); and in cultivated Agave species (from
21 to 66%; Eguiarte et al, 2013). Also, in the Mesoamerican
common bean a ~20% reduction in genetic variation has been
reported (Schmutz et al., 2014). However, the amount of genetic
diversity that is lost along domestication depends on several
factors, including the severity and the number of bottlenecks, the
strength of selection and human management (Gepts, 2014). To
properly assess impact of domestication on the genetic diversity
of P. coccineus, genomic data comparing wild and cultivated
populations is necessary.

The use of genomic tools also allows to characterize diversity
and differentiation patterns across genomes. Regions or variants
that departure from neutral predictions are probably influenced
by selective pressures and are tagged as candidates. Applying
this approach to crop species and their wild relatives allows
to distinguish loci affected during domestication, whereas
comparisons between landraces and/or improved cultivars
measure the effect of subsequent selection (Tang et al,
2010; Gepts, 2014). Furthermore, hypotheses about phenotypic
convergence in crops can be tested. In other words, if the same
genes or genomic regions were affected during the domestication
process of different species.

Here, we aim to deal with the previous knowledge gaps
by using genomic data to (1) provide information about the
domestication history of P. coccineus and its current evolutionary
dynamic in Mexico, in particular to analyze the occurrence of a
single or multiple domestication events in Mexico; (2) examine
the extent of the domestication bottleneck in this species by
comparing the levels of genetic diversity and geographic patterns
of the wild, feral and domesticated Mexican populations; and (3)
identify candidate loci under natural and artificial selection in
P. coccineus genome.

MATERIALS AND METHODS
Plant Material and SNP Genotyping

Phaseolus coccineus individuals from 10 wild, three feral and
11 cultivated Mexican populations and one cultivar from Spain
were analyzed, as well as plants from the breeding line Blanco
Tlaxcala. Taxonomic and wild/feral/domesticated categories were
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assigned based on morphology and habitat observations. Only
one of the wild populations that were sampled corresponds to
subsp. striatus, the rest belong to subsp. coccineus. A population
was classified as feral if it was growing out of cultivation and
presented intermediate traits between wild and domesticated
forms. The Mexican samples cover the species distribution and
main cultivation areas at the national level. As outgroups, samples
from the closely related species P. vulgaris (three wild and one
cultivated) and P. dumosus (seven cultivated) were included
(Supplementary Table S1). For the three species, the samples size
of each population varied between three to 16 individuals.

Sampling was performed during September-December of
2014 and 2015. In the case of the wild populations, tissue
from young leaves was collected and stored in silica until
processed. Seeds from cultivars were collected and germinated
at the Instituto de Ecologia, UNAM. DNA was extracted using
DNeasy Plant Mini Kit (Qiagen). DNA samples were genotyped
at the Institute for Genomic Diversity at Cornell University
(Services | Institute of Biotechnology, 2017). Sequencing libraries
were constructed using enzymes Pstl and Bfal following the
Genotype by Sequencing (GBS) protocol of Elshire et al. (2011).
A total of 326 samples were processed in four plates of ninety
six samples each, multiplexed and sequenced on four lanes of
Hlumina HiSeq 2500 (100 bp, single-end reads).

Reads were aligned to P. vulgaris reference genome v1.0
(Phytozome) DOE-JGI and USDA-NIFA, http://phytozome.jgi.
doe.gov/ (Phytozome, 2017) using bwa v 0.7.8-r455; (Li and
Durbin, 2009). Demultiplexing, initial quality control, assembly
and SNP discovery were made with TASSEL pipeline v3.0.174
(Glaubitz et al., 2014). Assembly and SNP discovery were
performed independently for two sets of data, one containing
samples from P. vulgaris, P. dumosus, and P. coccineus (VDC
group), which are the domesticated species of the Vulgaris
clade (Delgado-Salinas et al., 2006); and the other data set only
including P. coccineus samples. SNPs were filtered in VCFtools
0.1.15 (Danecek et al, 2011) using the following parameters
for the two data sets: (1) VDC group: maximum missingness
threshold 20% per individual; minimum mean depth 10X;
minimum allele frequency (MAF) 0.01; minimum allele count
90%; and only SNPs mapped in chromosomes. (2) Phaseolus
coccineus: maximum missingness threshold 30% per individual;
minimum mean depth 5X5 MAF 0.02; minimum allele count 80%;
and only SNPs mapped in chromosomes.

Filtered SNP data, species occurrence data and scripts used for
the analyses are available at Dryad Repository under the identifier
doi: 10.5061/dryad.q343c.

Inferring Population Structure and
Phylogenetic Relationships

We inferred the population structure of P. coccineus because
different genetic clusters are expected to occur due to the isolation
and environmental and cultural heterogeneity in which this
species occurs. For this, the software Admixture v1.3 (Alexander
et al., 2009) was used to infer population structure of P. coccines.
Values of K ranging from one to twenty were tested, and the
value that exhibited the lowest cross-validation error was chosen.
Then, we examined the phylogenetic relationships between the

genetic groups, both cultivated and wild, and if each cluster
forms a monophyletic clade. This phylogenetic analysis was also
used as a preliminary approach to identify the plausible number
of domestication events for the Mexican cultivated P. coccineus
(see below for other analyses). Specifically we examined if the
cultivated samples was recovered as a monophylogenetic group.
For the phylogenetic analysis, wild and cultivated samples of
P. coccineus, P. vulgaris, and P. dumosus were analyzed under
three schemes:

First, a Maximum-Likelihood based approach was carried
out with the FastTree software (Price et al, 2009). For
this, a mix of Nearest-Neighbor Interchange and Subtree-
Prune and Regraft moves (NNI+4+SPR) was considered for
topology and branch-length optimization and the General-Time
Reversible with a single rate per site model (GTR+4CAT) was
included as nucleotide substitution model. Because FastTree
only considers those SNPs identified as fixed within individuals
(i.e., homozygous), but polymorphic among individuals, only the
82% of the total VDC subset (41,223 SNPs) were considered
in this analysis. Second, a phylogenetic network based on the
Neighbor-net algorithm and Patristic Distances with GTR+I4+-G
correction was estimated with SplitsTree (ITuson and Bryant,
2006) software. Lastly, we employed a Bayesian multispecies
coalescent model (Rannala and Yang, 2003) to estimate the
phylogenetic relationships among well-supported clades within
P. coccineus solely. We used the program SNAPP 1.3.0 (Bryant
et al,, 2012), included in the package BEAST 2.4.5 (Bouckaert
et al., 2014) to infer species trees directly from biallelic genetic
data. We used the eight main genetic clusters (see section Results)
inferred by Admixture as a priori designated species and the
Wild-TMVB cluster was partitioned in two, taking into account
the ML topology of that cluster. Because SNAPP does not
incorporate missing data, we selected a subset of our taxonomic
sampling that maximized the number of SNPs available. The final
analysis retained a total of 600 SNPs under linkage equilibrium;
without any missing data and considering a minimum of five
individuals from each cluster of the designated species. We
used SNAPP’s default settings and ran the analysis for 1,000,000
generations sampling every 1,000 generations. We evaluated the
convergence (i.e., short variation in -InL scores, ESS = 100)
from our runs by examining log files with the program Tracer
1.5 (Drummond and Rambaut, 2007). We analyzed the tree
files with SNAPP-TreeSetAnalyser 2.4.5, to identify species trees
that were contained in the 95% highest posterior density (HPD)
set and using 10% of topologies as burn-in. Resulted tree files
(cloudgrams) were visualized using DensiTree (Bouckaert, 2010).

Population Genetics Statistics

To evaluate the existence and degree of the domestication
bottleneck on P. coccineus we estimated genetic diversity and
differentiation indices of the genetic groups inferred by the
Admixture analysis (see section Results). Specifically, we used
the Hierfstat package (Goudet, 2005) in R (R Core Team, 2017)
to estimate per site heterozygosity and Fis, as well as pairwise
Fst among groups, performing a bootstrap (1,000) to obtain
confidence intervals. To test the hypothesis that n; = n; (where
n; is the number of loci of the cluster i where Hg; > Hgj, and
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ny is the number of loci of the cluster j where Hyj > Hp;) we
used a pairwise y? tests with Bonferroni correction to avoid false
positive results (Sokal and Rohlf, 1995). Also, we estimated the
heterozygosity and Fis at the sampling location (P. coccineus
dataset) and at the species level (VDC dataset) applying the same
test.

