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RESUMEN

El género Strombocactus (S. disciformis ssp. disciformis, S. disciformis ssp. esperanzae y S.
corregidorae) es endémico de la zona arida Queretano-Hidalguense, México. Actualmente, los
taxones de este género se encuentran incluidos en algunas de las listas de especies
amenazadas (NOM-059-SEMARNAT, IUCN y CITES); su vulnerabilidad se debe al bajo
reclutamiento de plantulas, reduccion del niumero de individuos por poblacion como resultado
del saqueo de plantas y destruccién de sus habitats por actividades humanas. Con base en
este contexto, comprender las diversas estrategias reproductivas utilizadas por cada taxén de
Strombocactus que les permite el reclutamiento de nuevos individuos en sus poblaciones, para
persistir en el tiempo. Permitiria identificar elementos que podrian limitar su regeneracion
natural, lo que ayudaria a promover programas de restauracién y conservacion para cada uno
de los taxones. El objetivo de este estudio consistié en describir diferentes aspectos de la
biologia reproductiva del género Strombocactus. Bajo las siguientes interrogantes: ¢Qué
sistema de cruza tiene cada taxén? ¢Presentan algin sistema de incompatibilidad? ¢Qué
implicaciones tienen los sistemas de cruza e incompatibilidad en la vulnerabilidad de los
taxones? ¢Qué recompensas florales presentan? y ¢Cual es la naturaleza del apéndice
seminal en S. disciformis y qué papel tiene durante la dispersion?

Con base en los resultados del cociente polen/évulo, los tres taxones de Strombocactus
tienen un sistema de apareamiento de autogamia facultativa; sin embargo, de acuerdo con el
indice de entrecruza son xendgamos. No obstante, S. disciformis ssp. esperanzae es
autocompatible y tiene un sistema de cruza mixto, con niveles bajos de depresion por
endogamia a nivel de frutos y semillas. Mientras que S. disciformis ssp. disciformis y S.
corregidorae son autoincompatibles y presentan entrecruza estricta. Los atributos florales de
Strombocactus son tipicos de plantas melitdfilas, con antesis diurna, colores brillantes,

infundibuliformes, con polen y néctar ofrecidos como recompensas. Este ultimo se produce en



un nectario floral de tipo anular. Con base en observaciones preliminares los potenciales
polinizadores en S. disciformis ssp. disciformis son abejas solitarias, de acuerdo a su conducta
y visitas constantes. La dispersion de las didsporas es restringida, los frutos secos son
transportados por hormigas Atta sp, asimismo, corrientes fuertes de aire pueden llegar a
desprenderlos. Las semillas de las subespecies de S. disciformis presentan un arilo
aerenquimético que puede funcionar como una estructura de flotacién, que les permite ser
transportadas por corrientes de agua provocadas por las lluvias. Las semillas de S.
corregidorae también flotan, aunque no presentan un arilo, probablemente a la presencia de
espacios de aire en el lumen de las células de la cubierta seminal.

Los resultados sefialan que los tres taxones de Strombocactus tienen caracteres florales
que favorecen la entrecruza como la protandria, hercogamia, presencia de néctar y alta
produccién de polen como recompensa. En el caso de S. disciformis ssp. disciformis y S.
corregidorae que presentan un sistema de incompatibilidad ovarico, requieren de polinizadores
para que se lleve a cabo la polinizacion cruzada. Por lo que, una disminucién en sus
poblaciones debido a algin evento como deslaves, colecta ilegal de plantas, destruccion y/o
fragmentacion de sus habitats, limita las posibilidades de cruzarse, poniendo en riesgo su
sobrevivencia. Con respecto a S. disciformis ssp. esperanzae que tiene un sistema de cruza
mixto y una poblacién pequefia, si hubiera una reducciébn mayor, podria aumentar la tasa de
autofecundacion, disminuyendo la adecuacién de la poblacion, sin embargo, proporciona
seguridad reproductiva en ausencia de parejas o polinizadores. Por lo tanto, la informacion
aqui generada sobre la biologia reproductiva de Strombocactus junto con estudios
demograficos que se realicen, permitird disefiar programas concretos de conservacion y

propagacion para cada uno de los taxones.



ABSTRACT

The genus Strombocactus (S. disciformis ssp. disciformis, S. disciformis ssp. esperanzae, and
S. corregidorae) is endemic to the arid zones of Queretaro-Hidalgo, Mexico. Currently, taxa of
this genus are included in some of the lists of threatened species (NOM-059-SEMARNAT,
IUCN y CITES); its vulnerability is due to low seedlings recruitment, reduction in the number of
individuals per population; as a result looting of plants and destruction of their habitats by
human activities. Based on this context, there were understanding the various reproductive
strategies used by each of the Strombocactus taxa that allows them to recruit new individuals
into their populations, to persist over time. It would allow identifying elements that could limit
their natural regeneration, which would help to promote restoration and conservation programs
for each of the taxa. The objective of this study was to describe different aspects of the
reproductive biology of the genus Strombocactus. Under the following questions: What cross-
system does each taxon have? Do they present any incompatibility system? What implications
do mating and incompatibility systems have on taxa vulnerability? What floral rewards do they
present? and What is the nature of the seed appendage in S. disciformis, and what is its role
during dispersal?

Based on the results of the pollen/ovule ratio, the three taxa of Strombocactus reflect a
facultative autogamy breeding system; however, according to the outcrossing index, the taxa
are xenogamous. Notwithstanding, S. disciformis ssp. esperanzae is self-compatible and has
a mixed mating system, with low levels of inbreeding depression at the level of fruits and seeds.
Whereas S. disciformis ssp. disciformis and S. corregidorae are self-incompatible and present
a strict outcrossing system. The floral attributes of Strombocactus are typical of melitophilous
plants, with diurnal anthesis, bright colors, infundibuliform, pollen, and nectar offered as
rewards. The latter is produced in a floral nectary of annular type. Based on preliminary

observations, the potential pollinators in S. disciformis ssp. disciformis are solitary bees, in



accordance with their behavior and frequent visits. The dispersion of diasporas is restricted,
Atta sp. ants transport dried fruits; also, strong air currents can remove them. The seeds of the
subspecies of S. disciformis present an aerenchymatic aril that can function as a flotation
structure, which allows them to be transported by water currents caused by the rains. The seeds
of S. corregidorae also float, although they do not present a seed appendage, probably due to
the presence of air spaces in the lumen of the seed coat cells.

The results indicate that the three of Strombocactus taxa have floral characters that favor
outcrossing such as protandry, herkogamy, presence of nectar and high pollen production as
a reward. In the case of S. disciformis ssp. disciformis and S. corregidorae, which present an
ovarian incompatibility system, require pollinators to cross-pollinate. Therefore, a decrease in
their populations due to some event such as landslides, illegal extraction of plants, habitat
destruction and fragmentation, limits the chances of outcrossing, putting their survival at risk.
With respect to S. disciformis ssp. esperanzae that has a mixed mating system and a small
population, if it were to present a major reduction, it could increase the self-fertilization rate,
decreasing the fitness of the population, however, provides reproductive security in the absence
of mates or pollinators. Therefore, the information generated here about the reproductive
biology of Strombocactus, together with demographic studies that will be carried out, will allow

the design of specific conservation and propagation programs for each of the taxa.



INTRODUCCION GENERAL

La sobrevivencia y mantenimiento de las poblaciones vegetales en su habitat, dependen del
éxito de las estrategias reproductivas que presenta una determinada especie, ya sea mediante
la reproduccién sexual por medio de la fecundacion o la reproduccién asexual, que implica
propagacion vegetativa y/o apomixis (Reyes-Agilero y Valiente-Banuet, 2006; Godinez-
Alvarez et al., 2008). En el caso de la familia Cactaceae la versatilidad reproductiva en algunos
de sus géneros es considerablemente amplia, lo que puede representar un papel trascendental
en la estrategia ecoldgica de adaptacién a la aridez (Mandujano et al., 2010; Arias y Flores,
2013). Por ejemplo, especies del género Opuntia tienen el potencial de reproducirse sexual y
asexualmente. Estos sistemas reproductivos versétiles son continuamente mediados por
factores ambientales, sugiriendo que los sistemas genéticos pueden presentar plasticidad
fenotipica (Arias y Flores, 2013).

Desafortunadamente la familia Cactaceae es uno de los grupos de angiospermas con
mayor vulnerabilidad (Goettsch et al., 2015) debido a las presiones de la actividad
antropogénica, principalmente por la conversion de terrenos para usos agricolas y/o pecuarios,
y la extraccion ilegal de plantas, frutos y semillas para el comercio (Sanchez-Mejorada, 1982;
Anderson et al., 1994; Arias et al., 2005). Ademas, estan los factores intrinsecos de cada
especie, como la alta especificidad del habitat, distribucién limitada, tamafio de la poblacion,
los ciclos de vida largos con bajas tasas tanto de reclutamiento como de crecimiento (Sanchez-
Mejorada, 1982; Arias et al., 2005; Mandujano et al., 2010). Estos factores han propiciado que
varios miembros de la familia Cactaceae se encuentren incluidos en listas de especies
amenazadas, tanto nacionales (SEMARNAT,2010) como internacionales (CITES, 2017; IUCN,
2019). Por lo que recientemente, ha aumentado el interés en la investigacion sobre la ecologia
de poblaciones y la biologia reproductiva de especies de cactaceas con cierto grado de

vulnerabilidad (Strong y Williamson, 2007; Martinez-Peralta et al., 2014a; Matias-Palafox et al.,



2017; Zepeda et al., 2017), como un marco necesario para conocer los elementos que
establecen la dindmica poblacional, los requisitos reproductivos y los factores que podrian
limitar la regeneracién natural, asi como para comprobar el estado de conservacion de sus
poblaciones.

El género Strombocactus se encuentra amenazado debido al bajo reclutamiento de
plantulas (ob. pers.; Olmos-Lau, 2016), asi como a la disminucidon general del numero de
individuos por poblacion, como resultado de las actividades humanas, por el cambio de uso de
suelo para la agricultura y por la colecta ilegal de plantas y semillas para su venta en el
mercado nacional e internacional (Lithy, 2001; Arias y Sdnchez-Martinez, 2010; Olmos-Lau y
Mandujano, 2016). Actualmente, Strombocactus disciformis esta incluido como especie
amenazada en la NOM-059 (SEMARNAT, 2010) y como vulnerable en la Lista Roja (IUCN,
2019), aunque S. disciformis ssp. disciformis (DC.) Britton & Rose y S. disciformis ssp.
esperanzae Glass & S. Arias no se tratan por separado. Strombocactus corregidorae S. Arias
& E. Sanchez no estad incluida en ninguna de estas dos listas. Todas las especies de
Strombocactus estan en el Apéndice | de CITES (2017). Ante esta situacion es necesario
obtener informacion sobre las diversas estrategias reproductivas utilizadas por cada taxon de
Strombocactus que les permite el reclutamiento de nuevos individuos en sus poblaciones para
persistir en el tiempo; lo cual es de gran importancia para comprender la dinamica de sus
poblaciones e identificar los elementos que podrian limitar su regeneracion natural y promover
programas de restauracion y conservacion de sus poblaciones a futuro.

Por esta razon, el objetivo general de este trabajo consistio en describir diferentes
aspectos de la biologia reproductiva de los taxones de Strombocactus. Con los siguientes
objetivos particulares: 1) Realizar una revision sobre los aspectos relacionados con la biologia
reproductiva de la subfamilia Cactoideae, donde esta incluido Strombocactus, 2) Conocer la

biologia floral, los visitantes florales, los sistemas de apareamiento y de cruza de cada taxon



de Strombocactus, asi como determinar si presentan un sistema de incompatibilidad, 3)
Estudiar la morfo-anatomia y secrecion de néctar en los nectarios florales de Strombocactus y
4) Estudiar la ontogenia de las semillas, con énfasis en el apéndice seminal presente en S.

disciformis, determinar los mecanismos de dispersion de las semillas y la germinacion.

Biologia reproductiva

El estudio de la biologia reproductiva en angiospermas explora diversos procesos involucrados
en la formacion de flores, frutos y semillas que son clave para el reclutamiento de nuevos
individuos en una poblacion, lo que permite su persistencia a lo largo del tiempo (Matias-
Palafox et al., 2017). La biologia reproductiva abarca los aspectos de propagacion vegetativa,
apomixis, biologia floral, expresion del sexo, los sistemas de apareamiento, de cruza y de
incompatibilidad, la relacion con los polinizadores y otros visitantes florales, los atrayentes y
recompensas ofrecidas por parte de las flores hacia los visitantes y por parte de frutos y
semillas para los dispersores (Dafni, 1992; Richards, 1997; Mandujano et al., 2010).

La reproduccién sexual en angiospermas se puede evaluar a dos niveles. El primero es
el estudio de los sistemas de apareamiento (breeding systems), se refieren a la forma en la
cual el gineceo y el androceo se posicionan espacial (hercogamia), temporal (dicogamia) y
funcionalmente (expresion del sexo) a nivel de flor, individuo o poblacién y tienen una
consecuencia directa sobre los sistemas de cruza (Cruden, 1977; Richards 1997; Neal y
Anderson, 2005; Mandujano et al., 2010). El segundo nivel de estudio son los sistemas de
cruza (mating systems), se refieren a cOmo y con quién se unen los gametos para efectuar la
fecundacion, es decir, el patron en la transmision de genes entre generaciones a través de la
formacion de semillas, éstos son: la entrecruza, la autocruza y el sistema mixto, este ultimo

involucra a los dos anteriores (Richards, 1997; Neal y Anderson, 2005; Barrett, 2014). La forma



en la cual se unen los gametos de una especie determinard las caracteristicas genéticas y la
adecuacion de la descendencia (Charlesworth y Charlesworth, 1987; Barrett, 2014).

La entrecruza promueve el intercambio genético, Io que genera un aumento en la
heterocigosidad y la adecuacion de los individuos (Charlesworth y Charlesworth, 1987; Barrett,
2014), ademéas de solventar los estragos que pueden inducir ciertos cambios en el ambiente;
sin embargo, la mayoria dependen de polinizadores y de una floracidén sincrénica y masiva
para la fecundacién (Richards, 1997). Por otra parte, la autocruza se presenta en especies que
carecen de sistemas de incompatibilidad, lo cual asegura la fecundacion y formacion de
semillas de un individuo aun cuando los polinizadores son escasos 0 estan ausentes (Barrett,
2014). Asimismo, evita las recombinaciones con genotipos mal adaptados a un determinado
ambiente (Kephart et al., 1999); no obstante, provoca la homocigosidad y la descendencia
puede manifestar depresion por endogamia (reduccion en la viabilidad y/o fertilidad de la
descendencia autbgama) debido a mutaciones deletéreas (Charlesworth y Charlesworth,
1987; Kephart et al., 1999). Por ultimo, la presencia de un sistema mixto en una poblacion
mantiene las ventajas de una mayor diversidad genética via entrecruza, o bien asegura su
permanencia producto de la autofecundacion (Goodwillie et al., 2005; Barrett, 2014).

Los sistemas de cruza en la familia Cactaceae se relacionan, en parte, con la forma de
vida y longevidad de las especies concernientes a cada subfamilia, asi como sus interacciones
bidticas y abidticas. Dentro de las especies pertenecientes a la subfamilia Pereskioideae
prevalece la entrecruza, en cambio en Opuntioideae y Cactoideae existe la autocruza,
entrecruza y sistemas mixtos (Mandujano et al., 2010). La tribu Cacteae de la subfamilia
Cactoideae, a la cual pertenece Strombocactus, tiene especies que presentan entrecruza
obligada, por ejemplo, Astrophytum asterias (Zucc.) Lem. (en Starr, Texas, USA; Strong y
Williamson, 2007), Coryphantha cornifera (DC.) Lem., Stenocactus anfractuosus (Mart.) A.

Berger ex A.W. Hill (Fuentes, 2012) y Mammillaria grahamii Engelm. (Bowers, 2002); con



sistema mixto Astrophytum asterias (en Nuevo Ledn y Tamaulipas, México; Martinez, 2007),
varias especies de Ariocarpus (Martinez-Peralta et al., 2014a), Ferocactus cylindraceus
(Engelm.) Orcutt y F. wislizeni (Engelm.) Britton & Rose (Mcintosh, 2002); sin embargo, en
estas especies predomina la entrecruza. Los sistemas de cruza estéan relacionados con los
sistemas sexuales, sistemas de apareamiento, la presencia o ausencia de un sistema de
incompatibilidad (Barrett, 2002, 2014) y la conducta de los visitantes florales (Kephart et al.,
1999).

Los sistemas sexuales (sexual systems) se refieren a la forma en la cual los 6rganos
reproductivos se posicionan funcionalmente en los individuos de una poblacion. Estos sistemas
se expresan como hermafroditas, monoicos, dioicos, entre otros, y tiene una consecuencia
directa sobre la diversidad genética de las poblaciones (Barrett, 2002; Neal y Anderson, 2005;
Orozco-Arroyo y Vazquez-Santana, 2013). La mayoria de las especies de la familia Cactaceae
son hermafroditas; sin embargo, se han reportado 26 especies que presentan flores
unisexuales con sistemas sexuales tales como el dioico, ginodioico, trioico o0 subdioico
(Rebman, 2001, Rebman et al., 2002; Orozco-Arroyo et al., 2012; Sanchez y Vazquez-
Santana, 2018; Martinez, 2018). En la subfamilia Cactoideae por ejemplo, Echinocereus
coccineus Engelm., E. mombergerianus G.Frank y E. polyacanthus Engelm. (Hernandez-Cruz
et al., 2018) presentan poblaciones dioicas; Mammillaria dioica K. Brandegee, M. neopalmeri
R.T. Craig (Lindsay y Dawson, 1952) y Pachycereus pringlei (S.Watson) Britton & Rose
(Fleming et al., 1994) tienen poblaciones ginodioicas y trioicas; Mammillaria blossfeldiana
Boed. (Rebman, 2001; Rebman et al., 2002) y Coryphantha elephantidens (Lem.) Lem.
(Martinez, 2018) presentan sistemas ginodioicos.

La presencia de ambos 6rganos sexuales en una flor hermafrodita incrementa las
probabilidades de autopolinizacion, lo que compromete la variabilidad genética de las especies

(Kuusk, 2003). Las angiospermas presentan diversos mecanismos reproductivos para evitar



los efectos deletéreos de la endogamia, promover la heterocigosis y la variabilidad genética,
lo cual tiene efectos ventajosos en la supervivencia de las poblaciones (Barrett, 2002). Entre
las estrategias utilizadas se encuentran la dicogamia, la hercogamia y los sistemas de
incompatibilidad (Lloyd y Webb, 1986; Webb y Lloyd, 1986; de Nettancourt, 1997; Barrett,
2002). La dicogamia es la separacion temporal entre las funciones sexuales, mediante dos
tipos, la protoginia cuando los estigmas son receptivos antes de la liberacion del polen y la
protandria, cuando el polen se libera antes de que los estigmas sean receptivos (Lloyd y Webb,
1986; Barrett, 2002). En la subfamilia Cactoideae se han reportado casos de protandria con
separacion temporal corta (horas) como en Hylocereus spp. (Pimienta-Barrios y Del Castillo,
2002) y Pilosocereus royenii (L.) Byles & G.D.Rowley (Rivera-Marchand y Ackerman, 2006) o
larga (dias) en Ferocactus histrix (DC.) G.E.Linds. (Del Castillo, 1994). En el caso de las
especies de Ariocarpus se menciona que presentan protandria incompleta (Martinez-Peralta
et al., 2014a), es decir, que las funciones sexuales se sobrelapan en algun punto (Lloyd y
Webb, 1986).