Multiple vs. Single Domestication Events
Test

In order to confirm the hypothesis of a single domestication
event in Mexico suggested by our phylogenetic analyses
(see section Results) we applied the Approximate Bayesian
computation (ABC; Beaumont et al., 2002) method implemented
in DIYABC 2.04 (Cornuet et al., 2014). Preliminary tests included
comparisons among three scenarios with 3 x 10° simulated
datasets (1 x 10° each scenario) in which the position of
the Wild-Sierra Madre Occidental (Wild-SMOCC) clade was
evaluated (see section Results, Supplementary Figure S1). Our
final estimation included 4 x 108 simulated datasets (2 x 10°
each scenario) considering the Wild-SMOCC population fixed
as sister clade of the Wild-Trans-Mexican Volcanic Belt (Wild-
TMVB) populations (see section Results). The number of
domestication events was tested as follows: multiple events
(Scenario 1, Supplementary Figure S2) vs. a single one (Scenario
2, Supplementary Figure 52). The DIYABC approach was also
applied to estimate the time at which domestication occurred,
as well as other demographic parameters such as effective
population size (Ne). A subsample from the SNAPP dataset
(279 SNPs) and the scheme of eight clusters were used to set
populations in DIYABC (Figure 2B). Priors were set as follow:
log-uniform distributions across all parameters, Ne ranging from
100 to 100,000 individuals, mutation rate set to 10~¥-10"% across
SNPs, and divergence times among populations set to 10-100,000
generations ago (Table 1).

We compared the fit of the single vs. multiple domestication
events scenarios by estimating their posterior probabilities: with
the obtained reference tables from each scenario, we ranked the
simulated datasets in order of increasing distance to the observed
data considering direct and logistic approaches (Beaumont et al.,
2002; Cornuet et al, 2014). Distance between datasets was
based on summary statistics, estimated from the empirical and
simulated sets. We performed a pre-evaluation step using a

principal components analysis (PCA), to ensure that at least
one (or more) scenarios would produce simulated datasets close
enough to the empirical data. The PCA was based on a set of
5,000 simulated datasets, generated from the parameters’ prior
distributions (Supplementary Figure 53).

Identifying Candidate Loci

We used the wild and cultivated samples of P. coccineus to
identify candidate loci related to domestication, to cultivar
diversification, and to natural selection. Before the candidate
SNPs analysis, an additional filter based on linkage disequilibrium
(LD) was applied. To determine the threshold distance at which
there is no LD, we estimate the inter-variant allele correlations
(r?) using PLINK 1.9 (Chang et al., 2015). To distinguish LD due
to physical distance (bp), the r* was estimated for SNPs located in
the same and in different chromosomes. The distance threshold
was established in 3,000 bp, so that SNPs closer than this distance
were removed.

This LD-filtered dataset was analyzed with two different
approaches for outlier detection: the R package pcadapt (Luu
et al,, 2017) and BayeScan 2.1 (Foll and Gaggiotti, 2008). Only
loci identified by the pcadapt and BayeScan methods were
considered as candidate loci. Pcadapt detects candidate SNPs
assuming that these are outliers with respect to how they are
related to population structure. By contrast to population-based
approaches, pcadapt does not require grouping individuals into
populations and handles admixed individuals (Luu et al., 2017).
BayeScan instead uses differences in allele frequencies of pre-
defined populations, in this case the genetic clusters previously
established by Admixture.

In both approaches, three separate analyses were performed
with each method to detect signatures of different types of
selective pressure. First, to detect candidate domestication loci,
wild and cultivated samples of P. coccineus were included, and
feral individuals were removed. In this case, for the pcadapt
analysis, only the first principal component was assessed because
it explains the difference between wild and cultivated populations
(see section Results). Also, an additional SNPs filter was made
and MAF were adjusted to consider SNPs present in at least five
individuals. For this dataset, that is MAF = 0.023. For Bayescan
no additional filter was made. Second, to identify loci related to
diversification in the context of domestication, only cultivated

TABLE 1 | Estimations of effective population sizes of the best-fit DIYABG model (single domestication) for Phaseolus coccineus in Mexico,

Genetic group Minimum prior value

Maximum prior value

Average posterior value 95%CI

Wild-SUR-CH 100 1% 10°
Wild-SMOCC 100 1 x 10°
Wild-TMVB 100 1% 108
Wild-striatus 100 1% 10°
Cult-0v 100 1 x 10°
Cult-SUR-CH 100 1% 10°
Cult-TMVB 100 1% 10°
Cult-SMOCC 100 1 x 10°

1.0 x 10° 9.98 x 10%-1 x 10°
8.94 x 10% 8.01 x 10°-9.5 x 10*
8.94 x 107 8.01 % 10°-9.5 x 104
9.68 x 10* 8.9 % 10%-1 » 10°
5.83 x 10° 7.5 x 1041 x 104
6.39 x 10° 5.7 x 10*-9.38 x 10°
9.36 x 10° 8.39 x 10°-1.54 x 10°
B.57 x 10° 6.01 x 10°-1.2 x 10°

Flease refer to the text to understand what the acronyms stand for.
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1,000 Km

FIGURE 1 | Distribution map of genotyped populations of Phaseolus coccineus in Mexico, assigned to eight genetic clusters with the program Admixture (colors).
Circles indicate wild populations and triangles show cultivated populations (Figure 2). Frames indicate the seven first-level ecoregions (9-15) present in Maxico (level
1) and boundaries represent 21 second-level nested ecoregions. Shaded area shown the potential geographical distribution of B coceineus in Mexico (Lopez-Solo

et al., 20085).

samples were analyzed. In the pcadapt analyses, the first six
components were assessed because they explain the genetic
structure of populations, and MAF threshold was set to 0.038 to
excluded alleles present in less than five individuals. Notice that
in this case, diversification refers to the phase that follows initial
domestication and involves the spread and adaptation to different
agro-ecological and socio-cultural environments (Meyer and
Purugganan, 2013). Lastly, to detect natural selection signatures,
we focused both methods on wild samples. Again, for the pcadapt
analyses the first six components were assessed and the MAF
threshold was set 0.055 to exclude SNPs present in less than
five individuals. In all cases, no additional filter was made for
BayeScan.

The false discovery rate threshold applied in pcadapt and
BayeScan were 0.005 and 0.05, respectively. To compare how
genetic variance is explained by candidate SNPs and by data set
LD filtered, PCAs were made using the SNPrelate package (Zheng
et al., 2012).

Using Phytozome’s JBrowser, the putative function and tissue
of expression of these loci was examined by looking for the
annotation of the selected SNPs in P. vulgaris genome v 2.1
(DOE-JGI and USDA-NIFA'). For each annotated loci we looked
for homologous proteins with the highest similarity in other
plants, and examined if the homolog genes in Glycine max
(soybean) were among the domestication-related loci associated
with flowering time and seed size in this species (Zhou et al.,
2015).

'http://phytozome.jgi.doe.gov/

RESULTS
Sampling and SNP Genotyping

A total of 296 individuals representing four ecoregions of Mexico
(as defined in Instituto Nacional de Estadistica, Geografia e
Informética (INEGI), Comisién Nacional para el Conocimiento
y Uso de la Biodiversidad (CONABIO), and Instituto Nacional de
Ecologia (INE), 2008) were sampled and successfully genotyped
(Figure 1). After assembly and SNP discovery, the VDC
group dataset contains 241 individuals of P. coccineus, 20
of P. vulgaris and 35 of P. dumosus, 50 273 SNPs, 2.24%
mean missing data per individual, and a mean depth per site
of 58.63. The P. ceccineus dataset includes 242 individuals
(91 wild; 20 feral; 131 cultivated), 42,548 SNPs, 3.97% mean
missing data per individual, and a mean depth per site of
50.41.

Inferring Population Structure and
Phylogenetic Relationships

The K-value that presents the lower error rate in Admixture
analysis was eight (Supplementary Figure S4). Half of the
genetic groups correspond to the cultivars from the Trans-
Mexican Volcanic Belt (Cult-TMVB), Sierra Madre del Sur and
Chiapas Highlands (Cult-SUR-CH), Sierra Madre Occidental
(Cult-SMOCC) and Oaxaca Valley (Cult-OV). The other half
of the genetic clusters belong to wild populations from the
Trans-Mexican Volcanic Belt (Wild-TMVB), Sierra Madre del
Sur and Chiapas Highlands (Wild-SUR-CH), Sierra Madre
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FIGURE 2 | Overall phylogenetic relationship amaong 242 individuals of P coccineus from Mexico. Numbers and colors represents the eight main genetic clusters
solved by Admixture: (1) Wild-SUR-CH, (2) Wild-TMVB, (3) Wild-striatus, {4) Wild-SMOCC, (5) Cult-SUR-CH, (8) Cult-OV, (7) Cult-TMVB and (8) Cult-SMOCC. Please
refer to the text to understand what the acronyms stand for. (A) Maximum-Likelihood tres, main doted clades indicated support bootstrap values = 75%. Black dot
next to cluster 8 indicates the Blanco Tlaxcala breeding line; dark triangle shows the Spanish population; feral samples are indicated with an asterisk. (B) Individual
assignment based on 42,548 SNP's solved with Admixture. (C) Rooted Neighbor-Met topology achieved by SplitsTree.
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Occidental (Wild-SMOCC) and subsp. striafus population,
located in the TMVB (Wild-striatus; Figure 2). The genetic
clusters seem to be related to geographic distances (Figure 1),
except the population Wild-striatus, which is geographically
close to populations of P. coccineus subsp. coccineus but
seems genetically isolated. Samples from the Spanish population
(Figure 2B, triangle) were assigned to the Cult-TMVB genetic
group, but unlike the individuals of this cluster, samples
from Spain do not present a mixed ancestry. Regarding
samples of the breeding line Blanco Tlaxcala (Figure 2B,
circle), they are grouped with landraces from Cult-SMOCC
cluster.

The phylogenetic hypotheses constructed with FastTree and
SplitsTree (Figures 2A,C) are consistent with the Admixture
genetic groups (Figure 2B). Nevertheless, both analysis suggested
the Wild-TMVB group as a paraphyletic clade. ML topology
revealed a finer-scale structure, identifying three paraphyletic
clades within this genetic cluster, and Wild-striatus cluster is
a nested clade differentiated from the rest of the Wild-TMVB
group (Figure 2). Remarkably, the domesticated populations
integrate a monophyletic clade statistically well supported,
suggesting a unique domestication event for the Mexican
populations. Nevertheless, these phylogenetic hypotheses do not
allow to distinguish the genetic pool from which domestication

took place, although the Wild-SUR-CH genetic cluster can be
discarded.

The ML and Neighbor-Net topologies in which P. dumosus
and P. vulgaris were included, positioned P. dumosus as a sister
group of P. coccineus (Figure 2A). However, the SplitsTree
method indicated a basal reticulate pattern among P. dumosus,
P. coccineus, and P. vulgaris (Figure 2C), suggesting ancestral
gene flow, but not recent. Furthermore, there is no evidence of
recent gene flow between wild and cultivated groups, but only
within genetic clusters (Figure 2C).

Regarding SNAPP cloudgram (Figures 3B,C), 53 single
topologies summarize the 95% HPD consensus tree, indicating
a different divergence pattern in which Wild-TMVB populations
are the closest clade to the domesticated group. Nevertheless,
the complex assignment of individuals within Wild-TMVB
and Wild-striatus are shown in a non-solved pattern within
the cloudgram as well as in low values of nodal support
in the consensus topology (Figure 3C). Despite these main
inconsistencies between ML and Neighbor-Net vs. SNAPP
topologies, all hypotheses favor the occurrence of a single
domestication event.

In regards of the ABC-based computations, the model
comparisons in preliminary trials indicated scenarios where the
Wild-SMOCC population that are paraphyletic to Wild-TMVB
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FIGURE 3 | (A} Cloudgram depicting topologies of 9,999 species trees obtained from an analysis of 600 single nucleotide polymaorphism loci from 124 P coccineus
using SNAPF; (B) average assignment probability achieved by Admixture of selected individuals considered in species tree analyses based on nine groups; (C)
associated root canal depicting a consensus topology from SNAPP analysis. Nodal support values on the root canal are posterior probabilities that correspond to
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yielded a higher probability in both direct and logistic approaches
(Supplementary Figures S1, S2). A final test indicated that the
most likely scenario was a single domestication event, being
the Wild-TMVB group the closest to the domesticated clade
(Figure 4; Scenario 2, direct P = 0.786, logistic P = 1.0), which
is congruent with the results of SNAPP phylogenetic analyses.
Evaluation of the posterior predictions via PCA indicated that
parameter values and summary statistics from the simulated
datasets based on Scenario 1 closely matched the empirical data
(Supplementary Figure S3).

Wild and Domesticated Population

Genetics Statistics

High levels of genetic diversity were found in wild and cultivated
populations (Figure 5). At the genetic cluster level, the Wild-
TMVB group presented the highest diversity and the Cult-
OV group the lowest. No clear pattern in the amount of
diversity was observed between wild and cultivated clusters.
There were cultivated groups with high genetic variance (Cult-
SUR-CH and Cult-TMVB), and wild clusters that presented lower
diversity than cultivated populations (Wild-SMOCC). At the
location level (Supplementary Table S2), the samples from Spain
(Hg = 0.134) and Oaxaca Valley (Hp = 0.148) presented the
lowest diversity, and the highest was found in wild population
located in Tlalpan, Mexico City (Hg = 0.208). Regarding species,

P. coccineus showed the highest diversity and P. dumosus the
lowest.

Outstandingly, Ho was greater than Hg in all the genetic
groups except in the Wild-SUR-CH cluster, resulting in
negative values of Frs. Within the groups with an excess of
observed heterozygosity, Wild-striatus had the lowest inbreeding
coefficient (Figure 5). On the contrary, at the species level
P. vulgaris showed a deficit of heterozygotes, showing a high
Fis. The inbreeding coefficient is positive when estimated taking
into account all P. coccineus samples. This is caused by the
Wahlund effect, which is the reduction of heterozygosity due
to subpopulation structure. Regarding pairwise differentiation
index, Fsr values ranged from 0.022 (Cult-TMVB vs. Cult-
SMOCC) to 0.178 (Cult-OV vs. Wild-striatus; Figure 6). As
expected, the pair Fsr values are greater between wild genetic
groups than between cultivated genetic clusters (Figure 6).

Cultivated populations of P. coccineus show smaller effective
population sizes than wild populations. In some cases, like in
Cult-TMVB and Cult-SMOCC, Ne was one order of magnitude
smaller than in the rest of the populations. On the contrary, the
genetic cluster Wild-SUR-CH had the biggest Ne (Table 1). The
most recent split was estimated to happen 3.9 x 10° generations
ago, and occurred between the Cult-SMOCC and the Cult-TMVB
clusters. On the contrary, the oldest split event was dated in
4.95 x 10° generations ago between the Wild-SUR-CH and the

Frontiers in Plant Science | www.frontiersin.org

7 Novemnber 2017 | Volume 8 | Article 1891



Guerra-Garcia et al. Domestication Genomics of Phaseolus coccineus

N8
N1
N2
N3
N4
NS
N6
N7

t7= 4.95x10° (4.56x10°-2.35x10°)

1t

t6= 1.58x10°(1.02x10°-2.5x10%)

t5= 2.1x10% (1.97x10%-2.35x10¢)

t4= 1.99x10% (1.85x10%-2.10x10%)
t3= 1.50x10% (1.37x10%-1.77x10%)
t2= 1.20x10% (1.1x10%-1.34x10%)

t1=3.95x10°% (2.01x10%-6.03x10°%)

t0= Present

Cult-  Cult-OV Cult- Cult- Wild- Wild- Wild- Wild-
SUR-CH SMOCC TMVB  striatus TMVB SMOCC SUR-CH

FIGURE 4 | Best-fitted domestication scenario of P coccineus achieved with DIYABC. Split times in generations (tn) indicated the average posterior value estimated
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rest of P. coccineus clade. The split event that separates wild and Identifying Candidate Loci

domesticated samples was dated about 2.1 x 10* generationsago  Before LD filtering, the mean 2 value among SNPs located in
(Figure 4). Since P. coccineus is usually treated as an annual when  the same chromosome separated by a maximum distance of
cultivated, that represents 21,000 years ago. In the case of wild, 10,000 bp was 0.151. After eliminating SNPs closer than 3,000 bp,
perennial plants, one generation could be more than a year. the mean 1 was 0.063 (Supplementary Figure S5). In the case of
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SNPs from different chromosomes, the mean r? was 0.022. This
low LD is not due to the closeness, but rather by factors like
populations structure. Interestingly, the pattern in the decay of
LD differed between genetic groups, with the fastest decay and
lowest r* in cultivated and wild populations from the TMVB.
Meanwhile, Wild-striatus, Wild-SURCH and Cult-OV had the
slowest LD decay and highest r? values (Supplementary Figure
S5). After filtering, the data set for candidate loci contained
11,693 SNPs distributed across the 11 chromosomes. In the
central region of most of the chromosomes, there is a reduction
in SNP density, probably due to centromeres (Supplementary
Figure S6).

Using the pcadapt package, 47 SNPs were identified
as candidate domestication loci; 342 involved in cultivar
diversification; and 1,030 potentially under natural selection.
Despite the great number of candidate SNPs that were identified,
few are shared among selection types (Supplementary Figure
S7). In the case of the BayeScan analyses, 469 candidate
SNPs for domestication were identified; 16 related to cultivar
diversification; and 12 candidates associated with natural
selection. None of these SNPs were shared among the three
BayeScan analysis.