La hercogamia es la separacion espacial entre las anteras y el estigma (Webb y Lloyd,
1986). Esta diferencia espacial generalmente esta vinculada a un sistema de incompatibilidad
genético, lo cual ha sugerido que la hercogamia disminuye la interferencia entre las funciones
masculinas y femeninas, pero no evita por completo la endogamia (Webb y Lloyd, 1986),
debido a que la autopolinizacién mediada por polinizadores o auténoma sigue siendo posible
(Barrett, 2014). Algunos ejemplos de especies de Cactoideae que presentan hercogamia y un
sistema de incompatibilidad son: Pilosocereus lanuginosus (L.) Byles & G.D.Rowley (Nassar
et al., 1997, 2003), Cleistocactus baumannii (Lem.) Lem., C. smaragdiflorus (F.A.C.Weber)
Britton & Rose (Gorostiague y Ortega-Baes, 2016) y especies de Ariocarpus (incompatibilidad
parcial; Martinez-Peralta et al., 2014b). Otras especies son autocompatibles y tienen

hercogamia, por ejemplo, Echinocactus platyacanthus Link & Otto (Jiménez, 2008), Melocactus
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curvispinus Pfeiff. (Nassar et al., 2001) y Weberbauerocereus weberbaueri (K. Schum. ex
Vaupel) Backeb. (Sahley, 1996).

El sistema de incompatibilidad sexual es un mecanismo genético-bioquimico de
reconocimiento y rechazo especifico del polen, es decir, el gineceo reconoce y rechaza el polen
propio y el de parientes inmediatos que presenten los mismos alelos, aceptando el polen de
plantas genéticamente relacionadas, pero que presentan diferentes alelos, evita la endogamia
y fomenta la entrecruza (de Nettancourt, 1997). Algunos autores han reportado la presencia
de autoincompatibilidad total o parcial en especies de Cactoideae, debido a la nula formacién
de frutos y a la observacion del comportamiento de tubos polinicos en experimentos de
autopolinizacion controlada como en Echinopsis chamaecereus H.Friedrich & Glaetzle (Boyle
e Idnurm, 2001), Schlumbergera truncata (Haw.) Moran, Hatiora rosea (Lagerh.) Barthlott, H.
gaertneri (Regel) Barthlott (Boyle, 2003) y especies de Ariocarpus (Martinez-Peralta et al.,
2014b). La presencia de un sistema de incompatibilidad en especies vulnerables con
poblaciones pequefias limita el nimero de cruzas compatibles y disminuye la reproduccion
sexual, lo que reduce aun mas el tamafio efectivo de la poblacion (Busch y Schoen, 2008).
Ademas, las especies autoincompatibles dependen de vectores que transporten el polen entre
los individuos, para llevar a cabo la polinizaciébn cruzada, por lo que la atraccién de
polinizadores puede determinar el éxito reproductivo (Aguilar et al., 2006; Vervoort et al., 2011).

Con base en las caracteristicas florales, Cruden (1977) propuso dos métodos para
categorizar a los sistemas de apareamiento: 1) indice de entrecruza, que toma en
consideracion el diametro de la flor y la presencia/ausencia de hercogamia y dicogamia, los
cuales se califican para dar un puntaje a la especie y clasificarla como cleistbgama, autdgama,
autdégama facultativa, xenégama facultativa o xenégama, y 2) Cociente polen/ovulos, bajo el
supuesto de que las especies autbgamas no necesitan producir una gran cantidad de polen

por cada Ovulo, mientras que las xendgamas si lo requieren. Se ha sugerido que el sistema de
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apareamiento, definido a partir de atributos florales, es un aproximado al sistema de cruza de
una especie, debido a que participa en la contribucién genética relativa de los individuos de
una poblacién (Dafni, 1992).

A lo largo de la evolucion las plantas han desarrollado una gran diversidad de
estrategias y atributos florales para llevar a cabo una transferencia exitosa de sus gametos
(Castillo et al., 1999; Dominguez y Pérez, 2013). En el caso de la polinizacién zodfila, los
atributos florales como el tamafio, forma, color, fragancias y la presencia de recompensas
(aceites, néctar, polen) estan estrechamente relacionados con la atraccion de polinizadores, lo
cual favorece que la flor reciba y/o done polen cuando es visitada (Grajales-Conesa et al.,
2011; Dominguez y Pérez, 2013). Las especies con entrecruza estricta y polinizacion zoofila,
dependen de la actividad de sus polinizadores para tener éxito reproductivo, por lo que un
descenso en el numero de polinizadores pone en peligro la formacién de semillas (Wilcock y
Neiland, 2002), por consiguiente, el reclutamiento de nuevos individuos en la poblacién. En
cambio, especies con autopolinizacién autbnoma, al no depender de polinizadores aseguran
la produccién de semillas, siempre y cuando sean autocompatibles (van Kleunen et al., 2008).

Las cactaceas son polinizadas generalmente por abejas, aves, mariposas y murciélagos
(Pimienta-Barrios y Del Castillo, 2002; Mandujano et al., 2010; Arias y Flores, 2013). También,
son visitadas por avispas, escarabajos, hormigas y saltamontes, los cuales se pueden
considerar florivoros, polinivoros, nectarivoros, polinizadores ocasionales o con una conducta
indeterminada (Mandujano et al., 2010; Martinez-Peralta y Mandujano, 2012). En particular, la
florivoria puede reducir en dltima instancia la adecuacion de las plantas (McCall e Irwin, 2006;
Mandujano et al., 2010). El néctar como recompensa para los polinizadores se produce en los
nectarios florales (Richards, 1997; Irwin et al., 2004) y los estudios de estas estructuras en
Cactaceae han proporcionado informacion sobre su ubicacién, morfologia, anatomia,

secrecion y composicion quimica del néctar, asimismo su relacion con la polinizacion (Molina-
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Freaner et al., 2004; Almeida et al., 2013; Gudifio et al., 2015, 2018). Se han propuesto tres
tipos de nectarios para cactaceas: a) camara nectarial, b) disco y c) surco (Buxbaum, 1953).
Sin embargo, esta clasificacion no se acopla del todo bien a los diferentes nectarios de la
familia (por ejemplo, Fuentes-Pérez et al., 2009).

Junto con el transporte de polen, la dispersion de semillas es el factor individual mas
importante que promueve el flujo de genes a través de una poblacion o hacia nuevas
poblaciones (Van Der Pijl, 1972; Willson y Traveset, 2000). Por lo tanto, el patrén de dispersion
de las semillas contribuye a la estructura y diversidad genética de las poblaciones (Willson y
Traveset, 2000; Levin et al., 2003). Entre los caracteres morfoldégicos asociados con la
dispersion de las semillas se encuentran la forma, el tamafio, el color y los apéndices seminales
(estrofiolo, arilo, carincula, sarcotesta y elaiosoma) (Boesewinkel y Bouman, 1984; Bewley et
al., 2013). Los términos que describen a cada uno de los apéndices seminales se basan en el
origen ontogénico, la composicion quimica y la morfo-anatomia (Van Der Pijl, 1972; Marquez-
Guzman, 2013). Sin embargo, distintos autores utilizan los términos como arilo, elaiosoma,
estrofiolo y carancula como sinénimos entre si. En particular, una mayor comprensiéon sobre el
origen y la funcién de los apéndices seminales puede proporcionar una mayor idea sobre el
papel de estas estructuras en la evolucion y distribucién de las especies.

En la familia Cactaceae se ha observado que las semillas son transportadas
esencialmente por aves, pequefios mamiferos, murciélagos y reptiles, a través de la ingesta 'y
la posterior regurgitacion, o por heces (Bregman, 1988; Soriano et al., 1999; Godinez-Alvarez
et al., 2002; Sanz y Nassar, 2007; Romero, 2012) o por hormigas (mirmecocoria), mediante el
transporte (carga) deliberado de la semilla (Bregman, 1988; Barthlott y Porembski, 1996;
Rojas-Aréchiga, 2009). Asimismo, el agua también se ha considerado como otro vector de
dispersion (Bregman, 1988; Barthlott et al., 1997; Sanchez-Salas et al., 2012). A largo plazo,

los eventos como la polinizacion, la fecundacion y la posterior dispersion de las semillas
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establecen la distancia genética entre los individuos de una misma especie y la manera en la
cual se combina la informacion genética que se transmite de generacion en generacion (Baker,

1955; Holsinger, 1986).

Género Strombocactus

Strombocactus que es el género de estudio de la presente investigacion, pertenece a la tribu
Cacteae de la subfamilia Cactoideae (Anderson, 2001). Fue descrito originalmente como
Mammillaria por De Candolle (1828) y mas tarde fue propuesto como un género monotipico
por Britton y Rose (1922), Strombocactus disciformis (DC). Britton & Rose. Actualmente, se
reconocen dos especies, S. disciformis (DC) Britton & Rose (con dos subespecies S.
disciformis ssp. disciformis y S. disciformis ssp. esperanzae Glass & S. Arias) y S. corregidorae
S. Arias & E. Sanchez (Arias y Sanchez-Martinez, 2010). Estas especies son endémicas de la
zona éarida Queretano-Hidalguense y se distribuyen en un sistema de cafiadas perteneciente
a los estados de Guanajuato, Hidalgo y Querétaro (Hernandez et al., 2004; Sdnchez-Martinez
et al., 2006). Los taxones de Strombocactus tienen habitats similares: pequefas grietas en
rocas, rellenas con suelo fino y escaso, en pendientes pronunciadas y paredes verticales
(donde afloran lutitas calcareas), preferentemente en areas con poca o nula vegetacion. A
menudo crecen bajo el dosel de plantas nodrizas (Alvarez et al., 2004; Arias y Sanchez-
Martinez, 2010).

Los taxones de Strombocactus tienen formas de crecimiento entre globoso, globoso-
depreso y cilindrico. La altura del tallo varia de 2.5-4.5 cm en S. disciformis ssp. esperanzae,
3-12 cm en S. disciformis ssp. disciformis hasta 18-23 cm en S. corregidorae; el diametro de
4-5 cm en S. disciformis ssp. esperanzae, 3-9 cm en S. disciformis ssp. disciformis y 8-12 cm
en S. corregidorae. Los tubérculos son romboidales, de color verde-grisaceo o verde-glauco.

Las aréolas son de elipticas a circulares, dispuestas en el apice de los tubérculos. EI nimero
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de espinas varia del-5, de color gris 0 negro-grisaceo, rectas, flexibles, caducas o
persistentes. Las flores son infundibuliformes, de color magenta en S. disciformis ssp.
esperanzae, blanco a blanco-amarillento en S. disciformis ssp. disciformis y amarillo en S.
corregidorae. Los frutos son secos, elipsoidales, de no mas de 11 mm de longitud y 7 mm de
diametro, sin aréolas, varian de amarillo-verdoso a tonos purpureos al madurar, con
dehiscencia longitudinal. Las semillas son obovoides, muy pequeiias, de color castafio rojizo,
con estrofiolo en las subespecies de S. disciformis y ausente en S. corregidorae (Britton y
Rose, 1922; Glass y Arias, 1996; Arias y Sanchez-Martinez, 2010). Con respecto al apéndice
seminal presente en S. disciformis Anderson (2001) menciona en su obra, que las semillas
pueden ser ariladas (pagina 35) o estrofioladas (pagina 651), mientras que Rojas-Aréchiga
(2009) menciona que presentan un elaiosoma; sin embargo, ninguno de estos autores realizo
trabajos de ontogenia o de la composicion quimica del apéndice seminal.

A continuacion, se presentan los resultados de la biologia reproductiva del género
Strombocactus, dando respuesta a las siguientes cuestiones: ¢ Cuales son los sistemas de
apareamiento y de cruza en cada taxon de Strombocactus? ¢ Presentan algin sistema de
incompatibilidad? ¢ Cudl es el éxito reproductivo (eficiencia en la produccién de semillas) de
los taxones? ¢Qué implicaciones tienen el sistema de cruza y la incompatibilidad en la
vulnerabilidad de los taxones? ¢ Qué recompensas florales ofrecen a sus visitantes? y ¢ Cual
es la naturaleza y el papel del apéndice seminal en S. disciformis durante la dispersion de la

semilla?
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Organizacion de la tesis

Capitulo 1. Articulo publicado: Biologia reproductiva de la subfamilia Cactoideae (Cactaceae).
Se realiz6 una exhaustiva revision sobre algunos aspectos relacionados con la reproduccion
en la subfamilia Cactoideae, a la cual pertenece Strombocactus, el género de estudio de la
presente investigacion.

Camacho-Veldzquez A., Rios-Carrasco S. y Vazquez-Santana S. 2016. Biologia reproductiva

de la subfamilia Cactoideae (Cactaceae). Cact. Suc. Mex. 61(4):100-127.

Capitulo 2. Manuscrito: Mating and incompatibility systems in Strombocactus (Cactaceae): an
evidence that supports their status as endangered taxa.

Se determinaron los sistemas de apareamiento, los sistemas de cruza y la presencia o
ausencia de un sistema de incompatibilidad en los tres taxones, utilizando atributos florales,
tratamientos de polinizacién controlada y la observacion de tubos polinicos. Se evalu6 si estos
rasgos estan relacionados con su estado de conservacion actual. Asimismo, se realizaron
observaciones de visitantes florales.

Manuscrito para ser enviado a publicacion.

Capitulo 3. Articulo publicado: The structure of nectaries in the genus Strombocactus
(Cactaceae).

Se estudio la ubicacion, morfologia, anatomia, secrecion y concentracion de néctar en los
nectarios florales de cada uno de los taxones, utilizando diversas técnicas de histologia y

microscopia.
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Camacho-Veldzquez A., Arias S., Marquez-Guzman J. y Vazquez-Santana S. 2019. The
structure of nectaries in the genus Strombocactus (Cactaceae). Botanical Sciences 97:

100-109.

Capitulo 4. Articulo publicado: Seed development and germination of Strombocactus species
(Cactaceae): A comparative morphological and anatomical study.

Se comparé el desarrollo de semillas, la germinacion y el establecimiento de plantulas entre
los taxones. Con énfasis en el origen y funcion del apéndice seminal, presente sélo en ambas
subespecies de S. disciformis. También se analizaron aspectos de la dispersion de las
diasporas.

Este manuscrito representa el articulo de requisito del Posgrado en Ciencias Bioldgicas:

Camacho-Velazquez A., Arias S., Garcia-Campusano F., Sanchez-Martinez E. y Vazquez-
Santana S. 2018. Seed development and germination of Strombocactus species

(Cactaceae): A comparative morphological and anatomical study. Flora 242: 89-101.
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Biologia reproductiva de la subfamilia
Cactoideae (Cactaceae)

Camacho-Veldzquez Aldebaran'#*, Rios-Carrasco Sandra' & Vazquez-Santana Sonia'*

Resumen

Las especies de la subfamilia Cactoideae presentan una gran variedad de sistemas y combinaciones
reproductivas eficientes para dejar descendencia. Algunas especies tienen la capacidad de reproducirse
tanto sexual (lo cual incluye meiosis y fecundacién) como asexualmente (apomixis y propagacién
vegetativa). La reproduccién asexual puede favorecer combinaciones de genes probados, pero que
a su vez fueron adquiridos por via sexual. En Cactoideae como en el resto de las angiospermas,
los atributos florales como la presencia o ausencia de dicogamia, hercogamia o de sistemas de
incompatibilidad, la produccién de flores unisexuales, la eficiencia de los polinizadores y la forma de
dispersién de los propagulos van a determinar la forma en que se unen los gametos para realizar la
fecundacién (autogamia o alogamia). Los sistemas de cruza que se han reportado en Cactoideae son
83 especies que presentan entrecruza y 38 con sistemas mixtos (entrecruza y autocruza).
Palabras clave: Sistemas de cruza, sistemas sexuales.

Abstract

The species of the subfamily Cactoideae exhibit a wide variety of sexual systems and efficient
reproductive combinations to leave offspring. Some species have the ability to reproduce both
sexually (which includes meiosis and fertilization) and asexually (apomixis and vegetative
propagation). Asexual reproduction can encourage combinations of tested genes but forgo the
possibility of increased genetic diversity. In Cactoideae as in the rest of angiosperms, floral traits
such as the presence or absence of dichogamy, herkogamy, incompatibility systems, production of
unisexual flowers, the efficiency of pollinators and the form of propagule dispersal will determine
how gametes are combined during fertilization (selfing or outcrossing). In the Cactoideae 83
species have been reported to have an outcossing mating system and 38 are reported as having
mixed mating system.

Keywords: Mating systems, breeding systems.

Introduccién dencia. En el caso de las plantas abarca los
mecanismos de propagacién (sexual y/o

La biologia reproductiva estudia los dife-  asexual), los sistemas de cruza, la biologfa
rentes aspectos involucrados en la repro-  floral, la expresién del sexo, las recompensas
duccién de una especie para dejar descen-  ofrecidas a los visitantes florales, los agentes

! Laboratorio de Desarrollo en Plantas. Departamento de Biologfa Comparada, Facultad de Ciencias, Universidad
Nacional Auténoma de México, 04510, Ciudad de México, México.
*Autores de correspondencia: aldebis84@yahoo.com.mx, svs@ciencias.unam.mx
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FOTO 1. Diversidad de flores en Cactoideae. A) Echinocereus cinerascens. B) Ferocactus gracilis. C) Strombocactus disciformis
subsp. disciformis. D) Turbinicarpus alonsoi. E) Bergerocactus emoryi. F) Peniocereus sp. G) Pilosocereus sp. H) Echinocereus sp.

polinizadores, los dispersores de semillas y
su interaccién con el ambiente (Richards
1997). Dichas caracteristicas conformarén
estrategias reproductivas que definan la
sobrevivencia y el mantenimiento de las
poblaciones.

Entre las estrategias reproductivas se
encuentran la reproduccién sexual por
medio de la fecundacién, y la reproduccién
asexual que implica propagacioén vegetativa
y en algunos casos apomixis (Reyes-Agtiero
et al. 2006; Godinez-Alvarez et al. 2008). La
reproduccion sexual de una determinada es-
pecie puede ocurrir por medio de autocruza
o entrecruza, que son las vias en las que los
gametos se dispersan y se unen para llevar a
cabo la fecundacién (Richards 1997; Tepedi-

no et al. 2010). La forma en la cual se unen
los gametos para efectuar la fecundacién, o
bien, los sistemas de cruza, dependerdn de
varios atributos florales como la separacién
temporal (dicogamia) y espacial (hercoga-
mia) de los 6rganos sexuales, la presencia o
ausencia de sistemas de autoincompatibili-
dad, y de la produccién de flores unisexuales
tanto en el mismo individuo (monoicismo)
como en individuos diferentes (dioicismo;
Barret 1998, 2002; Ainsworth 2000). Asi-
mismo, dichas caracteristicas estdn rela-
cionadas con la presencia y la conducta de
los polinizadores (Kephart er al. 1999). A
largo plazo, eventos como la polinizacién,
la fecundacién y la posterior dispersién
de las semillas establecerdn la distancia
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genética entre los individuos de una misma
especie y la manera en la cual se combine
la informacién genética que se transmite
de generacién en generacién (Baker 1955).

En la familia Cactaceae la amplia ver-
satilidad reproductiva en algunos de sus
géneros, desempefia un papel importante
en la estrategia ecolégica de adaptacién a
la aridez. Hay especies que tienen la capaci-
dad de reproducirse sexual y asexualmente
(Reyes-Agtiero et al. 2006; Mandujano et al.
2010; Arias & Flores 2013). La subfamilia
Cactoideae cuenta con aproximadamente
107 géneros distribuidos en nueve tribus
(Anderson 2001; Arias & Flores 2013). La
informacién sobre la biologfa reproduc-
tiva es escasa en este grupo debido a sus
caracterfsticas de lento crecimiento, ciclos
de vida largos, a la diversidad de formas de
vida, a sus rutas fotosintéticas y variedades
florales. La investigacion realizada se ha cen-
trado en estudiar la morfologfa, fisiologia y
taxonomia (Mandujanoer al. 2010). En este
trabajo se concentra informacién que abor-
da el conocimiento sobre las caracteristicas
de las flores, los sistemas de reproduccién
sexual, los sistemas de cruza y los poliniza-
dores en la subfamilia Cactoideae.

Las flores en Cactoideae

Una de las caracteristicas que distinguen a
las cactdceas es la presencia de aréolas. Se
trata de zonas meristeméticas con la capa-
cidad de dar origen a tallos, hojas o flores
(Bravo-Hollis 1978), generalmente se forma
una flor por aréola (Anderson 2001). Las
flores de las Cactoideae son sésiles, solitarias
o raramente agrupadas, de color blanco,
amarillo, naranja, rojo, pdrpura o rosa,
generalmente con simetrfa actinomorfa,
pocas especies presentan simetria zigomor-
fa como las de Cleistocactus y Schlumbergera

(Gibson & Nobel 1986). Pueden ser diurnas
o nocturnas, de 1 a 30 cm de longitud (An-
derson 2001; Arias & Flores 2013; Foto 1).
La mayoria de las flores de Cactoideae son
hermafroditas, sin embargo, de las especies
estudiadas hasta el momento nueve pre-
sentan flores unisexuales (Rebman 2001;
Orozco-Arroyo et al. 2012).

Sistemas sexuales

Los sistemas de reproduccién sexual in-
cluyen todos los aspectos de la expresion
sexual en las flores, como la forma en la
cual el androceo y el gineceo se posicionan
temporal, espacial y funcionalmente en los
individuos de una poblacién (distribucién
del sexo). Esto afecta la contribucién gené-
tica relativa hacia la siguiente generacién
de los individuos de una especie, teniendo
consecuencias directas sobre los sistemas
de cruza (Thomson & Barrett 1981; Dafni
1992; Barrett 1998). Entre el 90 - 94 % de las
angiospermas son hermafroditas (Dellapor-
ta & Calderén-Urrea 1993; Renner & Rick-
lefs 1995). La presencia de ambos érganos
reproductivos en una flor bisexual aumenta
la posibilidad de la autopolinizacién, com-
prometiendo la variabilidad genética de las
especies (Kuusk 2003). Las angiospermas
presentan diversos mecanismos reproduc-
tivos para impedir los efectos deletéreos
de la depresién endogdmica, promoviendo
la variabilidad genética y la heterocigosis.
Entre estos mecanismos se encuentran: 1)
La produccién de flores unisexuales feme-
ninas o masculinas en la misma planta,
conocido como monoicismo; o en diferentes
individuos, llamado dioicismo como en
Echinocereus coccineus (Hoffman 1992). 2)
La dicogamia o separacién temporal en las
funciones masculinas y femeninas de flores
hermafroditas, mediante dos tipos, la pro-
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toginia que ocurre cuando los estigmas son
receptivos antes de que se libere el polen,
y la protandria cuando el polen se libera
antes de que los estigmas sean receptivos.
3) La hercogamia es un mecanismo que
implica la separacion espacial de estigmas
v de anteras dentro de la misma flor como
en Oreocereus celsianus (Larrea-Alcdzar &
Lopez 2011). 4) La autoincompatibilidad es
la incapacidad de una planta hermafrodita
de producir cigotos fértiles producto de la
autopolinizacién (Dellaporta & Calderén-
Urrea 1993; Barret 1998, 2002; Ainsworth
2000; Cruz et al. 2001).

La mayoria de las especies de cacté-
ceas son hermafroditas, pero rara vez son
unisexuales por atrofia de los estambres
o del pistilo (Arreola 1997). Sin embargo,
sélo 28 especies agrupadas en 8 géneros
se han reportado con poblaciones con un
tipo diferente a la condicién hermafrodita,
tales como los sistemas: dioico, ginodioico,
trioico y subdioico (Rebman 2001; Orozco-
Arroyo et al. 2012). Dentro de la subfamilia
Cactoideae las especies Echinocereus coccineus
(Hoffman 1992; Foto 2A-B), E. polyacanthus
(Herndndez 2011) y E. yavapaiensis (Baker
2006) presentan un sistema dioico. Algunas
especies que presentan poblaciones ginodioi-
cas son Selenicereus innesii (Kimnach 1982),
Mammillaria blossfeldiana (Rebman 2001),
M. dioica (Lindsay & Dawson 1952; Sénchez
2007), M. neopalmeri (Lindsay & Dawson
1952) 'y Pachycereus pringlei (Fleming et al.
1994; Foto 2C), estas Ultimas tres especies
aligual que Echinocereus mombergerianus (Re-
bman 2003) también presentan poblaciones
con un sistema trioico. Estos trabajos estan
sustentados, en la mayorfa de ellos, en el
desarrollo floral y viabilidad de los gametos.
En general, las especies que presentan flores
unisexuales inician el desarrollo de primor-

dios estaminales y carpelares. Conforme
avanza el desarrollo embriolégico, factores
genéticos que desencadenan la muerte ce-
lular programada (MCP) y que regulan los
niveles hormonales, causan el detenimiento
del desarrollo de uno de los dos verticilos
sexuales (Dellaporta & Calderén-Urrea,
1994; Greenberg 1996; Calderén-Urrea &
Dellaporta, 1999; Coimbra ez al. 2004; Hart-
wig et al. 2011; Orozco-Arroyo et al. 2012;
Golenberg & West 2013; Flores-Renterfa et
al. 2013).

En dos especies de la subfamilia Opun-
tioideae: Opuntia stenopetala (Flores-Rente-
rfaet al. 2013) y O. robusta (Alfaro 2008) se
ha propuesto que ocurre MCP atemporal o
errénea en anteras de flores femeninas, lo
que puede originar esterilidad masculina.
Mientras que en O. robusta (Herndndez
2008) y Echinocereus polyacanthus (Cac-
toideae), células de la placenta y 6vulos
(especificamente en el funiculo y la nucela)
de flores masculinas presentan MCP, lo
cuale conduce a la esterilidad femenina
(Hernéndez 2011). Por otra parte, en O.
stenopetala se ha propuesto que las auxi-
nas juegan un papel importante durante
el desarrollo del gineceo, sugiriendo que
modificaciones en la homeostasis de las
auxinas son fundamentales en la evolucién
de la unisexualidad en esta especie, es decir,
una baja acumulacién de auxinas en etapas
tempranas del desarrollo del gineceo lleva
a una interrupcién en la diferenciacién
y/o en el crecimiento carpelar, originando
flores estériles femeninas (Orozco-Arroyo
et al. 2012). Por lo tanto, se puede sugerir
que la MCP y/o modificaciones en la ho-
meostasis de alguna fitohormona pueden
estar involucradas en la unisexualidad de
las especies de Cactoideae que presentan
flores estaminadas o pistiladas.
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FOTO 2. Especies con flores unisexuales. A) Flor femenina de Echinocereus coccineus. B)
Flor masculina de Echinocereus Coccineus. C) Individuo femenino de Pachycereus pringlei.

Una cuestion relevante para las especies
con poblaciones dioicas, es que para que se
formen semillas se requiere de vectores que
transporten el polen (Bawa 1980; Bawa y
Beach 1981). En caso de ser polinizadas por
animales, la produccién de semillas se ve
comprometida por la reduccién de indivi-
duos con flores que contienen un solo tipo
de gametos o por escacez de polinizadores.
Se dificulta el arribo de gametos provenien-
tes de plantas masculinas a flores de plantas
femeninas, resultando en una baja tasa de
reclutamiento de nuevos individuos.

Dicogamia, hercogamia

y sistemas de incompatibilidad

Existen otros mecanismos que favorecen la
entrecruza en flores hermafroditas. Uno de
ellos es la dicogamia (separacién temporal
de los sexos), un mecanismo poco explorado
dentro de las cactéceas, con casos de protan-
dria (Mandujano et al. 2010). En Hylocereus
spp. el estigma es receptivo alrededor de
tres horas después de la dehiscencia de las

anteras (Pimienta-Barrios & Del Castillo
2002). Un patrén similar de protandria ex-
hibe Pilosocereus royenii (Rivera-Marchand &
Ackerman 20006) y siete especies del género
Ariocarpus (Martinez-Peralta er al. 2014a;
Cuadro 1). Para este tltimo género, los
autores mencionan que a nivel poblacional,
las flores tienen una longevidad de dos dias,
de tal manera que el primer dfa funcionan
como donadoras de poleny el segundo como
receptoras de éste. Asimismo, sefialan que
enA. fissuratus la mayorfa de las flores tienen
el estigma receptivo dos horas después de la
liberacién del polen. Por otra parte, cuando
la receptividad del estigma y liberacién de
polen se sobrelapan, se considera como di-
cogamia incompleta (Lloyd & Webb 1986)
como ocurre en las especies del género
Ariocarpus (Martinez-Peralta et al. 2014a).
Otro caso particular de protandria es el
de Ferocactus histrix, en donde la liberacién
de polen ocurre los dos o tres primeros
dias de antesis, mientras que los l6bulos
estigmdticos permanecen cerrados. En los

27



Vol. 61 No.32016 105

préximos dos dias los l6bulos estigmati-
cos se extienden y sirven de plataforma
de aterrizaje para los polinizadores y de
esta manera el polen de otra flor puede ser
depositado (Del Castillo 1994). En dicho
caso se ha visto que la autogamia es poco o
nada efectiva para la formacién de frutos y
semillas (Del Castillo 1994). La protandria
parece ser un mecanismo efectivo para
disminuir la autofecundacién e incrementar
la entrecruza, sin embargo, la endogamia
se puede dar por via geitonogamia en los
individuos que presenten una maduracién
asincrénica de sus flores (Del Castillo 1988).

El'segundo mecanismo es la hercogamia,
una separacién espacial entre las anteras
y el estigma, y “aparentemente” es un
mecanismo frecuente entre las cactdceas
(Mandujano ez al. 2010). Se ha observado
que esta diferenciacién espacial general-
mente estd vinculada genéticamente a un
sistema de autoincompatibilidad, lo cual
ha servido para proponer que la hercogamia
tiene la funcién de evitar la interferencia
entre las anteras y el estigma (Webb &
Lloyd 1986). Dentro de la subfamilia
Cactoideae algunos ejemplos de especies
que presentan estilos més largos que los
estambres vy sistemas de incompatibilidad
son siete especies del género Ariocarpus
(autoincompatibilidad parcial; Martinez-
Peralta et al. 2014a, 2014b), Cleistocactus
baumannii, C. smaragdiflorus (Gorostiague
& Ortega-Baes 2016), Coryphantha cornife-
ra, Stenocactus anfractuosus (Fuentes 2012),
Peniocereus greggis, P. striatus (Raguso et al.
20083), Pilosocereus lanuginosus (Nassar et al.
2003) y Stenocereus queretaroensis (Ibarra-
Cerdefia et al. 2009). Sin embargo, algunas
especies que presentan algin grado de her-
cogamia son autocompatibles, por ejemplo:
Echinocactus platyacanthus (Jiménez 2008),

Melocactus curvispinus (Nassar er al. 2001),
Pilosocereus moritzianus (Nassar et al. 1997),
P. royenii (Rivera-Marchand & Ackerman
20006) y Wigginsia vorwerckiana (Chaves
2000; Cuadro 1).

Lahercogamia puede ser un proceso varia-
ble y dindmico dentro de las poblaciones de
algunas especies que carecen de un sistema
de autoincompatibilidad (Nassar & Ramirez
2004; Jiménez 2008), lo que provoca que las
anteras de algunas flores alcancen el nivel
del estigma durante el ciclo de vida floral, y
al momento del cierre de la flor las anteras
colapsen contra los I6bulos estigmaticos fa-
voreciendo la autopolinizacién. Esto ha sido
reportado para Hypoxis decumbens (Hypoxi-
daceae; Raimiindez & Ramirez 1998), donde
dicho mecanismo asegura la produccién de
semillas en plantas autocompatibles con
entrecruza, un “seguro contra fallas” (Faegri
& Van Der Pijl 1979). Otra posibilidad de
asegurar la autofecundacién es que durante
la antesis las anteras estén liberando polen y
el estigma se encuentre receptivo, y por los
movimientos de cierre y apertura de la flor
se provoque el contacto entre ellos.

Estos dos mecanismos de dicogamia y
hercogamia que varias especies hermafro-
ditas han desarrollado para evitar en gran
medida la autopolinizacién y promover la
entrecruza actGian mas como promotores
del intercambio de polen que como barreras
para la autofecundacién (Webb & Lloyd
1986; Lloyd & Webb 1986). Por lo tanto,
adn existe la posibilidad de introgresar con
los padres, con otros individuos de la pro-
genie o con parientes genéticamente muy
cercanos. Para contender con este problema,
un gran ndmero de especies desarrollaron
un mecanismo genético-bioquimico de
reconocimiento y rechazo especifico del po-
len, conocido como sistema de autoincom-
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patibilidad (Jiménez-Durédn & Cruz-Garcia
2011; Cruz-Garcia & Gonzélez-Zamora
2013). La autoincompatibilidad se distribu-
ye ampliamente en las angiospermas y se ha
descrito en miembros de 91 de 415 familias
(Cruz-Garcia & Gonzélez-Zamora 2013).
Este mecanismo le permite al pistilo reco-
nocer y rechazar el polen propio y aceptar
aquel de plantas genéticamente relaciona-
das, fomentando la polinizacién cruzada
y evitando la endogamia (Jiménez-Durdn
& Cruz-Garcfa 2011; Avila & Cruz-Garcia
2011). La autoincompatibilidad estd contro-
lada genéticamente por el locus multialélico
S, el cual codifica la determinante mascu-
lina (expresada en el polen) y la femenina
(expresada en el pistilo), especificando la
reaccién del reconocimiento y rechazo del
polen. Hay dos tipos de autoincompati-
bilidad a nivel genético: a) el sistema de
autoincompatibilidad gametofitico (SIG)
y b) el sistema de autoincompatibilidad
esporofitico (SIE). En los sistemas SIG los
componentes que determinan la incom-
patibilidad son expresados por el genotipo
haploide del polen (gametofito masculino),
mientras en los SIE la incompatibilidad
estd determinada por el genotipo diploide
de la planta madre (esporofito; Jiménez-
Durédn & Cruz-Garcfa 2011; Cruz-Garcia
& Gonzalez-Zamora 2013).

Los métodos mas frecuentes para deter-
minar si las plantas presentan sistemas de
incompatibilidad son la comparacién entre
el éxito reproductivo en polinizaciones
controladas de autocruza y de entrecruza,
asi como la observacion del crecimiento del
tubo polinico y la formacién de las semillas
en ambos tratamientos (Martinez-Peralta et
al. 2014a, 2014b). Dentro de la familia Cac-
taceae los sistemas de autoincompatibilidad
han sido poco estudiados, sin embargo, algu-

nos autores mencionan que se encuentran a
lolargo de la filogenia (Strong & Williamson
2007). Algunos autores han propuesto la
presencia de autoincompatibilidad total o
parcial como respuesta a la formacién de
frutos en experimentos de autopolinizacién
controlada y crecimiento de tubos polinicos
en la subfamilia Cactoideae, por ejemplo,
en siete especies de Ariocarpus (Martinez-
Peralta et al. 2014b), y en Echinopsis cha-
maecereus (Boyle & Idnurm 2001), Hatiora
gaertneri, H. rosea, H. X graeseri (Boyle 2003),
Schlumbergera russelliana, S. truncata y S. X
buckleyi (Boyle 1997, 2003), Astrophytum as-
terias (Martinez 2007; Strong & Williamson
2007), Cleistocactus baumannii (Gorostiague
& Ortega-Baes 2016), Coryphanta cornifera,
Stenocactus anfractuosus (Fuentes 2012), para
otras especies revisar Cuadro 1.

Los sistemas de autoincompatibilidad
tienen consecuencias significativas en po-
blaciones pequeas de especies amenazadas
oraras, ya que limitan el nimero de cruzas
compatibles en una poblacién, debido a que
existe mayor dificultad de encontrar una pa-
reja para formar descendencia (efecto Allee,
Busch & Schoen 2008). Asimismo, el des-
pliegue floral se ve desfavorecido o limitado
y posiblemente hay una disminucién en la
cantidad de polinizadores. La produccién
de progenie via autofecundacién a través
de los genotipos compatibles, podria llevar
a la pérdida de sistemas de autoincompa-
tibilidad y con esto los individuos puedan
autofecundarse y adicionar individuos a la
poblacién de una manera menos costosa
(Stephenson ez al. 2000), como puede ocu-
rrir para Ariocarpus agavoides, A. kotscoube-
yanus, A. bravoanus, A. fissuratus, A. retusus,
A. trigonus (Martinez-Peralta er al. 2014b),
Ferocactus cylindraceus, . wislizeni (MclIntosh
2002) y Oreocereus celsianus (Larrea-Alcézar
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& Lépez 2011), ya que ademds de producir
pocas flores presentan un sistema autoin-
compatible parcial, lo que podria sugerir que
estos sistemas no son estédticos en dichas
poblaciones. La autoincompatibilidad noes
un carécter discreto, puesto que las pobla-
ciones pueden variar de ser completamente
autoincompatibles hasta mostrar variacién
intra o inter-poblacional dependiendo de lo
estricto en el sistema de autoincompatibili-

dad (Ferrer & Good-Avila 2007).

Sistemas de cruza

Los sistemas de cruza representan las vias en
las que los gametos se dispersan y se unen
para formar semillas, y son la autocruzay la
entrecruza (Richards 1997; Tepedino ez al.
2010). La autocruza es cuando el polen de
una flor es depositado sobre el estigma de la
misma flor, o cuando el polen de una flor es
transferido a otra flor del mismo individuo.
De esta manera se asegura la fecundacién de
un individuo en condiciones adversas o en
ausencia de polinizadores efectivos, ademaés
tiene un bajo costo energético. Sin embargo,
promueve la pérdida de heterocigosidad
y la descendencia presenta depresién por
endogamia (Kephart er a/. 1999). En cam-
bio, la entrecruza ocurre cuando el polen
de una flor es transportado al estigma de
otra flor de diferente individuo. La entre-
cruza promueve el intercambio genético
generando diversidad en la descendencia.
El gasto energético es mayor porque debe
ofrecer recompensas para los polinizadores;
sin embargo, la entrecruza puede ocurrir
entre parientes cercanos sin excluir que la
poblacién padezca depresién endogdmica
(Richards 1997; Tepedinoet al. 2010). Existe
un Gltimo sistema de cruza, el mixto, el
cual combina las caracteristicas de los dos
anteriores. Los sistemas mixtos se han

calificado como una transicién entre los
dos extremos del gradiente entrecruza y
autogamia (Barrett 2002). Las especies que
poseen este tipo de sistema promueven la
recombinacién y también aseguran la repro-
duccién. Sin embargo, al producir semillas
por autofecundacién enfrentan depresién
por endogamia y una reduccién en la ade-
cuacién de la poblacién (Charlesworth &
Charlesworth 1987; Barrett 2000). Una
evaluacién precisa sobre los sistemas de
cruza puede obtenerse de manera directa,
mediante tratamientos de polinizaciones
controladas (Dafni 1992). Es posible hacer
una aproximacion de cémo se da el encuen-
tro de los gametos mediante los atributos
florales, estas caracteristicas en conjunto
(denominadas sistemas de apareamiento)
estan estrechamente asociados a la auto-
cruzay ala entrecruza (Ornduff 1969). Se
han propuesto dos niveles para categorizar
a los sistemas de apareamiento (Cruden
1977). El primero se basa en las caracterfs-
ticas florales y se conoce como indice de
entrecruza. Este toma en consideracién
la hercogamia, la dicogamia y el didmetro
de la flor. El segundo es el cociente polen/
6vulos (P/O). El sistema de apareamiento
definido a partir de caracterfsticas florales
es un acercamiento al sistema de cruza de
una especie (Dafni 1992).