Twenty four SNPs related to domestication, 13 to cultivar
diversification and eight to natural selection were detected
by both approaches and considered as candidate loci for
further analyses (Supplementary Table S3). The genetic variance
explained by the candidate SNPs compared to the 11,693 SNPs
used previously changed dramatically (Figure 7). Notably, the

genetic and geographic structure of wild and cultivated groups
can be recovered by these few candidate SNPs (Figures 7B,C)
and a clear separation of wild and domesticated populations is
observed (Figure 7A).

Four SNPs of the candidate domestication loci were found
to be annotated in P. vulgaris genome, one of the candidate
loci under natural selection and none of the candidate loci
for cultivar diversification (Supplementary Table S3). Three of
the annotated candidate domestication loci (Phvul.001G232200,
Phvul.007G256000, Phvul.009G156400) are highly expressed in
flowers, flower buds or young pods, and the remaining locus
(Phvul.002G145600) is highly expressed in green mature pods.
All these loci have their highest similarity homologs in G. max
genome v2.0 (Schmutz et al., 2010), but none of these correspond
to the domestication-related loci previously identified by Zhou
etal. (2015). The annotated candidate locus for natural selection
(Phvul.003G197500) is highly expressed in roots and steam and
corresponds to a calmodulin binding protein-like, which also has
an homolog in G. max.

DISCUSSION

A Single Domestication Event for

Mexican P. coccineus in the TMVB

Spataro et al. (2011) and Rodriguez et al. (2013), using SSR
data, suggested two domestications events of P. coccineus, one
in Mexico and the other in Guatemala-Honduras. The genomic
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data generated in this work indicates a unique domestication
event for the cultivated populations from Mexico (Figures 2, 3).
This includes Chiapas populations (Cult-SUR-CH), which are
geographically and culturally closer to Guatemala than to Central
and Northern Mexico. However, no samples from Guatemala
and Honduras were included, therefore a second domestication
event in this area cannot be discarded with the present data.
Nonetheless, based on the results from SNAPP and DIYABC
analyses, we were able to identify Wild-TMVB as the genetic pool
from which domestication started in Mexico (Figure 3).

The most recent divergence time, that corresponds to the
separation between cultivated groups of SMOCC and TMVB,
was dated in 3,950 generations ago (Figure 4, t1). Assuming

one generation per year in cultivated populations, this represents
3,950 years. But divergence between the cultivated and wild
clades was dated in 21,000 generations (Figure 4, t5). This date
is out of range of any plant domestication event and it seems
unlikely. There are evolutionary processes that may affect these
estimations. Processes like selection, population subdivision and
incomplete lineage sorting may result in an overestimations of
divergence times because increase the time to coalescence, that
is, the time it takes for the two sequences to find their common
ancestor (Albrechtsen et al., 2010; Angelis and Dos Reis, 2015). In
P. coccineus, the selection made by humans during domestication
and the high population structure in wild and domesticated
groups probably has resulted in overestimated divergence times.
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Also, it has to be considered that wild populations are perennial
and thus generation times may be longer than a year.

The genetic findings suggest that P. cocecineus domestication
likely occurred from TMVB’s material, pinpointing the
domestication of this species to a particular region within
the large Mexican territory where it is cultivated nowadays.
Other sources of information could be incorporated to confirm
this, using our findings as a geographic reference. It confirmed,
identifying the TMVB as the area where domestication started for
this species is interesting and important from an evolutionary,
cultural and conservation perspective. The TMVB is the most
recent mountainous region of Mexico, a biodiversity hotspot and
it has a complex bio- and phylogeographic history characterized
by following a sky-island dynamic during the last 2 Myr
(Mastretta-Yanes et al,, 2015). Culturally it became prominent
during the Mexica Empire, and has been the most populated part
of Mexico since little before the Spanish conquest (Bataillon,
1972). This has derived in other important cases of domestication
to occur in this region. For instance, this central region was
where the introgression of Zea mays ssp. parviglumis and Z. mays
ssp. mexicana occurred during the domestication of maize (van
Heerwaarden et al,, 2011). However, human occupation in this
area is also a concern for conservation, because the growth of
urbanization and high-input agriculture in this area threat both
P. coccineus landraces and wild populations (CONABIO and
IUCN, 2016).

Besides genetic data, a Mexican domestication origin of
P. coccineus is also supported by the several names that this bean
has among different cultures. For instance, it is called tekdmari
in Chihuahua (Tarahumara indigenous language); tasukhu in
Hidalgo and Puebla (Otomi); ayocote in central states of Mexico
(Nahuatl); shaushana or xaxana in Veracruz (Totonaco); ma-ma-
ja (Mazateco) in Oaxaca; and botil or shbotil chenec in Chiapas
(Tzeltal) (Salinas, 1988). Associated to these groups, there is also
considerable traditional knowledge regarding the cultivation and
use of P. coccineus species (e.g., Monroy and Quezada-Martinez,
2010).

Historic and Recent Gene Flow among
Wild, Feral and Domesticated

Populations

The individuals identified as feral clustered in the domesticated
clade (Figure 2A), suggesting that they are escaped cultivars.
This questions the hypothesis of an hybrid origin between
wild and cultivated populations (Salinas, 1988) and contrasts
with previous studies of feral P. vulgaris populations in Mexico
(Papa and Gepts, 2003), where weedy populations appear to
be genetically intermediate between domesticated and wild
populations, and not cultivar escapees. Interestingly, the three
collected feral populations belonged to the same genetic cluster
(Cult-SUR-CH) and presented high levels of mixed ancestry,
of which only a small proportion corresponds to wild clusters
(Figure 2B). Since little evidence of gene flow was found in
SplitsTree (Figure 2C), probably the mixed ancestry is due to
shared polymorphisms or ancestral gene flow, rather than recent
introgression events.

The breeding line Blanco Tlaxcala grouped with SMOCC
landraces. Probably, breeding practices have acted over specific
regions rather than over all the genome. The individuals of
this breeding line did not present mixed ancestry, despite
that Blanco Tlaxcala was developed using a multi linear
method (Vargas-Vizquez et al, 2012). This suggests that
all lines used to generate Blanco Tlaxcala belonged to the
same genetic cluster (Cult-SMOCC), and they were submitted
to several rounds of strong selection, decreasing genetic
variation.

Contrary to what was reported by Spataro et al. (2011)
and Rodriguez et al. (2013), samples from Spain clustered
within the TMVB landraces, indicating that this European
population was originated by the introduction of individuals of
the Cult-TMVB group into Spain. Nevertheless, because just one
European population was analyzed, no general pattern can yet
be inferred. Notably, Spanish samples did not present mixed
ancestry, meanwhile the rest of the individuals of this genetic
group did (Figure 2B). Probably the genetic bottleneck that
originated European populations and the isolation from wild
relatives and American landraces, have decreased the amount of
shared ancestral polymorphisms between cultivars from TMVB
and Spain.

It has been suggested that hybridization and introgression
have played a major role in P. coccineus evolution, both
in cultivated and wild populations (Escalante et al, 1994;
Angioi et al, 2009; Spataro et al, 2011; Rodriguez et al,
2013). Our results showed mixed ancestry both in wild and
cultivated clusters. However, little evidence of introgression and
hybridization was detected, and mixed ancestry can also be
due to shared ancestral polymorphisms. Nevertheless, wild and
cultivated populations frequently coexist, therefore hybridization
cannot be discarded and a formal test considering the number
and size of introgressed regions and the direction of gene flow
must be done.

Phaseolus coccineus Is Highly Diverse

and Structured

Phaseolus coccineus wild populations are divided in four genetic
clusters that show considerable population differentiation.
Similar levels of differentiation have been observed in several
other highland species, which has been related to the high
environmental variability and the complex geologic and climatic
history of Mexico (Mastretta- Yanes et al., 2015). The extent of this
differentiation in crop wild relative species has been mostly done
with low resolution neutral makers (Bellon et al., 2009; Pifiero
et al., 2009) so it still needs to be further explored with genomic
data. However, the present study and analyses in teosinte (van
Heerwaarden et al., 2011; Aguirre-Liguori et al., 2017), highlight
that there is high diversity contained in the genetic pools of crop
wild relatives from Mexico.

Besides the diversity contained in wild relatives, one of the
most important determinants in crop evolution is the level of
genetic diversity contained in the domesticated populations,
especially with reference to the wild ancestral gene pool.
Genetic diversity reduction has been widely described in crop
domestication (Hufford et al, 2013; Li et al, 2013; Schmutz
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et al, 2014; Renaut and Rieseberg, 2015). This reduction of
genetic diversity is caused by genetic drift resulting from
population bottlenecks, and by artificial selection (Gepts, 2014).
This phenomenon was also described in P. vulgaris (Schmutz
et al, 2014) but in P. coccineus no clear pattern of genetic
reduction was found between the wild or cultivated genetic
groups (Figure 5). The Wild-TMVB cluster presented the highest
genetic variation, followed by the Cult-TMVB and Cult-SUR-
CH groups. On the contrary, the Cult-OV and Wild-SMOCC
clusters showed the lowest Hg. Regarding effective population
sizes, these were greater in wild than in cultivated genetic
clusters, which is expected due to the genetic bottlenecks
associated to domestication process. Nevertheless, Ne estimations
of domesticated groups are in the order of 10°-10*, Taking
together all results, these suggest that the genetic bottleneck
during domestication was not severe. Other factors that may
favor the maintenance of genetic diversity in P. coccineus
are its high outcrossing rate (Escalante et al, 1994) and
the fact that the genetic cluster from which domestication
started (Wild-TMVB) presents the highest diversity. Little
evidence of recent gene flow was detected, but early gene
flow could also favor the amount of genetic diversity in
cultivars.

Analyzing the genetic variance at the location level, Spanish
samples presented the lowest diversity (Supplementary Table S2),
which may be due to the recent demographic bottleneck that
occurred during its introduction to Europe. Nevertheless, Oaxaca
Valley also showed low genetic variation (Supplementary Table
52) and the ancestry analysis (Figure 2B) suggests that it has been
genetically isolated from the other genetic clusters.

Regarding the inbreeding coefficient, the wild and cultivated
genetic clusters presented negative Fig values, indicating an
excess of heterozygotes, except in the Wild-SUR-CH group.
A possible explanation for this pattern is inbreeding depression,
which effect in progeny has been studied in cultivars from
Spain, finding that selfing affected germination, survival rate
and seed weight (Gonzilez et al, 2014). Also, a negative
correlation was found between outcrossing rate and seed
abortion in wild populations studied by Escalante et al.
(1994). In the case of domesticated populations, the bottlenecks
that they suffered during domestication may promote the
accumulation of deleterious alleles and the increase of inbreeding
depression, resulting in lower values of the inbreeding coefficient
(Morrell et al, 2011). Opposite to what was expected, in
P. coccineus the population with the lowest Fig was a wild
cluster (Wild-striatus). This population was previously studied
by Burquez and Sarukhdn (1984), who found evidence of
self-incompatibility, which is congruent with our results.
A possible explanation for this pattern is the accumulation
of deleterious alleles in the Wild-striatus cluster. Notably, no
mixed ancestry was detected in this genetic group, indicating
that it is genetically isolated from other populations despite
being geographically close to other wild and cultivated TMVB
populations. It is necessary to evaluate other populations of
P. coccineus subsp. striatus to know if this is a common
pattern and to explore the ecological and genetic causes and
consequences of it.

Adaptative Variation in Wild and

Domesticated Populations

Mexico is an environmentally and culturally heterogeneous
country, which favored crop genetic diversity. The distribution
of Phaseolus, both cultivated and wild, involves an interaction
with a wide range of different cultures, and isolated populations
are exposed to diverse environmental conditions. For example,
compared to P. vulgaris, P. coccineus grows in more humid
environments, at cooler temperatures and at higher altitudes.
Nevertheless, there are few studies that aim to elucidate the
genetic basis of adaptation, especially for the wild populations
of Phaseolus crop species (Bitocchi et al., 2017). Our outlier
analyses listed some candidate SNPs that could be under artificial
selection during the domestication and diversification stages, and
others that could be under natural selection. Although most of
these outliers are still not annotated, they could serve as a base
for identifying population differentiation in adaptive variation,
which is a needed step for genetic resources and crop wild
relatives conservation (Maxted et al., 2012). Our study is based
on GBS data, so P. coccineus genome is not fully saturated, and
likely there are loci under selection that we did not sample.
Nevertheless, this set of outliers are a first approximation to
identify candidate loci to domestication and natural selection in
runner bean.

The fact that no loci overlapped between domestication,
diversification and natural selection categories shows that
different selective processes were detected. This is to be
expected because, in general, loci under natural selection and
artificial selection related to domestication and diversification are
expected to differ across the genome (Meyer and Purugganan,
2013).

The loci involved in domestication are expected to be specially
related to the phenotypic changes of the domestication syndrome
(Koinange et al., 1996), that is modifications in morphological
and physiological traits like seed dispersal, seed dormancy,
gigantism, increased harvest index and flowering time (Hammer,
1984). Most of the domestication-related loci identified here
are still of unknown function, but the four that are annotated
are highly expressed in flowers or pods (Supplementary Table
$3). This is interesting because in the soybean, another legume,
several domestication-related loci associated with flowering time
have been identified (Zhou et al., 2015). However, no overlap
among those loci and the ones identified here was found.

CONCLUSION

The SNPs generated in this work provided high resolution
data to understand the domestication of P. coccineus. Results
suggest one domestication event for Mexico, which started from
the wild genetic pool from TMVB. Furthermore, wild and
domesticated populations are highly diverse and presented high
values of Ne, suggesting that the demographic bottleneck due
to domestication was not severe. These genomic analyses allow
to highlight how the genetic signatures of domestication can be
substantially different even between species of the same genus
domesticated in the same geographic area. Common bean and
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scarlet runner bean are closely related species, nevertheless their
reproductive strategies and domestication histories seem to be
different: P. vulgaris tends to self-crossing, which theoretically
facilities the domestication process, and it also suffered a severe
domestication bottleneck. On the contrary, P. coccineus is an
open pollinated species that presents high levels of genetic
diversity and population structure, and its domestication did not
result in a strong demographic bottleneck.

Our findings also show that both wild and domesticated
populations of P. coccineus are highly structured. Most of the
genetic clusters presented an heterozygotes excess, showing
evidence of inbreeding depression. Interestingly, the population
identified as P. coccineus subsp. striatus shows the greatest
excess of heterozygotes and seems to be genetically isolated from
other wild and cultivated populations. Contrasting with previous
studies, our data shows that gene flow within and between wild
and cultivated populations is not a common process. Fully testing
this represents an area where further research is needed.

The levels of diversity and population differentiation found
here support that the runner bean is a potential source of
variability for several traits for plant breeding (Schwember et al.,
2017). The data presented here highlights that for a better
characterization of P. coccineus wild and cultivated forms there
is still a need of more sampling, specially including Central
American populations. Complete and annotated genomes of
Phaseolus and other legume crops will facilitate not only
comparative genomics, but will give a better knowledge of the
evolution and domestication of this group of plants that has been
independently domesticated by several human groups across its
distribution.
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Capitulo 4:

Discusion

La domesticacion es un proceso complejo en el que interactian fuerzas naturales y
antropogénicas, y que ha dejado huellas en el genoma de las especies manejadas por el
humano, las cuales es posible rastrear para obtener informacion sobre la historia de este
proceso. Sin duda, el cimulo de informacién genética y evolutiva de las especies domesticadas
es significativo, especialmente en el caso de los cultivos de gran importancia econdmica, los
cuales se han convertido en modelos de estudio. Sin embargo, aun existen lagunas en el
conocimiento y dos de las principales inquietudes de Darwin con respecto a las especies
domesticadas siguen vigentes: cuales son las causas de la variacién y cudl es el efecto de la

seleccion.

El desarrollo de herramientas tecnolégicas para la secuenciacién masiva ha acelerado la
obtencion de informacién genémica, lo que ha permitido poner a prueba las hip6tesis sobre las
consecuencias de la domesticacion en los genomas, y ha facilitado la identificacién de genes o
mutaciones responsables de los cambios fenotipicos observados en los cultivos. No obstante,
grandes retos permanecen: la obtencion de informacion fenotipica (fenotipificar) a gran escala
de forma rapida y precisa; aumentar las capacidades informaticas para el almacén y analisis de
los datos generados; el estudio de genomas grandes y complejos (egj., especies poliploides); el
manejo de genes paralogos y regiones repetitivas; la identificacién de variantes causales en
atributos poligénicos; y expandir el campo de estudio a especies no modelo y a los parientes

silvestres.