Los sistemas de cruza en la familia
Cactaceae se relacionan en parte con la
forma de vida y longevidad de las especies
concernientes a cada subfamilia, asi como
sus interacciones bidticas y abidticas. Dentro
de las especies pertenecientes a la subfami-
lia Pereskioideae prevalece la entrecruza,
en cambio en Opuntioideae y Cactoideae
existe la entrecruza, autocruza y sistemas
mixtos (Mandujano et a/. 2010). En la tribu
Cacteae de la subfamilia Cactoideae, algunos
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FOTO 3. Especies con sistema mixto A) Echinocactus platyacanthus y B) Hylocereus undatus,
con entrecruza C) Neobuxbaumia mezcalaensis.

ejemplos de taxa que presenta entrecruza
son: Ariocarpus scaphirostris (Martinez-Peralta
et al. 2014a, 2014b), Coryphanta cornifera
(Fuentes 2012), Mammillaria huitzilopochtli
(principalmente autoincompatible, xenéga-
mo facultativo; Flores-Martinezezr al. 2013),
entre otras especies (Cuadro 1); con sistemas
mixtos seis especies del género Ariocarpus
(con sistema de autoincompatibilidad game-
tofitico (SIG) parcial, xenégamo facultativo;
Martinez-Peralta et al. 2014b), Echinocactus
platyacanthus (xendégamo facultativo; Jimé-
nez 2008; Foto 3A), Ferocactus cylindraceus,
(autoincompatible parcial; McIntosh 2002),
posiblemente Epithelantha micromeris subsp.
bokei y Mammillaria prolifera subsp. multiceps,
ya que son autocompatibles (Ross 1981), asf
como M. humboldtii que presenta un sistema
de apareamiento xenégamo facultativo
(Martinez-Ramos ez al. 2015; Cuadro 1).
En la tribu Cereeae los ejemplos de es-

pecies con entrecruza son Cereus horrispinus,
C. repandus (Nassar et al. 1997), Melocactus

glaucescens (Colago et al. 2000), Pilosocereus
chrysacanthus (Valiente-Banuet et al. 1997b)
v P. lanuginosus (Nassar er al. 2003). Con
sistema mixto Cereus portoricensis (Rojas-
Sandoval & Meléndez-Akerman 2009), Me-
locactus andinus, M. schatzlii (en esta Gltima
predomina la entrecruza; Nassarer al. 2007),
M. curvispinus (Nassar er al. 2001; Nassar &
Ramirez 2004), M. paucispinus (Colago et
al. 2006; Lambert er al. 2006), Pilosocereus
moritzianus (autoincompatible parcial, xe-
négamo facultativo; Nassar et al., 1997), P.
royenii (Rivera-Marchand & Ackerman 2000)
y posiblemente Melocactus matanzanus por
ser autocompatible (Ross 1981; Cuadro 1).
Enlarevision realizada por Mandujanoet al.
(2010), con base en la tasa de entrecruza, se
menciona que las especies de esta tribu en su
mayoria presentan sistemas de cruza mixtos
que tienden hacia la autofecundacién, con
pocos representantes que tienen entrecruza.

Dentro de la tribu Hylocereeae los
ejemplos de entrecruza son Hylocereus cos-
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FOTO 4. Especie clonal Ferocactus robustus.

taricensis (Weiss et al. 1994). Con sistema
mixto Hylocereus lemairei, H. undatus (Foto
3B) y Selenicereus megalanthus (autoincom-
patibles débiles; Lichtenzveig er al. 2000;
Cuadro 1). En un estudio previo por Weiss
et al. (1994) donde realizaron polinizaciones
controladas, no se desarrollé ningtn fruto
cuando realizaron autopolinizaciones para
H. lemairei, por lo que los individuos utili-
zados pueden ser autoincompatibles o hay
alta depresién endogdmica en otros alelos.

En la tribu Notocacteae una especie que
presenta entrecruza es Parodia haselbergii
(Ross 1981). Con sistema mixto Wigginsia
vorwerckiana (Chaves 2000; Cuadro 1).

En Pachycereeae las especies con en-
trecruza son Echinocereus papillosus (Ross
1981), Leprocereus scopulophilus (Valdés et al.
2011), Neobuxbaumia macrocephala, N. mez-
calaensis (Valiente-Banuet et al. 1997a; Foto
3C), Pachycereus weberi (Valiente-Banuet ez
al. 19970), Peniocereus greggii (Raguso et al.
2003), Stenocereus stellatus (Casaset al. 1999),
entre otras especies. Con sistema mixto
Polaskia chichipe (Otero-Arnaiz et al. 2003) y
el morfo hermafrodita de Pachycereus pringlei
(es autocompatible; Fleming et al. 1994;
Cuadro 1). Las especies de esta tribu prin-
cipalmente presentan entrecruza y pocos

sistemas mixtos, esto mismo fue observado
por Mandujano e al. (2010) con base en la
tasa de entrecruza, mencionando que pocas
especies que presentan floracién diurna y
nocturna tienden a la autofecundacién.

En la tribu Rhipsalideae ejemplos de
especies que presentan entrecruza son Ha-
tiora gaertneri, H. rosea, H. X graeseri (Boyle
20083), H. salicornioides, Rhipsalis pentaprera,
R. pilocarpa (Ross 1981), Schlumbergera rus-
selliana, S. truncata y S. X buckleyi (Boyle
1997, 2003; Cuadro 1). En esta tribu no
se ha descrito hasta el momento, alguna
especie que presente sistema mixto.

Por dltimo, en Trichocereeae algunos
taxa con entrecruza son Echinopsis ataca-
mensis (Badano & Schlumpberger 2001; De
Viana et al. 2001), Cleistocactus baumannii
(Gorostiague & Ortega-Baes 2016), Gymno-
calycium bruchii (Ross 1981), entre otras es-
pecies. Con sistema mixto Weberbauerocereus
weberbaueri (autogamo facultativo; Sahley
1996), Oreocereus celsianus (autoincompati-
ble parcial, Larrea-Alcdzar & Lépez 2011) y
posiblemente tres especies de Rebutia, ya que
son autocompatibles R. diminuta, R. minus-
culay R. spegazziana (Ross 1981; Cuadro 1).

Con base en el sistema de cruza que pre-
senta cada especie de Cactoideae estudiada
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hasta el momento, se puede decir que las
cactaceas globosas no presentan un patrén
distinguible, ya que aproximadamente hay
la misma cantidad de especies que presentan
entrecruza, que un sistema mixto. Con base
en la tasa de entrecruza, Mandujano ez al.
(2010) proponen que las especies con esperan-
za de vida mas corta (globosas) tienen poca
entrecruza con tendencia a sistemas mixtos.
Mientras tanto en las columnares (con es-
peranza de vida larga) la mayorfa presentan
sistemas de entrecruza (xenogamia), mas
que de autocruza (Mandujano et al. 2010).

Existen especies clonales como Ferocactus
robustus (Carriﬂo—Angeles et al. 2011; Foto
4), Lophoceres schottii (Parker & Hamrick
1992), Stenocereus erucay S. gummosus (Clark
2000), que se pueden ver favorecidas o des-
favorecidas dependiendo de su patrén de
clonacién. Entre mayor sea el ntimero de
genets que se propaguen vegetativamente,
serd mayor la posibilidad de que ocurra
entrecruzamiento (Charpentier 2002). Sin
embargo, si una especie es autoincompati-
ble y recluta varios rametos (mismo genet),
se afecta la produccién de semillas debido
a la saturacién de los estigmas de polen in-
compatible (Carrillo-Angeles & Mandujano
2011). Por otra parte, si la especie es auto-
compatible, la posibilidad de incrementar
la autogamia es mayor, trayendo como
consecuencia reduccién en la adecuacién
de la poblacién a través de la depresién por
endogamia.

Otra forma de reproduccién asexual es
la apomixis. Es la formacion de semillas sin
que intervengan los procesos de meiosis
y/o fecundacién, por lo que los embriones
resultantes son genéticamente idénticos a la
planta madre, cuando se originan del tejido
esporofitico como la nucela, tegumentos o
de sacos embrionarios no reducidos (Kol-

tunow 1993; Hand & Koltunow 2014), lo
cual se ha reportado en Cactoideae para la
especie autocompatible Mammillaria prolife-
ra (Ross 1981). En las especies con sistema
de entrecruza, Mammillaria tenuis y M.
zeilmanniana, la apomixis es por medio de
embriones adventicios (Tiagi 1970). En es-
tos trabajos no se realizé el tratamiento de
polinizacién de apomixis, solamente se ana-
lizé el desarrollo de las semillas en diferentes
etapas del desarrollo. El tratamiento de
apomixis consiste en excluir el estigma de
cualquier tipo de polen (propio o extrafo),
emasculando el botén floral, cubriéndolo,
y esperando la formacién de semillas sin
la intervencién de gametos masculinos. La
apomixis asegura la reproduccién de la es-
pecie y excluye las complicaciones asociadas
con la reproduccién sexual (polinizacién
y cruzas compatibles), sin embargo, este
proceso disminuye la variabilidad genética
(McCauley 2013).

La depresién endogémica se puede ex-
plicar como la reduccién en la viabilidad
y/o fertilidad de la descendencia autégama,
debido al aumento de homocigosidad (Char-
lesworth & Charlesworth 1987). Porende, en
las poblaciones que presentan autocruza su
variabilidad genética disminuye. Para evaluar
la depresién endogémica se calcula la adecua-
cién de la progenie utilizando la produccién
de frutos y de semillas por cada tratamiento
de polinizacién (entrecruzay autocruza ma-
nual). Cuando la poblacién padece depresién
endogdmica, ésta se ve reflejada enla adecua-
cién de los individuos. La adecuacién relativa
es un cociente entre el promedio del éxito de
la progenie de autocruza (A) y el promedio
del éxito de la progenie de entrecruza (E):
Adecuacién relativa = A/E (Charlesworth &
Charlesworth 1987; Mandujano, et al. 1996).
La depresion endogémica () se estima de la
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siguiente manera: O = 1-[A/E] (Charleswor-
th & Charlesworth 1987).

Los resultados de la depresién endogé-
mica poseen valores en un grado que va de
0 a 1, los valores més cercanos a 0 sefialan
menor depresién por endogamia, debido a
que se esta produciendo la misma o similar
cantidad de frutos y semillas por autocruza
que por entrecruza. Los valores de 1 o cer-
canos a 1 sefialan una elevada depresion por
endogamia, debido a que se estd produciendo
menor cantidad de semillas o frutos por au-
tocruza que por entrecruza (Cruden 1977).

Con base en los estudios analizados por
Mandujanoet al. (2010), se concluye que la
familia Cactaceae presenta niveles altos de
depresién endogdmica favoreciendo la ocu-
rrencia de entrecruza dentro de la familia.

Sindromes de polinizacion

Las interacciones planta-polinizador son
reciprocas, ya que existe un efecto del
polinizador sobre la planta y de ésta sobre
el polinizador. Los atributos florales como
el color, tamafo y forma, asi como las re-
compensas ofrecidas por parte de la planta
(polen, aceites, fragancias, resinas y néc-
tar), estdn intimamente relacionados con
la atraccién del polinizador, favoreciendo
que la planta reciba o done polen cuando es
visitada (Grajales-Conesaer al. 2011; Pérez-
Tejada & Pérez 2013). Como consecuencia
de la interaccién las flores varfan en sus
formas, longitudes y colores para atraer
a tipos determinados de polinizadores.
Las flores nocturnas de cactdceas son de
infundibuliformes a hipocrateriformes, de
color blanco, aromaticas y son cominmen-
te polinizadas por polillas y murciélagos;
mientras que las flores diurnas suelen ser de
forma campanulada y de colores amarillo,
naranja, rojos o rosas, generalmente poli-

nizadas por insectos o aves (Arias & Flores
2013). También existen flores nocturnas
que permanecen abiertas en las primeras
horas de la mafana siguiente y pueden
ser polinizadas por visitantes matutinos
(Dar er al. 2006). Los visitantes florales en
Cactoideae son principalmente las abejas,
aves, avispas, escarabajos, hormigas, mur-
ciélagos, polillas y saltamontes (Mandujano
etal. 2010; Foto 5). La polinizacién mediada
por aves se ha observado en especies de
Melocactus (Lambert et al. 2006; Nassar
et al. 2007); por murciélagos y polillas en
especies de los géneros Carnegia (Fleming
et al. 1996), Cereus (Petit 1995; Nassar et
al. 1997, 2003), Cipocereus (Lopes 2012),
Neobuxbaumia (Valiente-Banuet et al. 1996,
1997a), Pachycereus (Valiente-Banuet et
al. 1997b; Martinez-Peralta et al. 2010),
Pilosocereus (Valiente-Banuet et al. 1997b),
Prerocereus (Méndez et al. 2008), Stenocereus
(Casas et al. 1999; Ibarra-Cerdena et al.
2009). La especie Weberbauerocereus we-
berbaueri es polinizada por murciélagos y
colibries (Sahley 1996), Carnegia gigantea
v Stenocereus thurberi también atraen abejas
y colibries (Fleming ez al. 1996, 2001). Por
otra parte Lophocereus schottii (Fleming er al.
2001) y Stenocereus gummosus (Clark 2000)
sus principales polinizadores son las polillas.
Mientras que algunas otras especies de los
géneros Astrophytum (Martinez 2007), Echi-
nocereus (Vazquez et al. 2016), Echinocactus
(Jiménez 2008), Escontria (Oaxaca-Villa
et al. 2000), Ferocactus (Del Castillo 1994;
Mclntosh 2002), Mammillaria (Bowers
2002), Polaskia (Cruz & Casas 2002) y siete
especies de Ariocarpus (Martinez-Peralta
& Mandujano 2012) son polinizados por
abejas (Cuadro 1).

Las especies xendgamas dependen de
la actividad de los polinizadores para que
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FOTO 5. Visitantes florales en algunas Cactoideae. A

Pactli Fernando Ort;ega G

Pactli Feman(;lo Ortega G

) Ferocactus robustus. B) Strombocactus disciformis

subsp. disciformis. C) Mammillaria sp. D) Stenocereus sp. E 'y F) Neobuxbaumia mezcalaensis.

se lleve con éxito la reproduccién, por lo
que una disminucién o desaparicién de los
polinizadores pone en riesgo la produccién
de semillas y por ende el reclutamiento
de nuevos individuos. La desaparicién de
polinizadores se puede dar por actividades
antropogénicas, por el cambio del uso de
suelo, por el uso de pesticidas, por la baja
en los recursos ofrecidos como recompensa
debido a la disminucién de individuos e
invasién de especies de plantas y animales
(Aizen & Feinsinger 1994; Thompson
1996; Kearns et al. 1998), o bien cuando los
sistemas de interaccién planta-polinizador
muestra un patrén especializado en lugar
de ser generalista (Valiente-Banuet 2002).
Mientras que las autdgamas pueden tener
éxito reproductivo incluso si las poblaciones
estan fragmentadas (Martinez 2007).

Conclusiones

La biologfa reproductiva de la subfamilia
Cactoideae comprende un amplio espectro de

posibilidades que incluyen diversidad en los
sistemas de cruza, en los sistemas sexuales y
en los sindromes de polinizacién. A pesar de
quelos atributos florales se consideran impor-
tantes para definir la biologfa reproductiva,
se sabe que, aspectos como el ciclo de vida, el
hébito de las plantas y la distribucién de los
individuos también intervienen en el modo
de reproduccién delos individuos. Debido ala
combinacién de los distintos atributos, no se
puede establecer un patrén en las diferentes
formas de reproduccién ni a nivel de subfami-
lia, ni a nivel de tribu, ya que la mayorfa de las
especies presentan entrecruza. Los estudios
de la biologfa reproductiva en Cactoideae
ayudan a comprender el comportamiento de
las poblaciones para el conocimiento basico
y el planteamiento de estrategias con fines
de conservacion.
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CUADRO 1. Forma de vida, aspectos reproductivos y métodos utilizados como indicadores del sistema de cruza y/o la compatibilidad a partir de los estudios sobre especies de
Cactoideae. Forma de vida, A: arbéreo, Ar: arbustivo, ArP: arbustivo postrado, ArT: arbustivo trepador, C: columnar, Ci: cilindrico y G: globoso. Longevidad de vida (Lon. floral),
D: diurno, DV: diurno vespertino, N: nocturno y NM: nocturno matutino. Compatibilidad (Compatibili.), AC: autocompatible, Al: autoincompatible y SIG: sistema de autoin-
compatibilidad gametofitico. Sistema de apareamiento (Sist. de apare.), AF: autégamo facultativo, X: xenégamo, XF: xenégamo facultativo, 1: indice de entrecruzamiento, 2:
cociente polen/évulos (Cruden, 1977), * tienden a xendégamo y ** tienden a xendgamo facultativo. Sistema de cruza (Sist. de cruz.), E: entrecruza y M: mixto. Método utilizado
(Mét. util.), EC: experimento de cruza y MIM: método molecular. H: hercogamia, D: dicogamia, N: néctar; + presencia, - ausencia. [: indeterminado.

Sist. de Sist. de Mét.

Forma Lon. floral Vector de

o€

Taxa de vida (dias) Compatibili. apare. cruz. util. H D N polinizacién Referencia
Tribu Cacteae
Ancistrocactus scheeri G-Ci D Al I E EC I I I I %’gi 1981; Anderson
Ariocarpus agavoides C 2D SIG parcial X1 XE2 M EC Lo+ 4 Melitofilia Martinez-Peralta et al.
s P ' 2014a, 2014b
Ariocarpus bravoanus G 2D SIG parcial X1 XE2 M EC + o+ o+ Melitofilia %ig%éﬁ%alta etal.
Ariocarpus fissuratus G 2D SIG parcial XL, XE2 M EC  + + +  Melitofilia %ﬂam% ﬁeéaka etal.
Ariocarpus kotschoubeyanus G 2D SIG parcial Xy, XF2 M EC +  + + Melitofilia %iﬁ?%ﬁ%aka etal.
Ariocarpus retusus G 2D SIC parcial X! XF2* M EC o4 n Melitofilia Martinez-Peralta et al.
g P : 20144, 2014b
Ariocarpus scaphirostris G 2D SIG XX E EC 4+ + +  Melitofilia MartinezPeraltacral.
4 4 , 2014a, 2014b
Ariocarpus trigonus G 2D SIC parcial X! XF2* M EC + o+ 4 Melitofilia Martinez-Peralta et al.
pe e P : 20142, 2014b
. o Martinez 2007; Stron,
- 1,2 - _ ’ g
Astrophytum asterias G 1D Al-AC XF E-M EC + I Melitofilia & Williamson 2007
Astrophytum capricorne G D Al I E EC I I I 1 googi 1981; Anderson
Coryphantha cornifera G 3D Al X E EC + - I Melitofilia ~ Fuentes 2012
Coryphantha echinus G D Al I E EC T 1 I I Ross 1981; Anderson

2001
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Forma

Lon. floral

Sist. de

Sist. de

Mét.

Vector de

Taxa de vida (dias) Compatibili. apare. cruz. util. H N polinizacién Referencia
Coryphantha ottonis G D Al I E EC I I Poss 1981; Anderson
Echinocactus platyacantus c 2-3D [;gr(;i[a\f XE2 M S I Melitofilia  Jiménez 2008
Echinofossulocactus sp. c I Al I E EC I I Poss 1981; Anderson
Echinomastus erectocentrus Ci D Al I E EC I I I Ross 1981; Anderson
subsp. erectocentrus 2001
Echinomastus erectocentrus Ci 1-2D Al I E EC 1 + Melitofilia ~ Johnson 1992
var. acunensis
Epithelantha micromeris Ross 1981; Anderson
subsp. bokei G ! AC ! ! EC ! ! ! 2001
Escobaria tuberculosa Ci I Al 1 E EC I I 1 ZROOST 1981; Anderson
Ferocactus cylindraceus G 2D Al parcial I M EC I + Melitofilia ~ Mclntosh 2002
Ferocactus histrix G 4-6D I I E I + + Melitofilia ~ Del Castillo 1994
Ferocactus robustus G 2D Al parcial XE M I I + Melitofilia ~ Pifa 2000
Ferocactus wislizeni G 2D Al parcial I M EC I + Melitofilia ~ McIntosh 2002
Mammillaria bocasana G D Al 1 EOEC I I I Poss 1981; Anderson
Mammillaria compressa Ci D Al 1 E EC I I 1 gggi 1981; Anderson
Mammillaria crinita subsp. G D Al I E EC I I I Ross 1981; Anderson
wildii 2001
Mammillaria grahamii G 1-2D Al I E EC I I Melitofilias ~ Bowers 2002
Mammillaria huitzilopochtli G 1.gp  Alprincipal- g E EC + I Flores-Martinez et al.

mente 2013
Mammillaria humboldsii G D I XUXE* ] I+ I I Anderson 2001; Mart{-

nez-Ramos et al. 2015
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Forma

Lon. floral

Sist. de

Sist. de

Mét.

Vector de

8¢

Taxa de vida (dias) Compatibili. apare. cruz. util. polinizacién Referencia
Mammillaria melaleuca G D Al I E EC I %)Osi 1981; Anderson
Mammillaria parkinsonii G-Ci D Al I E EC 1 gggi 1981; Anderson
Mammillaria pectinifera G D Al I E EC I giggi 1981; Anderson
Mammillaria pennispinosa G D Al I E EC I gggi 1981; Anderson
Mammz’llart’_a prolifera G-Ci D AC I I EC I Ross 1981; Anderson
subsp. multiceps 2001
Mammillaria spinosissima Ci D Al I E EC I gggi 1981; Anderson
Mammillaria uncinata G D Al I E EC I gggi 1981; Anderson
Mammillaria zeilmanniana G D Al I E EC I gggi 1981; Anderson
Neomammillaria candida G D Al I E EC I ;\OOST 1981; Anderson
Pelecyphora aselliformis G D Al I E EC I gggi 1981; Anderson
Pelecyphora strobiliformis G D Al I E EC I ZR(;)ST 1981; Anderson
Sclerocactus brevispinus G-Ci 3-5D Al principal- I E EC Melitofilia Anderson 2001; Tepedi-

mente no et al. 2010
Sclerocactus wetlandicus G-Ci 3-5D Al principal- I E EC Melitofilia Anderson 2001; Tepedi-
mente no et al. 2010
Stenocactus anfractuosus G 4-13D Al X E CE Melitofilia ~ Fuentes 2012
Strombocactus disciformis G D Al I E EC I Ross 1981
Thelocactus valdezianus G D Al I E EC I Ross 1981; Anderson

2001
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Forma Lon. floral ... Sist. de Sist. de Mét. Vector de .
Taxa . . Compatibili. . R Referencia
de vida (dias) apare. cruz. util. polinizacién
Turbinicarpus horripilus G 2D Al X1 XF2* E EC Melitofilia ~ Matfas 2007
Tribu Cereeae
o Quiroptero-  Nassar et al. 1997; An-
c 2% % P 7
Cereus horrispinus A IN Al AF E EC flia derson 2001
Anderson 2001; Rojas-
Cereus portoricensis A IN Al parcial XF12 M EC Falenofilia ~ Sandoval & Meléndez-
Akerman 2009
EC Quiroptero-  Nassar er al. 1997, 2003;
2 7 P ; ;
Cereus repandus A IN Al XF E MM filia Anderson 2001
Melocactus andinus G 1D AC AF2** M IEA?\;X Ornitofilia ~ Nassar ez al. 2007
o EC e Nassar et al. 2001; Nas-
2% % 7 7
Melocactus curvispinus G 1D AC AF M MM Ornitofilia sar & Ramirez 2004
Melocactus glaucescens G 1D Al I E EC Ornitofilia ~ Colago et al. 2006
Melocactus matanzanus G D AC I I EC I ZR(())OST 1981; Anderson
o EC, e Colaco et al. 2006; Lam-
Melocactus paucispinus G 1D AC I M MM Ornitofilia bert ot al. 2006
Melocactus schatzlis G 1D AC AF? M-E I\F;XCI:\;X Ornitofilia ~ Nassar ez al. 2007
. . Quiroptero-  Nassar er al. 1997, 2003;
Dk % p 7 ’
Pilosocereus lanuginosus A IN Al AF E MM filia Anderson 2001
Pilosocereus chrysacanthus A 1IN Al I E EC Ouil}ﬁ?;ero— \1/9%1765 te-Banuet et al.
Pilosocereus moritzianus A IN Al parcial AR M EC Quiroptero-  Nassar et al. 1997; An-
filia derson 2001
Quiropterofi- Rivera-Marchand & Ac-
Pilosocereus royenii A 1IN AC X1 M EC lia a%e]as kerman, 2006; Anderson

2001
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Forma Lon. floral ... Sist. de Sist. de Mét. Vector de .
Taxa . p Compatibili. . P! Referencia
de vida (dias) apare. cruz. util. polinizacién
Tribu Hylocereeae
Hylocereus costaricensis ArT IN Al e E EC Abejas Weiss et al. 1994
. . . Weiss et al. 1994; Li-
_ 6 1 , ;
Hylocereus lemairei ArT IN Al - Al débil X E-M EC Abejas chtenzveig ef al. 2000
. . Weiss et al. 1994; Li-
- 6 1 ’
Hylocereus undatus ArT IN AC - Al débil X M EC Abejas chtenzveig ef al. 2000
Selenicereus megalanthus ArT 1IN AC - Al débil XF! M EC Abejas Welss et al. 1994, Li-
chtenzveig e al. 2000
Tribu Notocacteae
Blossfeldia liliputana C D AC I I EC I Pose 1981; Anderson
Frailea pumila G 1 AC I I EC I Ross 1981; Anderson
2001
Parodia haselbergi c D Al 1 E EC 1 Doss 1981; Anderson
Wigginsia vorwerckiana G 2D SC I M I Melitofilia ~ Chaves 2000
Tribu Pachycereeae
Echinocereus papillosus Ar D Al I E EC I gggi 1981; Anderson
Echinocereus pectinatus G-Ci D Al I E EC I 5(?5; 1981; Anderson
Echt'ﬂocgreus pectinatus var. G-Gi D Al I E EC I Ross 1981; Anderson
wenigeri 2001
Echinocereus reichenbachii Ar D Al I E EC I gggi 1981; Anderson
Echinocgre»{s reichenbachii Ar D Al I E EC I Ross 1981; Anderson
var. baileyi 2001
Echinocereus reichenbachii Ar D Al I E EC I Ross 1981; Anderson

var. chisoensis

2001
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Forma Lon. floral ... Sist. de Sist. de Mét. Vector de .
Taxa . p Compatibili. . PSS Referencia
de vida (dias) apare. cruz. util. polinizacién
Echz'n_acef‘e‘us reichenbachii Ar D Al I E EC I Ross 1981; Anderson
var. fitchii 2001
Echinocereus reichenbachii Ar D Al I E EC I Ross 1981; Anderson
var. perbellus 2001
Echinocereus rigidissimus G-Ci D Al I E EC I ZR(?OSi 1981; Anderson
Echinocereus viridiflorus G-Ci D Al I E EC I ZR(()DST 1981; Anderson
Escontria chiotilla A 1D Al I E EC Abel])a;?éscoh— Oaxaca-Villa et al. 2006
y EC, - Parker & Hamrick 1992;
Lophocereus schottii A-Ar IN Al I E MM Falenofilia Fleming & Holland 1998
Leptocereus scopulophilus Ar N Al I E EC Quirfﬁ?atero— Valdés et al. 2011
Marginatocereus marginatus — C- A INoD Al X! E EC Murcvielégos, Darer al. 2006
colibries
Myrtillocactus geometrizans A D Al I E EC I QR&?? 1981; Anderson
Neobuxbaumia macro- A 1N Al I E EC Quirgpterof Valiente-Banuet ef al.
cephala filia 1997a
Neobuxbaumia mezcalaensis C IN Al I E EC Quiroptero-  Valiente-Banuet et al.
filia 1997a
P;zchycereys pecten-abori- A N Al I E EC Quiroptero-  Molina-Freaner et al.
ginum filia 2004
Pachycereus pringlei (morfo N AC I M EC QUITOPtero- g ing er al. 1994
hermafrodita) filia
. Quiroptero- ~ Valiente-Banuet ez al.
Pachycereus weberi A IN Al I E EC filia 19976
Peni . 1 Falenofilia,
eniocereus greggii Ar IN Al X E I abejas Raguso ez al. 2003
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Forma Lon. floral ..; Sist. de Sist. de  Mét. Vector de .
Taxa . p Compatibili. . P Referencia
de vida (dias) apare. cruz. util. polinizacién
Peniocereus striatus Ar IN Al e E I Falenofilia Raguso ez al. 2003
Polaskia chende A 1D Al I E EC Melitofilia ~ Cruz & Casas 2002
Polaskia chichipe A IDoN AC I M EC [oejas, Oli-  Otero-Arnaizer al. 2003
ries, polillas
Stenocereus eruca ArP IN Al I E EC Polillas, abejas Clark-Tapia & Molina-
Freaner 2004
Stenocereus griseus A 1IN Al XE2 E I\Fﬁ\;& Qui];ﬁ[ia;ero— Nassar e al, 1997, 2003
Stenocereus gummosus Ar 1IN Al I E I\F;S\;X Falenofilia S:;ﬁjg%igg& Molina-
Stenocereus queretaroensis A INoD Al e E EC Quiroptero-  Tbarra-Cerdefia er al,
filia 2005
Stenocereus stellatus Ar-A IN Al E EC Quila}l)aterof Casas et al. 1999
Tribu Rhipsalideae
Hatiora gaertneri Ar D SIG I E EC I S(C)Jgie 2008; Anderson
Hatiora rosea Ar D SIG I E EC I Doyle 2005; Anderson
Hatiora X graeseri Ar D SIG I E EC I Doyle 2005; Anderson
Hatiora salicornioides Ar D Al I E EC I 5&;; 1981; Anderson
Rhipsalis pentaptera Ar D Al I E EC I g(())gi 1981; Anderson
Rhipsalis pilocarpa Ar D Al I E EC I gggi 1981; Anderson
Schlumbergera russelliana Ar I SIG I E EC I Boyle 1997
Schlumbergera truncata Ar I SIG I E EC I Boyle 1997, 2003
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Forma Lon. floral ... Sist. de Sist.de Mét. Vector de .
Taxa . p Compatibili. . RN Referencia
de vida (dias) apare. cruz. util. polinizacién
Schlumbergera X buckleyi Ar I SIG I E EC I Boyle 2003
Tribu Trichocereeae
Quiropterofi- Badano & Schlumpber-
Echinopsis atacamensis A 1-2NM Al I E EC Hropte ger 2001; De Viana et
lia, abejas
al. 2001
Echinopsis chamaecereus Ar 2-3D Al I E I I Boyle & Idnurm 2001
. y e Ross 1981; Gorostiague
1 ; 8
Cleistocactus baumannii Ar 2DV Al X E EC Ornitofilia & Ortega-Baes 2016
Clesstocactus smaragdiflorus Ar 2DV Al X! E EC Or;éi?fsha’ g;gs;%i%ue & Ortega-
Gymnocalycium anisitsii Ross 1981; Anderson
subsp. damsii G b Al ! E EC ! 2001
Gymnocalycium bruchis G D Al I E EC I 5&?; 1981; Anderson
Oreocereus celsianus Ar 3DV Al parcial X! M EC Ornitofilia ]§8r1rle a-Alcazar & Lopez
Rebutia deminuta G D AC I 1 EC I Pose 1961; Anderson
Rebutia minuscula G D AC I I EC I ZR(())OS; 1981; Anderson
Rebutia spegazziana G D AC I I EC I ZR(?gi 1981; Anderson
Sulcorebutia steinbachii G D Al I EEC I T oss 1981; Anderson
Weberbauerocereus weber- Ar 1DV AC Xl M MM Quiropterofi- Sahley 1996

baueri

lia, colibries

1974
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Highlights

e Flowers of the Strombocactus genus presents dynamic herkogamy and protandry incomplete.

e Stromboactus disciformis ssp. disciformis and S. corregidorae are self-incompatible and have a

strict outcrossing system.

e Strombocactus disciformis ssp. esperanzae is self-compatible and has a mixed mating system.
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We studied reproductive aspects of three taxa of Strombocactus (S. disciformis ssp. disciformis, S.
disciformis ssp. esperanzae and S. corregidorae), threatened cacti endemic to the arid regions of
Mexico. We examined the breeding system, mating system, outcrossing rate, the presence or absence of
inbreeding depression, and the incompatibility system exhibited by these taxa, based on the evaluation
of floral behavior and characteristics, controlled pollination treatments, and pollen tube growth.
Likewise, it was evaluated whether these traits are related to their vulnerability. Flowers in the three
taxa were hermaphroditic, diurnal, infundibuliform, dynamically herkogamous, and incomplete
protandrics. The pollen/ovule ratio in Strombocactus reflects a facultative autogamy breeding system,
while the outbreeding index shows it is xenogamous. However, S. disciformis ssp. disciformis and S.
corregidorae are self-incompatible and have a strict outcrossing system; therefore, they need
pollinators for cross-pollination. Strombocactus disciformis ssp. esperanzae is self-compatible and has
a mixed mating system, with low levels of inbreeding depression at the fruit set and seed set. A strict
outcrossing system can restrict reproductive success in small populations (S. corregidorae), limiting the
chances of outcrossing. Whereas S. disciformis ssp. esperanzae, which is self-compatible and presented
a small population, can self-fertilize, with the reproductive cost of a low seed production. Thus, the
critical reduction of their populations due to the intrinsic and extrinsic factors of each taxon puts their

existence at risk.

Keywords: Inbreeding depression; Outcrossing; Selfing; Self-compatibility; Self-incompatibility;

Strombocactus.

1. Introduction
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The Cactaceae family is one of the most vulnerable groups in the wild (Goettsch et al., 2015). Among
the threats are the extraction of plants, fruits, and seeds for the illegal trade and the change in land use
for agriculture and animal breeding (Anderson et al., 1994; Arias et al., 2005). Besides, these
anthropogenic threats are the intrinsic factors of the species as the long life cycles, the slow-growing of
plants, the dependency of pollinators, and the low recruitment rates (Mandujano et al., 2010).

Recently, there has been increased interest in research on the reproductive biology of species of
Cactaceae with some degree of vulnerability, as a necessary framework to guide protection and
conservation efforts (Strong and Williamson, 2007; Martinez-Peralta et al., 2014a; Matias-Palafox et
al., 2017; Zepeda et al., 2017). Strombocactus disciformis is included as threatened species in NOM-
059 (SEMARNAT, 2010) and as vulnerable in the Red List (IUCN, 2019), although the subspecies S.
disciformis ssp. disciformis (DC.) Britton & Rose and S. disciformis ssp. esperanzae Glass & S. Arias
are not treated separately; even, S. corregidorae S. Arias & E. Sanchez is not included in any of the
lists. Whereas all Strombocactus species are in Appendix | of CITES (2017). The vulnerability of
natural populations of Strombocactus has increased due to low seedlings recruitment (per. obs.; Olmos-
Lau, 2016) and the general decrease in the number of individuals per population, mainly resulting from
anthropogenic activities, land-use change for agriculture, and the extraction of plants, fruits and seeds
for illegal national and international trade (Glass and Arias, 1996; Arias and Sanchez-Martinez, 2010;
Olmos-Lau and Mandujano, 2016). Therefore, information regarding the various reproductive
strategies used by each of the Strombocactus taxa that allows their survival is of great importance to
understand population dynamics and to identify traits that could limit natural regeneration, that is
necessary for the establishment of recovery plants.

The study of the reproductive biology of angiosperms is essential to understand the processes
involved in flower, fruit and seed formation that are key to the recruitment of new individuals in a
population, allowing its persistence through time (Matias-Palafox et al., 2017). These include strategies

for sexual/asexual propagation, breeding and mating systems, sexual expression, floral biology, as well
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as the relationship with pollinators and other floral visitors (Dafni, 1992; Richards, 1997). Mating
systems determine how gametes are dispersed and fused, and include selfing, outcrossing and mixed
systems, which involve variations of the first two (Richards, 1997). Mating systems are associated with
the breeding systems (Cruden, 1977), to the presence or absence of a self-incompatibility system (SI),
to the production of unisexual flowers either in the same individual (monoecy) or in different plants
(dioecy) (Barrett, 2002a), as well as to pollinator presence and behavior (Kephart et al., 1999).

Breeding systems depend on different floral attributes: on the spatial (herkogamy) and temporal
(dichogamy) separation of the sexual whorls, flower diameter, and the pollen/ovule (P/O) ratio
(Cruden, 1977). Based on these attributes, Cruden (1977) classified species as cleistogamous,
autogamous, facultative autogamous, facultative xenogamous, and xenogamous. Outcrossing species
tend to produce large, herkogamous and dichogamous flowers, with a large number of pollen grains per
ovule, as well as rewards for pollinators. In contrast, selfing species tend to exhibit small flowers, with
little separation between anthers and stigma, low P/O ratio, and generally do not offer pollinator
rewards (Cruden, 1977; Richards, 1997). The breeding system is an approximation to the mating
system of a species. Controlled pollinations are a precise way in which a mating system can be
evaluated (Dafni, 1992). Because of characteristics like dichogamy and herkogamy act more like
promoters of pollen exchange rather than barriers to avoid inbreeding (Lloyd and Webb, 1986; Webb
and Lloyd, 1986), since both autonomous and pollinator mediated self-pollination remain possible, a
significant number of species have developed a biochemical genetically based mechanism for self-
pollen recognition and rejection, named self-incompatibility system (SI; de Nettancourt, 1997).

The genetic control exerted by Sl, allows the gynoecium to recognize and reject its self or self-
related pollen and accepting pollen from other genetically related plants, thereby promoting outcrossing
and evading inbreeding depression (de Nettancourt, 1997). Species with Sl require efficient vectors
during pollen transfer between individuals to produce seeds, so attracting pollinators is extremely

important for reproductive success (Richards, 1997; Vervoort et al., 2011). In Sl species within small
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or fragmented populations, the number of compatible crosses is restricted, so finding an appropriate
mate and producing offspring represents a more significant challenge (Busch and Schoen, 2008), which
reduces, even more, the effective size of the population and increases the risk of extinction.
Furthermore, the floral display is limited or becomes affected, causing alterations in pollinator
abundance, composition, and foraging behavior (Wilcock and Neiland, 2002), whereas species with
autonomous self-pollination can reproduce without the need for a pollen vector, as long as they are
self-compatible (Kalisz and Vogler, 2003).