El presente trabajo contribuye a llenar el vacio de informacion del ultimo de los retos
antes mencionados. Phaseolus coccineus es una especie de frijol domesticada en
Mesoamérica que ha recibido relativamente poca atencion y de la que se sabe poco desde el
punto de vista genético. Con la finalidad de conocer los patrones de diversidad y diferenciacion
genética de esta especie, y con ésto hacer inferencias acerca de su historia de domesticacion,
se colectaron méas de 240 individuos pertenecientes a poblaciones silvestres, ferales y cultivos
de México, ademés de muestras de un cultivo proveniente de Espafia. A partir de estas
muestras, se obtuvieron decenas de miles de marcadores moleculares usando herramientas de

secuenciacién masiva.
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Estructura poblacional de Phaseolus coccineus y el origen de sus cultivos

Los datos presentados aqui muestran que las poblaciones cultivadas y silvestres de P.
coccineus presentan una gran estructuracion, identificAndose cuatro grupos genéticos silvestres
(Wild-TMVB, Wild-striatus, Wild-SMOCC y Wild-SUR) y cuatro domesticados (Cult-TMVB, Cult-
SMOCC, Cult-OV y Cult-SUR).

Todas las muestras de cultivos integran un clado monofilético, lo que sugiere un evento
de domesticacion unico, al menos en los cultivares de México. Este resultado contradice lo
propuesto por Spataro et al. (2011) y Rodriguez et al. (2013), quienes usando marcadores de
menor resolucidon (microsatélites nucleares y de cloroplasto, respectivamente), sugieren dos
eventos de domesticacién, uno en Guatemala y un segundo en México. Sin embargo, Spataro
et al. (2011) y Rodriguez et al. (2013) incluyen un bajo niumero de muestras de cultivos
mexicanos (31 individuos) y de parientes silvestres (siete individuos). No obstante, para poder
descartar una segunda domesticacion en Centroamérica es necesario en futuros trabajos incluir

muestras de cultivos y poblaciones silvestres de esta region.

El grupo genético integrado por las poblaciones silvestres de la Faja Volcanica
Transmexicana (Wild-TMVB) es el mas cercano a los cultivos, lo que indica que la
domesticacién ocurrié a partir de estas poblaciones. Esto es consistente con la alta diversidad
genética presente en los cultivos de esta regién y con los resultados del DIYABC, en cual el
mejor escenario también establece a las poblaciones de la Faja Volcanica como las mas
cercanas a los cultivos. Sin embargo, un muestreo mas amplio de los parientes silvestres,
incluyendo muestras de Centroamérica, modelar posibles eventos de flujo genético y considerar
Unicamente loci putativamente neutrales puede ayudar a profundizar mas en la historia de

domesticacién y evolutiva de la especie.

Fueron clasificados como ferales aquellos individuos que presentaban caracteristicas de
domesticados pero que se encontraban creciendo fuera de campos de cultivo. Se ha
hipotetizado que las poblaciones ferales pueden ser el resultado de flujo genético entre
poblaciones domesticadas y silvestres (Salinas, 1988), lo cual se ha reportado en P. vulgaris
(Papa & Gepts, 2003). Por el contrario, los datos obtenidos en este trabajo sitian a los ferales

colectados dentro del clado de los cultivados, sugiriendo que los ferales son cultivos escapados.

En el caso de los individuos del cultivo de Espafia, se encontré que pertenecen al grupo
genético de los domesticados de la Faja Volcdnica Transmexicana (Cult-TMVB). Lo anterior

sugiere que estos cultivares europeos se originaron a partir de poblaciones domesticadas del
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centro de México. Sin embargo, con un solo cultivar europeo incluido no es posible hacer

inferencias generales de los cultivos de P. coccineus del Viejo Continente.

Flujo genético e introgresion

El flujo genético puede tener un rol importante en los patrones de diversidad y diferenciacién en
las formas cultivadas vy silvestres de las especies domesticadas, especialmente si se considera
la accién combinada del flujo asimétrico (Papa & Gepts, 2003) y la seleccidén sobre ciertos loci
(Papa et al., 2005). En el caso de P. coccineus, se ha sugerido que la introgresion y la
hibridacion han jugado un papel muy importante tanto en las formas silvestres como en las
cultivadas (Escalante et al., 1994; Angioi et al., 2009; Spataro et al., 2011; Rodriguez et al.,
2013).

La red filogenética obtenida con SplitsTree, el cual permite hacer inferencia de
hibridacion, muestra reticulaciones basales, especialmente en los grupos genéticos Cult-SUR y
Wild-SUR. Lo anterior junto con la cercania de Wild-SUR con los cultivares en el Analisis de
Componentes Principales (PCA por sus siglas en inglés) podria sugerir flujo genético entre las
poblaciones domesticadas y las silvestres del sur de México. Por otro lado, el analisis de
ancestria realizado (Admixture) muestra que es frecuente la ancestria mezclada en los grupos
genéticos de las formas silvestres y domesticadas. Los anterior no es prueba directa de flujo
genético, ya que otros procesos, como polimorfismos ancestrales compartidos, pueden explicar

el patrén de ancestria encontrado.

Para poder conocer el papel de la hibridacion e introgresion en la historia evolutiva y de
domesticacion de P. coccineus es necesario llevar a cabo analisis especificos que pongan a
prueba el flujo genético entre las poblaciones. Dentro de los andlisis que pueden llevarse a
cabo esta TreeMix desarrollado por Pickrell y Pritchard (2012) y el cual se basa en los cambios
en las frecuencias alélicas. Un andlisis mas es la D de Patterson, también conocido como
ABBA-BABA (Green et al., 2010; Durand et al., 2011), el cual determina si la proporcién de

estados derivados esta influenciada por flujo genético.

Diversidad genética y el cuello de botella de la domesticacion

En especies albgamas, como en el maiz, se espera que la domesticacion produzca un cuello de
botella menos severo comparado con especies autbgamas, como es el caso del frijol comun

(Schmutz et al., 2014). Esto ha sido confirmado en especies autébgamas como la soya (Glycine
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max; Lam et al., 2010) y el arroz (Oryza sativa; Xu et al., 2012), en donde se ha reportado una
importante reduccion de la diversidad genética resultado del proceso de domesticacién. En el
caso de P. coccineus, que presenta un sistema de polinizacién abierto, los resultados indican
gue el cuello de botella consecuencia de la domesticacion no fue severo, lo que permitié el

mantenimiento de una variacién genética relativamente alta en los cultivos.

Cabe destacar que cada grupo genético parece tener su propia historia y no hay un
patrén claro al comparar los niveles de diversidad de las poblaciones silvestres y cultivadas. Por
ejemplo, los cultivos de la Faja Volcanica (Cult-TMVB) poseen niveles de heterocigosidad
similares a poblaciones silvestres. Por el contrario, los grupos genéticos silvestres de la Sierra
Madre Occidental (Wild-SMOCC) y de P. coccineus subsp. striatus (Wild-striatus) presentan

menor variacién genética que algunos cultivos de la misma especie.

Las poblaciones que muestran la menor heterocigosis son los cultivos de Oaxaca (Tabla
S2; He = 0.148) y de Espafa (He = 0.134). Pese a no haber un patron claro de pérdida de
diversidad resultado de la domesticacion, es probable que los bajos niveles de heterocigosis de
estas poblaciones sean resultado de un segundo cuello de botella, particularmente en el caso
de la poblacion espafiola, que ademas de pasar por un cuello de botella subsecuente al inicial
de la domesticacion, ha estado aislada de parientes silvestres, anulando la posibilidad de flujo

genético.

Los tamafios efectivos estimados con DIYABC son en general mayores en los grupos
genéticos silvestres en comparacion con los cultivados, lo cual puede ser explicado por el cuello
de botella asociado a la domesticacién. Sin embargo, las estimaciones de tamafios poblaciones
efectivos, asi como los tiempos de divergencia puede estar sesgados por procesos de seleccion
natural y/o artificial, asi como por flujo genético. Por tanto, estimaciones considerando loci
neutrales y probando escenarios con flujo genético son necesarios para obtener valores mas

precisos.

La historia demogréafica de las poblaciones tiene un gran efecto en los patrones de
diversidad de los genomas. Por tanto, para poder entender el proceso de domesticacion e
identificar regiones gendmicas bajo seleccion, es necesario conocer los procesos demograficos

por los que han pasado las poblaciones silvestres y cultivadas.

Huellas de seleccién en el genoma de Phaseolus coccineus

Uno de los objetivos de este trabajo fue detectar firmas de seleccién natural y artificial en el

genoma de P. coccineus. Para esto, se implementaron dos métodos (pcadapt y Bayescan)
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basados en la deteccion valores extremos (outliers) de diferenciacion. Bayescan encuentra
altas diferencias en las frecuencias alélicas de acuerdo a estadisticos derivados de Fsr (Foll y
Gaggiotti, 2008). Dentro de las desventajas que presenta Bayescan es que no toma en cuenta
la estructura jerarquica que pueden presentar las poblaciones y es necesario preasignar a los
individuos a grupos. Por otro lado, pcadapt asume que los marcadores excesivamente
relacionados con la estructura poblacional son candidatos a adaptacién local (Luu et al., 2017).
pcadapt recupera la estructura de las poblaciones de acuerdo a la agrupacién de los individuos
en el Andlisis de Componentes Principales, aun si la estructura es jerarquica; ademas los
individuos no son asignados a grupos y puede analizar datos de poblaciones con ancestrias
mezcladas y/o flujo genético (Luu et al., 2017).