This research aimed to generate information of the Strombocactus genus on 1) the floral biology,
2) breeding system, whether autogamous or xenogamous, 3) mating system, either selfing, outcrossing
or mixed, 4) the presence or absence of an incompatibility system, 5) inbreeding depression and 6) to

assess if these traits are related to their current vulnerability status.

2. Materials and methods

2.1. Species and studied sites

The species of Strombocactus are found in the states of Guanajuato, Hidalgo, and Querétaro, Mexico.
The ranges distribution of Strombocactus species are located within a semiarid region in the southern
Chihuahuan Desert, Mexico, the Queretaroan-Hidalgoan Desert region, which is characterized by a
high endemic number of genera and species of Cactaceae (Dinerstein et al., 2000; Sanchez-Martinez et
al., 2006); and some of these species are included in some kind of risk. At least nine localities have
been reported for S. disciformis ssp. disciformis in these states, whereas S. corregidorae is restricted to
three populations in the area of Cafidn del Infiernillo, Querétaro. For both species, a single location in
Cadereyta de Montes, Querétaro was studied due to its accessibility. The fieldwork was performed

during February and March from 2014 to 2017. During this period, no individuals of S. disciformis ssp.
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esperanzae could be found in its natural habitat in Xich(, Guanajuato. Therefore, all measurements and
observations on the life cycle of the flower, pollination treatments, as well as recollection of biological
samples, were performed on individuals from the living collection of the Botanical Garden of the
UNAM and the Regional Botanical Garden of Cadereyta, Querétaro. In February of 2018, a field
excursion was carried out in search of S. disciformis ssp. esperanzae, and a population was found near
Atarjea, Guanajuato. Because it coincided with the fruiting period, 30 fruits were collected to use as a
control. Some of the floral measurements (longevity, opening, and closure of the corolla, stigma
receptivity) as well as pollination treatments of S. corregidorae were performed on individual plants
from the living collection of the Botanical Garden of the UNAM and the Regional Botanical Garden of

Cadereyta, Querétaro.

2.2. Floral biology

For each taxon, floral longevity and perianth aperture and closure time were recorded during 5 or 7
consecutive days, in a sample of flowers (n=20) from plants selected randomly; in these flowers, the
diameter of perianth aperture was measured at one-hour interval throughout the day. Thirty flowers in
anthesis from different individuals of each taxon were collected and fixed in ethanol 70%, and the
length of the style, of inner- and outermost stamens, as well as the length and diameter of the ovary
cavity, were measured, using a digital vernier caliper (Mitutoyo, CD-6"CX). Thirty flower buds of each
taxon were collected and fixed in ethanol 70 % and were used to count the number of ovules, stamen,

pollen grain, and stigmatic lobes.

2.3. Breeding system
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Two methods for evaluating breeding systems were used, based on Cruden (1977). The outcrossing
index considers floral diameter and the presence or absence of both herkogamy and dichogamy. In this
index, homogamy and protogyny have a value of 0. While one point is assigned to each one when are
herkogamic and protandric, and 0-3 points to the diameter of the perianth. Thus, the breeding systems
are considered as cleistogamous (0), autogamous (1), facultative autogamous (2), facultative
xenogamous (3), and xenogamous (4). The second index takes into consideration the pollen/ovule ratio
(P/O). To calculate the average floral diameter, 30 flowers from different plants of each taxon, were
measured. Herkogamy (spatial separation between the stigma and anthers within the flower), was
evaluated using the data obtained from floral morphometry, employing a paired t-test to determine
differences between style and stamens length. Dichogamy (temporal separation of male and female
functions) was assessed through direct observation before, during and after anthesis to determine the
timing of anther dehiscence, and the expansion and receptivity of the stigmatic lobes (n=20, for each
taxon). Stigma receptivity was evaluated with hydrogen peroxide (H20>) to detect peroxidase activity
(Dafni, 1992). The test was performed on five preanthesis bud flowers and in a total of 25 flowers for
each taxon for five days (five flowers per day). The P/O ratio was calculated from the total number of
ovules and pollen grains counted in each floral bud (n=30). Ovules were counted in flower buds near
anthesis with the aid of a Carl Zeiss Stemi DV4 stereoscopic microscope. To estimate pollen grain
number, undehisced anthers were placed in Eppendorf tubes with 100 pl of distilled water and
detergent, opened with the help of a dissecting needle and agitated using a Vortex-Genie 2 (Scientific
Industries), after which individual pollen grains present in 10 pl (dilution factor= 10) were counted
using a Neubauer chamber under a standard Carl Zeiss 251CS optical microscope. The value obtained
was multiplied by the dilution factor to get the number of pollen grains per anther, and then this value

was multiplied by the number of anthers in flower (Cruden, 1977).

2.4. Mating system and outcrossing rate
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To evaluate the mating system in each of the taxa the following pollination treatments were performed
(n=30 for each treatment): 1) Control, flowers with open (natural) pollination; 2) Hand cross-
pollination, a mixture of pollen from different individuals was applied to the stigma of flowers that had
been previously emasculated and covered with cloth bags; 3) Natural self-pollination, flowers were not
manipulated, only covered prior to anthesis to avoid pollinators; 4) Hand self-pollination, flowers were
pollinated with their own pollen and covered; 5) Apomixis, flowers were emasculated prior to anthesis
and covered to avoid self or foreign pollen from being deposited on the stigma. Seed production in all
taxon was analyzed using log linear models with a Poisson distribution error using JMP software
version 10. The outcrossing rate (te) was estimated from the number of fruits and seeds produced in the
hand self-pollination and hand cross-pollination treatments, using the equation: te = We/ (We + Wa),
where W, is the result from outcrossing and Wa from selfing. The outcrossing rate varies from 0 to 1,
where 0 reflects strictly selfing, and 1 is for exclusively outcrossing. Values between 0.2 and 0.8
correspond to species with a mixed mating system; therefore, values > 0.5 tend towards outcrossing,

whereas values < 0.5 tend to selfing (Barrett and Eckert, 1990; Mandujano et al., 2010).

2.5. Incompatibility system and inbreeding depression

In each taxon, ten flowers were hand self-pollinated, and ten were cross-pollinated. At 72 h post-
pollination, gynoecia were fixed in FAA (10: 50: 5: 35, formaldehyde: ethanol 96 %: acetic acid:
distilled water) rinsed in water, softened in Na2S20s 10 % for one h, and then rinsed again in distilled
water before adding aniline blue 1 % in KzPO4 0.1N during 12 h at 4 °C. The gynoecia were pressed
between a slide and a cover slide and then observed under an Olympus Provis AX70 fluorescence
microscope equipped with a digital camera, to show the existence of some Sl type. Using the results

from the hand self-pollination and hand cross-pollination treatments, inbreeding depression was
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calculated using the equation: 6 = 1 — (Ws/ W,), where Ws is the result of selfing and W, of outcrossing
(Lande and Schemske, 1985; Charlesworth and Charlesworth, 1987), considering the average number
of fruits and seeds formed in each treatment. For a cumulative result, we used the equation: 6 =1 —
[(Wsa / Woa) x (Wsb / Wob)], where a is the fruit phase and b the seed (Husband and Schemske, 1996).
Inbreeding depression values range from 0 to 1, where O indicates the absence of inbreeding depression
and values near 1 indicate high levels of inbreeding (Lande and Schemske, 1985; Husband and

Schemske, 1996).

2.6. Statistical analysis of floral characters

Values are expressed as average + standard error (SE). In each case, the Shapiro-Wilk normality test
was used. The difference in flower length, style length, internal stamen length, external stamen length,
stamen number, pollen grain number, and ovule number, for each taxon was analyzed with one-way
ANOVA and significant differences between taxa with a Tukey post-hoc test. Kruskal-Wallis followed
by Dunn’s test for multiple comparisons were applied to floral diameter, length of the ovary chamber,
the diameter of the ovary cavity, and the number of stigmatic lobes. All data were analyzed using

GraphPad Prism ver 5.0 software.

3. Results

3.1. Floral biology

Flowers in the genus Strombocactus are hermaphroditic, diurnal and infundibuliform. Perianth
segments (tepals) in S. disciformis ssp. disciformis vary from white to whitish-yellow, with a bright

magenta coloring along the midvein on the abaxial surface; in S. disciformis ssp. esperanzae tepals are
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bright magenta, paler towards the margins, whereas in S. corregidorae tepals range from light to
intense yellow, with a reddish tint on the abaxial surface. The largest flower is that of S. corregidorae
followed by that of S. disciformis ssp. disciformis and finally that of S. disciformis ssp. esperanzae
(Table S1). The ovary chamber is ellipsoidal with numerous ovules. The style ranges from white to
light yellow in S. disciformis ssp. disciformis and S. corregidorae, while in S. disciformis ssp.
esperanzae it varies from white to a light magenta. The stigmatic lobes in S. disciformis ssp.
disciformis are white to light yellow, white to light pink in S. disciformis ssp. esperanzae, and yellow in
S. corregidorae. The nectarial tissue is relatively small concerning flower size and is located beneath
the insertion of the internal stamens. Stamens are numerous, with a white filament and yellow anthers
filled with abundant pollen grains. The flowers of S. corregidorae have supernumerary ovules, stamens
and pollen grains than the flowers of S. disciformis ssp. disciformis and S. disciformis ssp. esperanzae
(Table S1). In S. disciformis ssp. esperanzae, flowers begin to open between 8:00 and 10:00 h and
close between 16:00 and 17:00 h, whereas in S. disciformis ssp. disciformis and S. corregidorae
flowers close between 17:00 and 18:00. Maximum aperture of the perianth occurred at 14:00 h in all
taxa (Fig. 1). Flower longevity ranged from one to five days in S. corregidorae and S. disciformis ssp.
esperanzae, and from one to seven days in S. disciformis ssp. disciformis (Table S1) if cross-pollination

did not occur.

3.2. Breeding system

Regarding the length of the style and the longest stamens (at anthesis), significant differences were

observed in the three taxa (S. disciformis ssp. disciformis: t = 18.59, df = 29, P < 0.0001; S. disciformis
ssp. esperanzae: t = 2.9, df = 29, P < 0.05; S. corregidorae: t = 21.06, df = 29, P < 0.0001), evidencing
the presence of herkogamy. The average of the separation between stigma and anthers was 2.36 + 0.11

mm in S. corregidorae, 1.77 £ 0.09 mm in S. disciformis ssp. disciformis and 0.18 £ 0.06 mm in S.
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disciformis ssp. esperanzae. If flowers had not received pollen from a different individual, they
continued to open during various several days, while the filament kept on extending until the anthers
reached or covered the stigma, a process known as dynamic herkogamy (Nassar and Ramirez, 2004;
Fig. 2). Anther dehiscence in all three taxa occurred before anthesis and pollen shed before the
stigmatic lobes were expanded; therefore, flowers in Strombocactus are protandric. Stigma receptivity
in the three taxa starts since the moment in which the stigmatic lobes expand, which occurred
approximately two and a half hours post-anthesis. If flowers opened in consecutive days, receptivity
lasted until the fourth day. According to the outcrossing index, the three taxa have a value of 5,
indicating they are xenogamous, since flowers had a diameter greater than 6 mm, and they were
herkogamous and dichogamous (Table S1). The P/O ratio showed that all three taxa fall into the

facultative autogamous category (Table S1).

3.3. Mating system and outcrossing rates

Neither fruits nor seeds were formed in the treatments to evaluate apomixis in any of the taxa (Table 1),
indicating that in Strombocactus, seeds develop exclusively through a sexual pathway. In S. disciformis
ssp. disciformis and S. corregidorae, fruits and seeds were formed only in the control and manual
cross-pollination treatments (Table 1), showing that these two taxa are strictly outcrossers, and further
supported by the outcrossing rate, which in these taxa had a value of 1, at both the fruit and seed level.
Particularly, during the fieldwork in the S. disciformis ssp. disciformis population some floral visitors
were observed carry pollen grains and touching stigma lobes (Fig. S1A-G), while others were
florivorous (Fig. S1H-Q) or unexpected visitors (Fig. S1R).

In contrast, in S. disciformis ssp. esperanzae fruits and seeds were formed in the control treatment,
in manual cross-pollinated, as well as in the natural and hand self-pollinated treatments (Table 1). The

estimated outcrossing rate was 0.5 and 0.59 at the fruit and seed level, respectively, thus revealing a

11
62



271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

mixed mating system. The average number of seeds in the hand cross-pollination treatment was
significantly higher than the control for all the taxa (Table 1; S. disciformis ssp. disciformis: X? = 1724,
df = 1, P < 0.0001; S. disciformis ssp. esperanzae: X? = 3602, df = 3, P < 0.0001; S. corregidorae: X? =

709, df =1, P <0.0001).

3.4. Incompatibility system and inbreeding depression

In all cross-pollination treatments, the pollen grains germinated on the stigma (Fig. 3A, G and M) and
pollen tubes grew through the style (Fig. 3B, H and N) until the ovary (Fig. 3C, I and O), where
fertilization took place. In contrast, in the self-pollination treatments, in both S. disciformis ssp.
disciformis (Fig. 3D-F) and S. corregidorae (Fig. 3P-R) pollen tubes reached the ovary, although they
did not penetrate the micropyle. The above shows that these taxa present an ovarian self-
incompatibility, and therefore, are unable to produce fruits through selfing. In the case of S. disciformis
ssp. esperanzae self-pollination treatments (Fig. 3J-L), the pollen tubes reached the ovules and
penetrated the micropyle, resulting in the formation of seeds and fruits, indicating that this species has
not SlI. In S. disciformis ssp. esperanzae inbreeding depression values were 6= 0.04 for fruit formation,
0= 0.32 for seed formation, and the cumulative was &= 0.35, showing that the studied individuals

exhibit low levels of inbreeding depression.

4. Discussion

4.1. Floral biology and breeding system

The three taxa of Strombocactus are hermaphrodite, a condition that is frequent in the Cactaceae family

(Mandujano et al., 2010). The presence of both reproductive organs in the same flower increases
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opportunities for self-pollination, compromising genetic variability in the species (Barrett, 2002Db).
However, the studied taxa of Strombocactus show strategies like herkogamy and dichogamy may
diminish or avoid sexual interference between the male and female functions (Lloyd and Webb, 1986;
Webb and Lloyd, 1986). Whereas the presence of Sl in S. disciformis ssp. disciformis and S.
corregidorae, is the strategy that avoids self-crossing, ensuring that the only pollen grains that will
fertilize will be those that come from a different individual, increasing genetic diversity (de
Nettancourt, 1997). In contrast, S. disciformis ssp. esperanzae is self-compatible and develops seeds
through both selfing and outcrossing.

In the three studied taxa, pollen is shed before anthesis and the onset of stigma expansion and
receptivity; therefore, dichogamy is protandric. Because male and female functions in the flowers
overlap at a given time, we consider that the protandry is incomplete in Strombocactus, as proposed by
Lloyd and Webb (1986). The partial overlap between sexual functions reduces pollen-stigma
interference and increases the proportion of pollen available for dispersion (Lloyd and Webb, 1986), at
least during the first few hours of floral anthesis. Notwithstanding, geitonogamy or autogamy may exist
in individuals that produce more than one flower or have incomplete protandry, respectively (Lloyd
and Webb, 1986). Protandry has been reported in some members of Cactoideae: in the seven species of
Ariocarpus (Martinez-Peralta et al., 2014a), Ferocactus histrix (Del Castillo, 1994).

The presence of herkogamy by proximity (stigma above the anthers) in the three taxa of
Strombocactus is unordered homomorphic (Webb and Lloyd, 1986). This type of spatial separation
favors outcrossing since it reduces the potential saturation of the stigma with self-pollen (Webb and
Lloyd, 1986), at least during the initial stages of the floral cycle, even though at later stages the
separation between the anthers and stigma is getting shorter until it disappears. Therefore, dynamic
herkogamy in Strombocactus is considered as a process that avoids sexual interference at the beginning
and facilitates self-pollination during the latter part of the floral cycle (Nassar and Ramirez, 2004). On

the other hand, the herkogamy dynamism ensures the production of seeds in self-compatible plants,
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when the possibilities of outcrossing were exhausted, to which Faegri and Van Der Pijl (1979) named it
a "fail-safe", what happens in S. disciformis ssp. esperanzae, since in the treatment of natural self-
pollination results in the formation of fruits and seeds, the reason why it presents autonomous self-
pollination.

Based only on the P/O ratio, the three taxa of Strombocactus have a facultative autogamous
breeding system, in which species produce seeds mainly by selfing, but also have the capacity to do so
by outcrossing (Cruden, 1977). It is important to note that the P/O in the three taxa studied is low due
to the high number of ovules they have. The P/O ratio differed from the results obtained with the

outcrossing index (Cruden, 1977) that shows the system is xenogamous for the three taxa.

4.2. Mating and incompatibility systems

Furthermore, the results of the controlled pollination treatments and outcrossing rate in S. disciformis
ssp. esperanzae shows a mixed mating system, since control, manual cross-pollination, natural self-
pollination, and hand self-pollination experiments formed fruits and seeds. Whereas S. disciformis ssp.
disciformis and S. corregidorae are strict outcrossing since only the control, and hand-pollination
treatments produced fruits and seeds. Outcrossing is also present in other species of the Cacteae tribe
(for example, Johnson, 1992; Del Castillo, 1994; Matias-Palafox et al., 2017). Some members that are
mainly outcrossing are capable of producing low numbers of fruits and seeds through selfing
(Mclntosh, 2002; Martinez-Peralta et al., 2014a). Likewise, a mixed mating system has been
documented in some species of the Cactoideae subfamily (see: Weiss et al., 1994; Nassar et al., 2007).
The non-formation (S. disciformis ssp. disciformis and S. corregidorae) or decrease (S. disciformis
ssp. esperanzae) in the number of fruits and seeds resulting from hand and natural self-pollination
treatments, may suggest the presence of a total or partial incompatibility system, which prevents the

formation of seeds by self-fertilization (de Nettancourt, 1997; Eaves et al., 2014); or due to the effects
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of inbreeding depression, which may occur at the level of embryo development, seed germination or
seedling survival (Mandujano et al., 1996).

Results on pollen tube growth indicate both S. disciformis ssp. disciformis and S. corregidorae
have an ovarian Sl system, in which self-pollen tube growth is inhibited at the ovary level, and these
neither reach nor penetrate the ovules (Sedgley, 1994; Gibbs, 2014). In Cactaceae, this Sl is a
mechanism that has only been reported in Hylocereus lemairei (Lichtenzveig et al., 2000). Meanwhile,
in other species of Cactoideae, pollen rejection occurs in different regions of the style, an indicator of
gametophytic Sl (See: Boyle and Idnurm, 2001; Boyle, 2003; Martinez-Peralta et al., 2014b). The
simultaneous occurrence of dichogamy and herkogamy with Sl in at least two of the taxa of
Strombocactus (S. disciformis ssp. disciformis and S. corregidorae), suggests that the first two
mechanisms may increase fitness avoiding sexual interference (Lloyd and Webb, 1986; Webb and
Lloyd, 1986; Richards, 1997; Barrett, 2002b). The presence of Sl in S. disciformis ssp. disciformis and
S. corregidorae indicates that both depend strictly on vectors to transport pollen to compatible
gynoecium so that fertilization takes place (Castro et al., 2008).

While S. disciformis ssp. esperanzae is self-compatible, therefore; it can preserve the advantages of
high genetic diversity through outcrossing or ensure its survival via selfing (Barrett, 2014), by not
wholly depending on its pollinators because it presents autonomous self-pollination associated with a
dynamic hercogamy. Regarding the outcrossing rate (te) of S. disciformis ssp. esperanzae at the fruit
level indicates that its success in fruit production is similar for both types of crosses (selfing and
outcrossing), whereas the value for seeds shows that fruits obtained by outcrossing produce more seeds
than fruits formed by self-pollination, indicating a mixed mating system with a slight predilection for
outcrossing at this level (Barrett and Eckert, 1990; Mandujano et al., 2010). In this taxon low levels of
inbreeding depression were obtained (6= 0.04, 0.32 y 0.35 at the level of fruits, seeds and cumulative,
respectively), compared to other cacti that have a mixed cross system and an accumulated value of 6>

0.5 (Mandujano et al., 1996, 2013; Martinez, 2007). A low inbreeding depression suggests the presence
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of selective pressures that favor selfing (Husband and Schemske, 1996; Barrett, 2014). However, other
stages of the S. disciformis ssp. esperanzae life cycle, such as germination and seedling establishment,
were not analyzed to determine if there is a reduction in the fitness of inbreeding progeny at these

levels, as seen in Opuntia rastrera (Mandujano et al., 1996).

4.3. Mating and incompatibility systems implications in the vulnerability of the taxa

Altogether, our results indicate that the studied Strombocactus taxa possess floral attributes that
promote outcrossing, such as dichogamy, herkogamy, and high pollen production. Furthermore, the
presence of Sl in S. disciformis ssp. disciformis y S. corregidorae renders them strict outcrossers,
whereas S. disciformis ssp. esperanzae is self-compatible and exhibits a mixed mating system. Mating
systems have important implications in population genetic structure and diversity (Hamrick and Godt,
1996; Barrett, 2014). It is of great interest to know the seed formation paths in species with some
degree of vulnerability since factors such as floral synchrony, florivory, dependence on pollinators,
pollinator behavior, and a low number of individuals within populations (Schemske et al., 1994)
mainly for S. disciformis ssp. esperanzae and S. corregidorae may be decisive for the permanence and
restoration for the populations of these taxa. The observations of the floral visitors of Strombocactus
taxa are not enough to obtain the best interpretation of the effective pollinators, because the time of
observations in each taxon needs to be increased. In S. disciformis ssp. disciformis, preliminary
observations indicate that the potential pollinators are solitary bees (Megachilidae, Melittidae and
Lasioglossum sp.), in accordance with their behavior and frequent visits.

Both S. disciformis ssp. disciformis and S. corregidorae present an outcrossing system that
promotes genetic exchange and diversity in their progeny (Charlesworth and Charlesworth, 1987);
nevertheless, they are highly dependent on pollinators and the synchronic flowering of compatible

individuals for fertilization. In small populations, as in the case of S. corregidorae, the number of
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compatible crosses diminishes, which may result in the reduction of the effective population size
(Busch and Schoen, 2008), increasing the risk of extinction. A higher floral display could aid in
reducing this effect by intensifying the attraction of pollinators to a particular population, increasing the
probability of obtaining compatible crosses, thus leading a higher number of seeds that likely will give
rise to new recruitments depending on the environmental conditions. Conversely, selfing leads to the
loss of heterozygosity and inbreeding depression in the progeny due to the accumulation of deleterious
mutations (Charlesworth and Charlesworth, 1987; Kephart et al., 1999), although it provides
reproductive security whenever outcrossing is limited by the availability of pollinators or compatible
mates (Barrett, 2014).

Based on the average number of developed seeds in the control treatment (NDS) and the average
number of ovules per flower (PPS) for each taxon, the seed production efficiency (SE) was calculated,
using the formula SE=(NSD/PPS) x 100 (Camacho-Velazquez et al., 2018). Both in S. disciformis ssp.
disciformis and S. disciformis ssp. esperanzae nearly 70% of the ovules were developed into seeds,
whereas only 50 % did so in S. corregidorae. Although the studied population of S. disciformis ssp.
esperanzae produces a significant number of seeds wildly, its vulnerability is due to the higher levels of
illegal extraction and the anthropogenic disturbance (per. obs.).

On the other hand, the low estimated efficiency obtained for seed production in S. corregidorae
may be the consequence of either ovule abortion or inefficient pollination, possibly due to a reduced
number of visits by pollinators, since we were unable to detect floral visitors. Furthermore, this taxon is
self-incompatible and presented a small population at the study site, which reduces further the number
of compatible mates. These traits can be considered intrinsic factors that place this population in a

threatened status.

5. Conclusions
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In conclusion, S. disciformis ssp. disciformis and S. corregidorae are strict outcrossers with a functional
ovarian incompatibility system, depend pollinators to ensure reproduction. Therefore, a decrease in
their populations due to their ornamental value (illegal extraction of individuals and destruction of
habitat) limits the chances of outcrossing, putting their survival at risk. Whereas S. disciformis ssp.
esperanzae is self-compatible and has a small population and mixed mating system with low levels of
inbreeding depression (suggesting it favors self-fertilization), if it were to present a significant
reduction, it could increase the self-fertilization rate, decreasing the fitness of the population, however,
provides reproductive security in the absence of mates or pollinators. The information here presented
on the reproductive biology of the genus Strombocactus will aid in the design of specific propagation,

restoration and conservation programs for each of the taxa.
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Table 1
Fruit and seed set, and average + SE in each pollination treatment in the Strombocactus taxa (n= 30
fruits). FF= fruits formed; FT= flowers treated. Different letters indicate significant differences (P <

0.0001) between treatments in the same taxon.

Taxa S. disciformis  ssp. S. disciformis  ssp. S.corregidorae

Treatment disciformis esperanzae

FF/FT Seeds FF/FT Seeds FF/FT Seeds
Control 30/30 757+48.13% 30/30 578+31.66% 30/30 844 +94.742
Hand cross- 30/30 1081+44.01° 30/30 706+27.13° 30/30 1055+82.28°
pollination
Natural self- 0/30 0 23/30 341+26.78° 0/30 0
pollination
Hand self- 0/30 0 29/30 499+2877¢9 0/30 0
pollination
Apomixis 0/30 0 0/30 0 0/30 0

Figures Legends

Fig. 1. Anthesis in Strombocactus. Perianth diameter (average * se, n= 20), throughout the day.

Fig. 2. Dynamic herkogamy in Strombocactus. A. S. disciformis ssp. disciformis. B. S. disciformis ssp.

esperanzae. C. S. corregidorae.

Fig. 3. Pollen tube growth in Strombocactus after cross- and self-pollination treatments. A-F. S.
disciformis ssp. disciformis. G-L. S. disciformis ssp. esperanzae. M-R. S. corregidorae. Pollen

germinated on the stigma treated with non-self pollen (A, G, M) and self-pollen (D, J, P). In both
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treatments, pollen tubes grew along the style until they reached the ovary; a more significant number of

pollen tubes were observed in the styles treated with non-self pollen (B, H, N) than with self-pollen (E,

K, Q). In the three taxa, pollen tubes from cross-pollination treatments penetrated the ovule for

fertilization (C, I, O). In the self-pollination treatments, only S. disciformis ssp. esperanzae ovules

were fertilized (L), whereas in S. disciformis ssp. disciformis (F) and S. corregidorae (R) fertilization

does not occur.

Supplementary data

Table S1

Floral characteristics of the Strombocactus taxa (average + se, n= 30). Different letters indicate

significant differences (p < 0.05) among the taxa.

Taxa

Character

S. disciformis ssp.

disciformis

S. disciformis ssp.

esperanzae

S. corregidorae

Shape of the flower

Infundibuliform

Infundibuliform

Infundibuliform

Color White to pale Bright magenta Pale to intense
yellow yellow
Flower opening (h) 8:00 - 10:00 8:00 - 10:00 8:00 - 10:00
Flower closure (h) 17:00 — 18:00 16:00 — 17:00 17:00 — 18:00
Flower longevity (days) 1-7 1-5 1-5
Herkogamy at anthesis Present Present Present
Type of dichogamy Protandric Protandric Protandric
Flower length mm 29.02 £ 0.58?2 26.45 + 0.92 33.67 £0.93°
Flower diameter mm 31.86 +1.022 21.02 +0.96° 35.78 £ 0.992
Ovarian cavity length mm 3.56 + 0.15? 2.71£0.12° 3.83+0.162
Ovarian cavity diameter mm 2.25+0.122 2.04 £0.062 2.78 £ 0.07°
Style length mm 10.64 + 0.332 6.85 + 0.16° 11.77 + 0.15°¢
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619

620

621

622

623

624

625

626

627

628

629

630

Internal stamens length mm 4.65 +0.122 4.05+0.12° 5.54 +0.15°

External stamens length mm 8.86 £ 0.272 6.66 +0.17° 9.41+£0.172
Stamens number 227 £9.012 167 +9.88° 314 +10.09¢
Pollen grains number 163259 + 108802 89605 + 6724 261063 + 15575°
Ovules number 1045 * 46.622 794 + 55.46° 1696 + 88.84¢
Stigmatic lobes number 10 £ 0.322 8 +0.15° 9+0.27%

P/O ratio 156: 1 113:1 154:1

Fig. S1. Floral visitors observed in S. disciformis ssp. disciformis during the fieldwork. A-G.
Pollinators. H-Q. Florivorous. Bee species, from the genus Lasioglossum sp. (A), of the Megachilidae
(B, C) and Melittidae (D, E) families. Dipterans of Tephritidae family (F, G). Beetle species, from the
genus Acmaeodera sp.(H), Lampetis sp. (1) and of the families Anobiidae (J), Curculionidae (K) and
Buprestidae (L), and other beetle unidentified (M). Wasp Vespidae (N). Ants of Camponotus sp. (O),
and Atta sp. (P). Orthoptera of the family Romaleidae (Q). Other visitors without a determined
behavior as the ant Cheliomyrmex sp. (R). Arrows indicate the deposition site of the pollen grains on

the visitors.

Figure 1

40+

S. disciformis ssp. disciformis
- 8. disciformis ssp. esperanzae /i\

-+ S corregidorae X 1 \

Diameter of perianth aperture (mm)
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THE STRUCTURE OF NECTARIES IN THE GENUS STROMBOCACTUS (CACTACEAE)

LA ESTRUCTURA DE LOS NECTARIOS EN EL GENERO STROMBOCACTUS (CACTACEAE)
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Abstract

Background: Floral nectar is offered by the plant to its pollinators to promote cross-fertilization.

Questions: Are floral nectaries morpho-anatomically similar among the taxa of Strombocactus? What sugars do nectaries offer their pollina-
tors?

Studied species: Strombocactus disciformis subsp. disciformis, S. disciformis subsp. esperanzae and S. corregidorae, during 2016-2018.
Methods: Bud flowers and flowers in anthesis from each taxon of Strombocactus, were processed to be observed in SEM; other specimens
were embedded in Paraplast and sectioned to histochemical tests. The concentration of nectar was measured using a refractometer.

Results: The nectaries are similar among the three studied taxa, located below the stamens and reach the upper part of the ovary forming a
ring in the hypanthium. An almost flat epidermis constitutes the nectary in S. disciformis subsp. esperanzae, although in S. disciformis subsp.
disciformis is slightly bulked and papillae in S. corregidorae, a nectariferous parenchyma composed of metabolically very active cells, and a
subnectariferous parenchyma of larger cells, associated with vascular bundles. The nectar is secreted through nectarostomata. The concentra-
tion of nectar was 8.65 + 3.98, 16.12 + 4.48 and 22.09 + 7.42 °Brix for S. disciformis subsp. esperanzae, S. corregidorae and S. disciformis
subsp. disciformis, respectively.

Conclusions: All taxa of Strombocactus have an annular-type nectary that secretes a low volume of nectar and together with pollen are offered
as rewards. Based on other floral characteristics observed, such as the diurnal anthesis, the infundibuliform shape and the color of the flower,
we propose that bees pollinate these species.

Keywords: floral nectaries, nectar, nectarostomata, nectary chamber.

Resumen

Antecedentes: El néctar ofrecido por parte de la planta a sus polinizadores, promueve la entrecruza.

Preguntas: ;Los nectarios florales de los taxones de Strombocactus son morfo-anatomicamente similares? ;Qué azucares ofrecen los nectarios
a sus polinizadores?

Especies de estudio: Strombocactus disciformis subsp. disciformis, S. disciformis subsp. esperanzae 'y S. corregidorae, durante 2016-2018.
Métodos: Botones florales y flores en antesis de cada taxon de Strombocactus se procesaron para ser observados en MEB o ser incluidos en
paraplast para realizar pruebas histoquimicas. La concentracion del néctar se midié con un refractometro.

Resultados: Los nectarios de los tres taxones son semejantes, se ubican abajo de la insercion de los estambres y llegan hasta la parte superior
del ovario formando un anillo en el hipantio. Los nectarios tienen una epidermis casi plana en S. disciformis subsp. esperanzae, ligeramente
abultada en S. disciformis subsp. disciformis y papilosa en S. corregidorae, un parénquima nectarifero de células metabdlicamente activas y
un parénquima subnectarifero de células grandes, asociado a haces vasculares. El néctar se secreta mediante nectarostomas. La concentracion
del néctar fue de 8.65 + 3.98, 16.12 + 4.48 y 22.09 + 7.42 °Brix para S. disciformis subsp. esperanzae, S. corregidorae'y S. disciformis subsp.
disciformis, respectivamente.

Conclusiones: Todos los taxones de Strombocactus tienen un nectario tipo anular que secreta un bajo volumen de néctar y, junto con el polen
se ofrecen como recompensas. Basandonos en atributos florales observados, como la antesis diurna, la forma infundibuliforme y el color de
la flor, proponemos que las abejas polinizan estas especies.

Palabras clave: Camara nectarial, néctar, nectarios florales, nectarostoma.
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Plant-pollinator interactions are reciprocal, as the pollinator
has a direct effect in the plant and vice-versa. The floral
features, such as color, size and shape are closely related
to the pollinator attraction, due to the rewards offered by
the plant (pollen, oils, fragrances, resins and nectar), in the
process, the plant receives or donates pollen with every visit
(Grajales-Conesa et al. 2011, Dominguez & Pérez 2013).
The nectar is produced in nectaries located inside and/or
outside the flowers. The nectaries located in any part of the
flower are called floral nectaries, while those developed on
vegetative structures of the plant re called extrafloral nectar-
ies (Bernardello 2007). Floral nectaries are directly associ-
ated with pollination and reproductive efficiency (Richards
1986, Pacini et al. 2003, Irwin et al. 2004, Diaz-Castelazo et
al. 2005, Villamil et al. 2013). On the other hand, extrafloral
nectaries are generally associated to mutualist relationships
among plants and animals, mainly insects providing protec-
tion against herbivores and receiving sugars as a reward (Heil
& McKey 2003, Leins & Erbar 2010).

The nectaries produce sugar-rich fluids (mainly saccha-
rose, glucose and fructose), also contain proteins (mainly en-
zymes like transglucosidases and transfructosidases), amino
acids, lipids, organic acids, ascorbic acid, minerals, phos-
phates, alkaloids and vitamins (Fahn 1979, 1988, Leins &
Erbar 2010). The nectaries can be composed of structural tis-
sues (nectariferous parenchyma cells and glandular tissue as-
sociated with vascular bundles) or a group of glands (formed
by secretory trichomes on the epidermis). Glandular tissues
are composed of secretory parenchyma, epidermis (which
can also be secretory) and a nearby vascular bundle (Pacini
et al. 2003, Pacini & Nicolson 2007). If the epidermis is not
one of the secretory tissues, then the nectar comes out of
gaps in the cellular wall and cuticle, or through stomata that
have lost the capacity of closing the pore because the guard
cells are no longer contracting and lack chlorophyll (Leins
& Erbar 2010). The cuticle in the nectary can be permeable
through various structures, like pores or microchannels se-
creting nectar, or it can burst due to the pressure of nectar
itself (Fahn 1979, Nepi 2007).

Cactaceae usually present floral nectaries, although some
species have also extrafloral nectaries, mainly associated to
areoles in stems (Buxbaum 1953), like in Opuntia stricta
(Oliveira et al. 1999), Cylindropuntia acanthocarpa (Pick-
ett & Clark 1979), Sclerocactus scheeri (Mauseth 1982),
Ferocactus histrix (Del Castillo 1994) and F. cylindraceus
subsp. lecontei (Ruffner & Clark 1986). Although the floral
nectaries are present in the studied species of Cactaceae, the
presence of nectar and characterization of nectaries have not
been thoroughly proved and described. Most studies carried
out on Cactaceae regarding floral nectaries provide informa-
tion on their location and morphology, even though some of
them deepen in their structure, anatomy, way of secreting nec-
tar and chemical composition of sugars and other substances
related to the process of pollination and their pollinator types,
e.g. Hylocereeae and Rhipsalideae (Almeida et al. 2013),
Polaskia chende, P. chichipe and Stenocereus quevedonis
(Gudino et al. 2015). Three different types of nectaries have
been proposed for Cactaceae: a) Chamber; b) Annular, and c)

Furrow nectaries (Buxbaum 1953), although this classifica-
tion does not cover all the types of nectaries of the species
within the family. For example, Fuentes-Pérez et al. (2009)
studied five species of the genus Opuntia and they propose
that the term “furrow” not apply to the type of nectaries they
have. Therefore, the objective of the herein presented work is
to study the location, morphology, anatomy and secretion of
nectar in the floral nectaries of Strombocactus, an endemic
genus of Mexico in risk of extinction.

The genus Strombocactus belong to the tribe Cacteae in
the Cactoideae subfamily (Anderson 2001). It was described
originally as Mammillaria by De Candolle (1828) and was
later proposed as a monotypic genus by Britton & Rose
(1922), Strombocactus disciformis (DC.) Britton & Rose.
Currently, two species are recognized, S. disciformis (DC.)
Britton & Rose (with the subspecies S. disciformis subsp.
disciformis and S. disciformis subsp. esperanzae Glass & S.
Arias), and S. corregidorae S. Arias & E. Sanchez (Arias
& Sanchez-Martinez 2010). These species are distributed
in a canyon system belonging to the states of Querétaro,
Guanajuato, and Hidalgo (Hernandez et al. 2004, Sanchez-
Martinez et al. 2006). The species of Strombocactus have
similar habitat: small rock crevices filled with fine soil, on
steep slopes and vertical walls, and emerge in places with
calcareous shales, preferably in areas devoid of vegetation
or sparsely vegetated (Alvarez et al. 2004, Arias & Sanchez-
Martinez 2010).

Materials and methods

Studied species. Twenty floral buds and 20 flowers in anthe-
sis were analyzed from a minimum of 10 different individu-
als of every species of Strombocactus, during February and
March of 2016 and 2017. Buds and flowers of S. disciformis
subsp. disciformis and S. corregidorae were collected in the
municipality of Cadereyta de Montes, Querétaro. We did not
find S. disciformis subsp. esperanzae in their natural popula-
tion in the municipality of Xichu, Guanajuato, for that buds
and flowers were collected from the living collections of the
Botanical Garden in the National Autonomous University
of Mexico (UNAM) and the Regional Botanical Garden of
Cadereyta, Querétaro. The samples were fixed in FAA (form-
aldehyde, ethylic alcohol 96 %, glacial acetic acid, distilled
water; ratios 10:50:5:35, respectively) for 48 hours.

Floral morphology. The color and shape flower to each spe-
cies was based on botanical descriptions. The anthesis type
(diurnal/nocturnal) was described based on personal observa-
tions in the field and in the greenhouse in at least 30 flowers
of each taxon.