Los métodos basados en deteccion de outliers presentan una alta tasa de falsos
positivos, si no se cumplen con los supuestos como estructura poblacional no anidada, no
cambios en los tamafios poblaciones, y no flujo genético. Por ejemplo, en el caso de Bayescan
se ha registrado hasta 40% de falsos positivos cuando existe flujo genético entre las
poblaciones (Luu et al., 2017). Es por esto que se tomo una postura conservadora y Unicamente
se consideraron como candidatos aquellos loci que fueron detectados por ambos algoritmos.

El conjunto de datos fue subdividido para poder identificar loci relacionados con tres
procesos selectivos distintos: adaptacion, domesticacion y diversificacion de cultivos. Se
detectaron 24 SNPs relacionados con domesticacién, 13 con diversificacion de cultivos, y ocho
con seleccion natural. Las diferencias entre la cantidad de marcadores detectados en cada
método pueden deberse a que sus algoritmos y supuestos son distintos. Por ejemplo, la
estructura jerarquica que presentan las poblaciones, particularmente las silvestres, no es
recuperada usando Bayescan; y un numero importante de individuos presentan ancestria
mezclada, posiblemente debido a flujo genético o a polimorfismos compartidos ancestrales.
Posteriores analisis en donde se tomen en cuenta escenarios con flujo genéticos, cambios
demograficos, y que representan mejor la compleja estructura de las poblaciones son
necesarios para identificar con mayor precisién regiones que han estado bajo procesos

selectivos.

Cuatro de los SNPs relacionados a domesticacion corresponden a genes codificantes
gue se han reportado altamente expresados en flores y vainas, estructuras que han presentado
grandes cambios durante la domesticacion. Por otro lado, s6lo uno de los loci relacionados a
seleccién natural estaba anotado, y su expresién se ha reportado en la raiz y en el tallo. Sin

embargo, la mayoria de los loci con sefiales de seleccidon no presentan funciones anotadas.
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Este estudio tiene varias limitantes para la deteccién de firmas de seleccion: 1) la baja
densidad de SNPs que se deriva de la técnica de GBS ya que s6lo se muestrea una fraccion
del genoma y es posible que no se tengan representadas regiones que estan bajo procesos
selectivos; 2) no se cuenta con un genoma de P. coccineus, por lo que Unicamente se
analizaron variantes que se alinearon contra el genoma del frijol comun; 3) Bayescan asume
que las poblaciones o grupos contrastados son discretos, lo cual no se cumplirian en caso de
haber hibridacion. Pese a las limitantes metodolégicas, este es el primer trabajo en P. coccineus
que, usando datos gendémicos, busca identificar regiones del genoma afectadas por seleccion.
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Conclusiones y perspectivas

Para poder aprovechar los recursos genéticos de las especies cultivadas es necesario tener un
conocimiento profundo de su historia evolutiva y, por tanto, estudiar a sus parientes silvestres.
Los trabajos de genética de poblaciones en especies domesticadas permiten: 1) conocer la
cantidad de diversidad disponible y que puede ser utilizada con fines de mejoramiento; 2)
conocer las bases genéticas de atributos fenotipicos; 3) entender procesos evolutivos y generar
conocimiento que puede extrapolarse a especies no modelo. Este tipo de estudios son
especialmente importante en paises como México, donde se originaron un niumero importante
de cultivos, donde formas silvestres y cultivadas coexisten, y donde los humanos han

interactuado con otras especies por miles de afios de diversas formas.

Resultado de este trabajo se generaron datos genémicos de poblaciones silvestres y
cultivadas de P. coccineus en México, que hasta ahora era una especie poco estudiada desde
el punto de vista genético. Los resultados muestran que el ayocote es una especie con alta
estructura poblacional y diversidad genética. Por otro lado, los datos sugieren un evento de
domesticacion, el cual tuvo lugar en la Faja Volcanica Transmexicana. Finalmente, se

identificaron regiones candidatas a seleccion natural y artificial.

Esta tesis ofrece un primer acercamiento y un panorama general de los patrones de
diversidad, diferenciacién e historia de domesticacién de P. coccineus, y abre la puerta a
nuevas preguntas evolutivas: 1) ¢Cudl ha sido el papel del flujo genético en la historia de P.
coccineus? Esta especie presenta un sistema de polinizacion abierto, lo que podria facilitar el
flujo entre poblaciones silvestres, y entre cultivos y parientes silvestres. 2) ¢ Hace cuanto tiempo
comenzo la domesticacion de la especie? Estimar la divergencia de las poblaciones silvestres y
cultivadas usando marcadores en regiones no codificantes, evitando sesgos dados por
procesos selectivos. 3) ¢ Coinciden el tiempo y regién geogréafica de domesticacién del ayocote

con el de otras especies de frijoles?.

Los procesos demograficos afectan a todo el genoma, por lo que no es necesario contar
con una alta densidad de marcadores genéticos para hacer inferencias acerca de la historia de
las poblaciones. Por el contrario, los procesos selectivos Unicamente tienen efecto sobre ciertas
regiones y sus alrededores. Para poder mejorar la deteccion de firmas de seleccién, tanto
natural como artificial, contar con una mayor cantidad de marcadores moleculares que brinden
un panorama mas amplio y preciso de los patrones de variacion en el genoma de P. coccineus
permitiria identificar nuevas regiones candidatas a seleccion. Lo anterior podria lograrse

empleando técnicas como resecuenciacion de genomas completos y contando con un genoma
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de referencia de la especie. Otro enfoque que podria usarse para identificar genes afectados en
la domesticacion es realizar experimentos de expresion diferencial, especialmente en tejidos

gue han sido modificados en los cultivos, como las vainas y flores.

Estudios genéticos previos sugieren dos eventos de domesticacion, uno de ellos en
Guatemala y el segundo en México. Contrario a esto, nuestros resultados apoyan un Unico
evento de domesticacién, el cual comenzé a partir del grupo genético silvestre de la Faja
Volcanica Transmexicana. Sin embargo, para poner a prueba la hipotesis del segundo evento
en Centroamérica es necesario analizar cultivos y parientes silvestres de esa region. De igual
forma, para poder conocer mas acerca del origen de los cultivos de europeos e inferir si una o
varias introducciones tuvieron lugar, se requiere incluir cultivares de diversas regiones del Viejo

Continente.

Los siete eventos de domesticacion que han ocurrido en cinco especies de Phaseolus
ofrecen una gran oportunidad para estudiar la domesticacion como proceso evolutivo y para
tratar de encontrar paralelismos, convergencias y patrones genéticos comunes. Generar datos
gendmicos para las cinco especies, especialmente en las especies poco estudiadas como P.
dumosus y P. acutifolius, permitiria desarrollar estudios de genémica comparada y responder
preguntas como si los mismos genes fueron afectados en los diferentes eventos de

domesticacion o si a través de vias génicas distintas es posible llegar fenotipos similares.
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Table S1. Sampling information

Species Status State and location Latitude Longitude Altitude
P. coccineus subsp. Cultivated Oaxaca, Cuilapam 16.99 -96.78 1577
coccineus
P. coccineus subsp. Cultivated Durango NA NA NA
coccineus
P. coccineus subsp. Cultivated Veracruz, Frijol 19.59 -97.35 2419
coccineus Colorado
P. coccineus subsp. Cultivated Chiapas, Gonzélez 16.51 -92.06 1579
coccineus Ledn
P. coccineus subsp. Cultivated Espafa NA NA NA
coccineus
P. coccineus subsp. Cultivated Chiapas, Naha 16.94 -91.59 917
coccineus
P. coccineus subsp. Cultivated Veracruz, Orilla del 19.66 -97.29 2402
coccineus Monte
P. coccineus subsp. Cultivated Chaipas, Oxchuc 16.80 -92.32 2001
coccineus
P. coccineus subsp. Cultivated Puebla, 19.36 -98.51 2372
coccineus Tlalancaneca
P. coccineus subsp. Cultivated Durango, Regocijo 23.68 -105.12 2566
coccineus
P. coccineus subsp. Cultivated Durango, Villa 23.97 -104.04 1901
coccineus Unidn
P. coccineus subsp. Cultivated  Puebla NA NA NA
coccineus
P. coccineus subsp. Feral Veracruz, Altotonga 19.75 -97.25 1959
coccineus
P. coccineus subsp. Feral Oaxaca, Huautla 18.10 -96.83 1746
coccineus
P. coccineus subsp. Feral Chiapas, 16.75 -92.73 2408
coccineus Zicanantan
P. coccineus subsp. Breeding Blanco Tlaxcala NA NA NA
coccineus line
P. coccineus subsp. wild Jalisco, Ciudad 19.58 -103.53 2100
coccineus Glzman
P. coccineus subsp. wild Oaxaca, 17.55 -96.53 2876
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coccineus Comaltepec

P. coccineus subsp. wild Durango, Espinazo 23.64 -105.82 1422

coccineus del Diablo

P. coccineus subsp. wild Durango, Regocijo 23.68 -105.12 2566

coccineus

P. coccineus subsp. wild Ciudad de México, 19.32 -99.20 2328

coccineus REPSA

P. coccineus subsp. wild Querétaro, San 20.93 -99.56 2381

coccineus Joaquin

P. coccineus subsp. wild Chiapas, San 16.70 -92.60 2229

coccineus Cristébal

P. coccineus subsp. wild Morelos, Tepoztlan 19.00 -99.13 1953

coccineus

P. coccineus subsp. wild Ciudad de México, 19.29 -99.19 2334

coccineus Tlalpan

P. coccineus subsp. wild Morelos, Tres 19.10 -99.21 3024

striatus Marias

P. dumosus Cultivated Veracruz, Altotonga 19.75 -97.25 1959

P. dumosus Cultivated Chiapas, 16.71 -92.86 1467
Chiquinivalvo

P. dumosus Cultivated Puebla, Cuetzalan 19.99 -97.54 1684

P. dumosus Cultivated Oaxaca, Huautla 18.10 -96.83 1746

P. dumosus Cultivated Chiapas, Motozintla 15.43 -92.33 2671

P. dumosus Cultivated Chiapas, Talquian 15.09 -92.08 1728

P. vulgaris Cultivated Espafia NA NA NA

P. vulgaris Wwild Jalisco NA NA NA

P. vulgaris wild Ciudad de México, 19.32 -99.20 2328
REPSA

P. vulgaris Wwild Morelos, Yautepec 18.95 -99.08 1386
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Figure S1. Posterior probabilities (Direct and Logistic) of the three main domestication scenarios
tested with DIYABC, among eight wild and cultivated populations of Phaseolus coccineus in
Mexico. In this preliminary evaluation: a) monophyletic origin of Wild populations b) and c)
paraphyletic relationships among Wild populations.
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Figure S2. Posterior probabilities (Direct and Logistic) of the two previously selected
domestication scenarios tested with DIYABC among eight wild and cultivated populations of
Phaseolus coccineus in Mexico. Both scenarios reflect a paraphyletic relationship among Wild
populations and a) with one contribution in time of Wild Populations into Cultivated ancestral
genetic pool and b) with several contribution events in time of Wild Populations into Cultivated
ancestral genetic pool

72



Components 1 and 2 (PCA 1 2 1000)

1)

PC2( 10.10%)

20!

Components 1 and 2 (PCA 1 2 5000 sc 2)

T T T © Scenario 2 prior
Scenario 2 posterior
Observed data set

=5

2)

P.C.2 ( 14.80%)

-10 "5 ‘U ; 10
PC1( 27.80%)

Figure S3. Principal component analyses of the a) Pre-evaluate scenario prior combinations of
two selected scenarios in which paraphyletic relationship among Wild populations are
represented and b) Model checking of the selected scenario indicating a single contribution in
time of Wild Populations into Cultivated ancestral genetic pool
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Error

Figure S4. Cross-validation errors among K values using Admixture software for the P.
coccineus data set.
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Table S2. Heterozygosity and inbreeding coefficient statistics of P. coccineus samples grouped

by population.

Genetic cluster Population Ho He Fis (95% Cl)
Cult-OVv Cuilapam 0.171 0.148 -0.152 (-0.164--0.142)
Cult-SMOCC Blanco Tlaxcala 0.194 0.167 -0.159 (-0.168--0.150)

Durango 0.218 0.173 -0.262 (-0.270--0.253)
Regocijo 0.205 0.160 -0.280 (-0.293--0.273)
Villa Unién 0.179 0.167 -0.072 (-0.083--0.063)
Cult-SUR-CH Altotonga 0.215 0.177 -0.216 (-0.225--0.208)
Gonzélez de Leén 0.200 0.176 -0.135 (-0.144--0.126)
Huautla 0.219 0.199 -0.103 (-0.112--0.095)
Naha 0.196 0.167 -0.171 (-0.182--0.162)
Oxchuc 0.200 0.178 -0.124 (-0.133--0.114)
Zicanantan 0.196 0.191 -0.029 (-0.091--0.064)
Cult-TMVB Espafia 0.166 0.134 -0.237 (-0.253--0.230)
Frijol Colorado 0.193 0.191 -0.009 (-0.018-0.000)
Orilla del Monte 0.221 0.195 -0.133 (-0.142--0.125)
Tlalancaneca 0.199 0.190 -0.044 (-0.053--0.036)
Puebla 0.206 0.191 -0.079 (-0.089--0.070)
Wild-SMOCC Espinazo del Diablo 0.150 0.118 -0.274 (-0.293--0.268)
Regocijo-S 0.165 0.141 -0.173 (-0.189--0.166)
Wild-striatus Tres Marias 0.203 0.160 -0.267 (-0.277--0.261)
Wild-SUR-CH Comaltepec 0.189 0.157 -0.200 (-0.231--0.207)
San Cristobal 0.182 0.164 -0.105 (-0.125--0.102)
Wild-TMVB Ciudad Guzman 0.169 0.176 -0.072 (-0.088--0.056)
REPSA 0.237 0.202 -0.175 (-0.183--0.168)
San Joaquin 0.195 0.160 -0.221 (-0.235--0.216)
Tepoztlan 0.229 0.188 -0.217 (-0.225--0.210)
Tlalpan 0.247 0.208 -0.184 (-0.192--0.177)
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Figure S5. Pair r? value among SNPs located in the same chromosome separated by a
maximum distance of 10 000 bp. At the right side of each plot there is a histogram showing the

frequency of r? values.
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Figure S6. Distribution of 11 693 SNPs detected in P. coccineus (after LD filtering) present in
each chromosome. Each bar represents a region of one Mb. The differences in plots sizes show
the discrepancies in chromosomes lengths.
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Domestication-related SNPs Cultivar diversification-related SNPs

Natural selection-related SNPs

Figure S7. Venn diagram showing share candidate SNPs detected in the three PCAdapt
analysis to detect natural and artificial selective pressures.
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Table S3. Candidate loci identified by the pcadapt and BayeScan methods.

P. vulgaris High Protein
Chr SNP ID Position transcript Annotation  expression homologs in
name tissue G. max
Domestication-related candidate
1S1 15176129 15176129
Phosphomethyl
1S1_48602792 48602792PhVU|'001G232pyrimri)dine g Flower, buds SYyma-11G218
200 Ki 700
inase
251 56416681 4211050
251 79642304 27436673
251 81673246 29467615PhVU|'002G145TIR domain Green and Glyma.12G135
600 mature pods 600
2S1 85681762 33476131
251 86298230 34092599
3S1 128138350 26891681
3S1 145377297 44130628
6S1 248268696 7958113
6S1 250412008 10101425
6S1 252913073 12602490
6S1 259648113 19337530
6S1 262918075 22607492
751 310062177 37774238thul.0076256DnaJ domain Flowers, young Glyma.02G179
— 000 pods 900
7S1 313970760 41682821
8S1 329571814 5525253
8S1 350061425 26014864
8S1 350157505 26110944
8S1 375823077 51776516
0S1 406871596 03160 403thu|.0096156eDeEhlydrc’genas Flower buds, Glyma.04G212
- 400 flowers 100
component
11S1 467512979 3058827
11S1 470314329 5860177
11S1 472148556 7694404
Natural selection-related candidate windows
3S1 103319613 2072944
3S1 108854438 7607769
3S1 126647289 25400620
3S1 138412433 37165764
3S1 141480201 40233532
Calmodulin
3S1_143433256 421865877 NVUI-003G197, L ing protein-Root, stem  SYMa-17G092
500 like 700
Cultivar diversification-related candidate loci
1S1 45827637 45827637
3S1 146749207 45502538
4S1 178058430 24527352
4S1 178200752 24669674
4S1 178417950 24886872
4S1 181150184 27619106
4S1 183310744 29779666
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581 219843009

20351812

581 220112744

20621547

581 225806704

26315507

6S1_271294756

30984173

7S1_301822240

29534301

9S1_388863253

5154060
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