Light microscopy and scanning electron microscopy. To
know the anatomy of the floral nectaries and their micromor-
phology, the fixed material in FAA was washed with water
to eliminate the excess of fixative, dissected and dehydrated
in a gradual ethanol series (from 30 to 100 %) and embed-
ded in Paraplast. The embedded material was cut in sections
of 6 - 10 um thick with an American Optical 820 rotatory
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microtome and stained with safranin and fast green. The ob-
tained preparations were observed with an Olympus Provis
AX70 microscope and microphotographs were taken. For
nectary micromorphology, several flowers were dissected
and dehydrated in a graded ethanol series (from 30 to 100 %).
Afterwards, they were critically-point dried with CO, in a
critical-point dryer CPD-030 Bal-Tec, and then mounted on
metallic sample holders with a carbon conducting tape and
later covered in gold with a Denton Vacuum Desk-II ionizer
so that they could be observed and photographed with the
scanning electron microscope JSM-5310LV (Tokyo, Japan).
Some of the photographs were artificially colored with the
Adobe Photoshop CS6 software.

Histochemical tests. Four tests were carried out on the ob-
tained sections of the embedded material in Paraplast: (1) Oil
red “O” for lipidic reserves, (2) Periodic acid—Schiff (PAS)
for insoluble polysaccharides, (3) Naphthol Blue Black -
PAS for proteins and insoluble polysaccharides, respectively,
and (4) Lugol for starch (Lopez-Curto et al. 2005, Marquez-
Guzman et al. 2016). The obtained preparations in every
histochemical sample were observed in an Olympus Provis
AX70 microscope and microphotographies were taken.

Nectar concentration. The collection of nectar was carried
out in February 2018 in plants of the living collection of
the Botanical Garden (UNAM), for the three studied taxa.
The samples of nectar were obtained at 3 pm from 15 flow-
ers of different individuals of each taxon of Strombocactus.
The extraction of nectar was done with an insulin syringe
(commercial brand) and the concentration was measured us-
ing a refractometer Brix30 (Spectrum Technologies, Inc.).
Degrees Brix are used as the measuring unit of dissolved
solids, which correspond to the percentage of saccharose in a
solution. One degree Brix is 1 gram of saccharose dissolved
in 100 grams of solution. Therefore, a solution with 50 °Brix
has 50 grams of saccharose (Suarez & Diana 2003).

Results

Floral morphology. The flowers of the three taxa of Strombo-
cactus are infundibuliform and diurnal. The units of the peri-
anth (tepals) of S. disciformis subsp. disciformis are white to
yellowish white, abaxially magenta at the midvein (Figure
1A, B). The tepals in S. disciformis subsp. esperanzae are
intense magenta, slightly paler towards the margins (Figure
1C, D). The units of the perianth in S. corregidorae can be
intense or pale yellow, with reddish tones on the underside
of the tepals (Figure 1E, F).

Location and morphoanatomy of the floral nectary. The three
taxa present a small and open chamber nectary, which is lim-
ited to the proximal end of the inner side of the receptacular
tube (Figures 2A, D, G; 3A, D, G). The nectary is located
underneath the insertion region of the innermost filaments of
the perianth, specifically in the hypanthium. It presents a ring
shape and in the upper region its ends are free and exerted
showing widened and undulated protuberances, which lon-
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Figure 1. Flowers of Strombocactus. A, B. S. disciformis subsp. dis-
ciformis. C, D. S. disciformis subsp. esperanzae. E, F. S.corregidorae.
A. Flower in anthesis. B. Flowers at early anthesis, the outer tepals
with slight magenta color in the underside of the limb (arrows). C.
Flower in anthesis. D. Flowers at the beginning of anthesis. E. Flower
in anthesis. F. Flower at the end of anthesis, outer tepals slightly red-
dish on the underside (arrows).

gitudinally appear corniculate (Figure 3A, D, G), and more
conspicuous in S. disciformis subsp. esperanzae (Figure 3D).
The subnectariferous parenchyma is directly associated with
vascular bundles that are parallel in the hypanthium, in the
upper region of the ovary, and perpendicular to the nectary
(Figure 3A, D, G). Underneath the epidermis there are ap-
proximately 7-12 layers of parenchymatic secretory cells,
and several layers of associated parenchymatic, non-secre-
tory cells, which are connected to the adjacent secretory
cells; on the other end are located the vascular bundles (Fig-
ure 3A, D, G).

The nectary of the three taxa of Strombocactus is com-
posed of an epidermis of isodiametric cells, slightly bulked
towards the exterior (Figure 2B, E, H), being more bulked in
S. corregidorae (Figure 2H) and less in S. disciformis subsp.
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Figure 2. Micromorphology of the nectary in Strombocactus. A-C. S. disciformis subsp. disciformis. D-F. S. disciformis subsp. esperanzae. G-1.
S. corregidorae. A, D, G. Front view of the nectary chamber (close-up). The secretory tissue is a ring underneath the insertion of the innermost
filaments. The ring has an apical protuberance (arrows). B, E, H. Close-up of the epidermis of the nectary chamber; nectarostomata are observed
(arrowheads); the epidermal cells are swollen in S. corregidorae (H) and less swollen in S. disciformis subsp. esperanzae (E); remains of the secre-
tions are observed on the epidermal cells (dotted circles). C, F, 1. Close-up of nectarostomata, which are open before anthesis; striated ornamentation
is observed in the cuticle (arrowhead). N, nectary; S, style. Scale bars: A, D, G =200 um; B, E, H =40 pm; C, F, I = 10 um.

esperanzae (Figure 2E). Throughout the epidermis, there are
several open stomata prior and during the anthesis, which is
the secretory period of nectar, showing sugar remains even
after the process of fixation, washing and dehydration of the
material during the SEM process (Figure 2B, C, E, F, H, I).
The cuticle of the epidermal cells exhibits slightly striated
ornamentation (Figure 2C, F, I). The epidermis is unistrati-
fied, with vacuolated cells and thin walls (Figure 3B, E, F,
H), under the stomata, there are large substomatal chambers
(Figures 3C, I; 4F, G; 6B).

Under the epidermis there is the nectariferous secretory
parenchyma (Figures 3B, E, F, H; 4C, E, N; SE, H, K; 6F,
N), which comprise isodiametric cells, small and very com-
pact, with thin walls, large and central or eccentric nucleus,
patent vacuoles and dense cytoplasm; there are also some
intercellular spaces (Figures 3C, F; 5F, L; 6G, O). The se-
cretory tissue of the nectary is 10-12 layers thick in S. dis-
ciformis subsp. disciformis (Figures 3B; 4E, F); 89 in §.
disciformis subsp. esperanzae (Figures 3E, F; SE H) and
7-8 in S. corregidorae (3H; 6F, N). The subnectariferous
parenchyma is subjacent to the nectariferous secretory paren-
chyma, whose cells are distinguished for being larger than
the ones of the nectariferous parenchyma (Figures 3B, E, H;
4E, N; SE, H, K; 6F, I, N). These cells present thin walls,
conspicuous vacuoles, poorly dense cytoplasm and eccentric
nucleus (Figures 3F; 4E, N; 6N). This parenchyma presents
intercellular spaces and abundant nearby vascular bundles,
with both xylem and phloem (Figures 4D, E, M, N; SE;
6F, N).

Histochemical tests. The test of oil red “O” for cuticle of the
epidermal cells in the nectary of the three species of Strom-
bocactus was positive (Figures 4 A-C; 5A-C; 6A-C), due to
the waxy compounds it presents, although no other structure
that presented lipidic compounds (Table 1).

With the PAS test applied on flowers prior and during
anthesis of the three taxa, there were abundant insoluble
polysaccharides in the cellular walls and the cytoplasm of the
nectariferous parenchyma, indicating its secretory features,
and they were scarce in the subnectariferous parenchyma
(Figures 4D-G, I; 5D-F; 6D-G; Table 1). These compounds
were also abundant in the style parenchyma and the upper
region of the ovary (Figures 4H; 5D; 6D). The presence of
starch in the style and non-nectariferous parenchyma of the
hypanthium was corroborated with the Lugol test (Figsures
4], K; 5G, H; 6H, 1), which could suggest a storage function
of this tissue. A distinctive Maltese cross was observed under
polarized light, which corroborates the presence of starch in
these tissues (Figures 4L; 5I; 6J).

After the Naphthol Blue Black - PAS test for proteins
and insoluble polysaccharides, all three taxa presented high
amounts of proteins in the cytoplasm of the secretory cells
compared to those of the subnectariferous parenchyma (Fig-
ures 4M-0O; 5J-L; 6K-O; Table 1), which indicate greater
activity in the secretory tissue.

Concentration of nectar. The secretion of nectar in the spe-

cies of Strombocactus is too little to be quantified, even
though it can be observed under stereoscopy (Figure S1).
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Figure 3. Longitudinal sections of flowers in anthesis of Strombocactus. A-C. S. disciformis subsp. disciformis. D-F. S. disciformis subsp. espe-
ranzae. G-1. S. corregidorae. A, D, G. The nectary below the insertion region of the innermost filaments, the arrows indicate the location of the
nectary, the arrowheads indicate the vascular bundles. B, E, H. Both the nectariferous and subnectariferous parenchyma, the arrowheads indicate
vascular bundles. C, I. Sections of nectarostomata, showing the subnectarostomic cavity (arrow), intercellular space (arrowheads). F. Enhancement
of E; secretory cells with intercellular spaces (arrowheads). E, epidermis; F, filament; Np, nectariferous parenchyma; O, ovary; Sc, secretory cells;
Sp, subnectariferous parenchyma; St, style. Scale bars: A, D, G =200 pm; B, E = 100 pm; C, I = 12 pm; F, H = 40 um.

The average concentration of solutes in the nectar of S. cor-
regidorae was 16.12 + 4.48 °Brix, in S. disciformis subsp.
disciformis was 22.09 + 7.42 °Brix and in S. disciformis
subsp. esperanzae was 8.65 + 3.98 °Brix.

Discussion

The nectaries of Strombocactus had not been thoroughly
studied before. Only Buxbaum (1953) mentioned informa-
tion regarding S. disciformis. In the genus Strombocactus,
the nectary forms a ring which is located surrounding the
base of the style, below the insertion region of the innermost
series of filaments. Therefore, the nectary chamber is part
of the hypanthium and collects the nectar, which together
with the pollen itself are the greatest rewards for pollinators
(Simpson & Neff 1983, Proctor et al. 1996, Dominguez &
Pérez 2013).

According to the classification of Bernardello (2007), the
nectary in the species of Strombocactus corresponds to a hy-
panthial nectary, due to its location underneath the insertion
of the innermost filaments, surrounding the style. According
the classification of Buxbaum (1953), three types of nectary
(chamber, disc, and furrow) are recognized for different Cac-
taceae. Chamber type is found in some genera of Cactoideae
(Buxbaum 1953, Fuentes-Pérez 2004, Urias 2009, Almeida
et al. 2013, Torres-Sanchez 2013, Gudino et al. 2015), while
the nectary type disc has been reported for some species
of Maihueniopsis, Opuntia and Maihuenia (Fuentes-Pérez
2008). The furrow nectary has a half-open or closed cham-
ber due the curved base of the innermost stamens or by a
protuberance of the receptacular hypanthial tissue (Buxbaum
1953), and it has been reported for some species of the tribes:
Rhipsalideae (Almeida et al. 2013), Trichocereeae and Cac-
teae, including Strombocactus (Buxbaum 1953). However,

Table 1. Histochemical tests in the nectary of the genus Strombocactus. NBB-PAS, Naphthol Blue Black-Periodic acid—Schiff; Np, nectariferous
parenchyma; PAS, Periodic acid-Schiff; Sp, subnectariferous parenchyma. Test was positive (+) or negative (-).

Taxon S. disciformis subsp. disciformis 8. disciformis subsp. esperanzae S. corregidorae
Histochemical tests / Tissue type Np Sp Np Sp Np Sp
Oil red “O0” - - - - - -
PAS + + + + + +
Lugol - - - - - -
NBB-PAS + + + + + +

104

87



Nectaries in Strombocactus

Figure 4. Histochemical tests of the nectary of S. disciformis subsp. disciformis. Longitudinal (A-C, H-J, L, O) and transversal (D-G, K, M, N)
sections. A-C. Oil red “O” test. Only the cuticle presented lipids (arrows). D-I. The test of Periodic acid—Schiff (PAS) was positive for insoluble
polysaccharides in nectary, style and superior wall of the ovary. The arrowheads indicate vascular bundles. G. A nectarostome. J, K. Lugol test
was positive for starch in the style and non-nectariferous parenchyma of the hypanthium. The arrowheads indicate vascular bundles. L. The Mal-
tese cross was observed with polarized light, which indicates the presence of starch in the same sites as the lugol test. The arrowheads indicate
vascular bundles. M-O. Naphtol Blue Black-PAS test positive for proteins and insoluble polysaccharides in nectary. E, epidermis; N, nectary; Ne,
nectarostome; Sc, secretory cells; Sp, subectariferous parenchyma; St, style. Scale bars: A, D, E, N =50 um; B, F, K =25 um; C, G = 12 pm;

H,1,J,L, M, O =100 pm.

based on our results the term “furrow” cannot be used to de-
scribe the nectary because the innermost stamens are neither
curved nor forming a protuberance, as in Hatiora gaertneri,
Lepismium cruciforme and L. warmingianum (Almeida et al.
2013). The three taxa of Strombocactus present a ring with
bulky protuberances in the upper edge, which corroborates
this structure as an annular nectary based on our results, simi-
lar to that of Rhipsalis (Almeida et al. 2013). We also consid-
er essential to revise once again the type of nectary present in
the genera related to Strombocactus (e.g., Turbinicarpus s.s.,
Ariocarpus, Epithelantha; Vazquez-Sanchez et al. 2013), as
the flowers are equally small, with short receptacles, which
could eventually be a feature of taxonomic importance.

As for the anatomy, the nectary of the species of Strom-
bocactus is composed of epidermis with nectarostomata, a
nectariferous parenchyma with numerous vascular bundles
associated to the subnectariferous parenchyma. This arrange-
ment and features of the subtending cells of the epidermis
are typical of the floral nectaries described in some spe-
cies of Cylindropuntia, Opuntia, Pterocactus, Pereskiopsis,
Maihuenia, Maihueniopsis, Tephrocactus, Tunilla (Fuen-
tes-Pérez 2008), Epiphyllum (Almeida et al. 2010, 2013),
Neobuxbaumia (Torres-Sanchez 2013; currently knowkn as
Cephalocereus, Tapia et al. 2017), and Stenocereus (Urias
2009).

It is noteworthy that the epidermal cells on nectarial tissue
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Figure 5. Histochemical tests of the nectary of S. disciformis subsp. esperanzae. Longitudinal sections. A-C. Oil red “O” test, in which the arrows
indicate the cuticle with positive result for waxes. The arrowheads indicate a vascular bundle. D-F. Periodic acid—Schiff (PAS) test was positive
for insoluble polysaccharides in the nectary, style and superior wall of the ovary. The arrow indicates a vascular bundle. The arrowheads indicate
intercellular spaces. G, H. Lugol test, was positive for starch in the style and non-nectariferous parenchyma located in the hypanthium. The arrows
indicate vascular bundles. I. Under polarized light, starch grains appear bright showing the Maltese cross in the same sites in which the lugol test
was positive. The arrows indicate vascular bundles. J-L. Naphthol Blue Black - PAS test was positive for proteins and insoluble polysaccharides
in the nectary. The arrow indicates a vascular bundle. The arrowheads indicate intercellular spaces. E, epidermis; N, nectary; Sc, secretory cells;
Sp, subnectariferous parenchyma; St, style. Scale bars: A, D, G, I, J =80 um; B, E, H, K=40 um; C, F, L = 16 pm.

of the three taxa of Strombocactus does not show tannins, as
in other species of columnar cactus like Escontria chiotilla,
Cephalocereus mezcalaensis, Stenocereus pruinosus (Fuen-
tes-Pérez 2004), C. tetetzo, C. columna-trajani (Torres-San-
chez 2013) and some species of Opuntia and Tephrocactus
(Fuentes-Pérez 2008). The latter genera have large flowers,
with more open floral tubes developing on stems with more
magnificent exposition to solar radiation, in contrast with the
taxa of Strombocactus, whose size barely surpasses the soil
and is many times found in association with a nurse plant.
The nectar in the species of Strombocactus is secreted
through modified stomata called nectarostomata, which can-
not regulate its opening or closure (Nepi 2007). The dis-
charge of nectar through nectarostomata is the most com-
mon way of secretion. According to Leins & Erbar (2010),
these are stomata whose occlusive cells lack chloroplasts and
are not functional in gas exchange, and they are present in
many dicotyledons (Bernardello 2007). The nectar secreted
by nectarostomata is frequent in Cactaceae (Fuentes-Pérez
2004, Almeida et al. 2013, Torres-Sanchez 2013, Gudino
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et al. 2015). It has also been reported the secretion of nec-
tar through secretory trichomes in Disocactus ackermannii,
Epiphyllum guatemalense and Hylocereus undatus (Almeida
et al. 2013), across pores in Polaskia chichipe, and through
fissures in the cuticle in P. chende (Gudifio et al. 2015).
During the study of the species of Strombocactus and
given the density of the cytoplasm, size of the vacuoles, large
nucleus and numerous intercellular spaces in the nectarifer-
ous parenchyma (secretory cells), the tissue is considered to
present merocrine secretion, meaning that the cells remain
alive during this process without disintegrating tissue (Fahn
1979, Nepi 2007). The Naphtol Blue Black test indicates
great metabolic activity of these cells, as is it proves the
presence of abundant proteins. On the other hand, starch was
not detected, probably because this is not a storage tissue
and because carbohydrates break down rapidly to produce
nectar or other components, which is the case of Platanthera
chlorantha (Orchidaceae, Stpiczynska et al. 2005).
Regarding the characteristics of the nectar in Strombocac-
tus species (low volume and percentage of saccharose <33 %),
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Figure 6. Histochemical tests of the nectary of S. corregidorae. Longitudinal (A, B, D, E, H-M) and transversal (C, F, G, N, O) sections. A-C.
Oil red “O” test, in which the arrows indicate the cuticle which was positive for the presence of waxes. B. Enhancement of a nectarostome. D-G.
Periodic acid—Schiff (PAS) test was positive for insoluble polysaccharides in the nectary, style and upper region of the ovary. The arrows indicate
vascular bundles. The arrowheads indicate intercellular spaces. H-1. Lugol test was positive for starch in style and non-nectariferous parenchyma
located in the hypanthium. The arrow indicates a vascular bundle. J. The Maltese cross was observed under polarized light, indicating the pres-
ence of starch in the same places as in the lugol test. The arrow indicates a vascular bundle. K-O. Naphthol Blue Black - PAS test was positive
for proteins and insoluble polysaccharides in the nectary. The arrows indicate vascular bundles, the arrowheads, intercellular spaces. E, epidermis;
N, nectary; Ne, nectarostome; Sc, secretory cells; Sp, subnectariferous parenchyma; St, style. Scale bars: A, C, E, I, L =40 pm; B, G, M, O =

16 um; D, H, J, K =100 pm; F, N =20 um.

it is necessary detailed analysis its chemical composition and
its temporal production dynamics to generate a more concrete
idea of how these characteristics are associated with pollina-
tors as suggested by Baker & Baker (1983, 1990), Cruden
et al. (1983) and Nicolson & Thornburg (2007) in other
species. However, based on floral characteristics of the three
Strombocactus taxa studied, as diurnal anthesis, infundibular
shape flower, color flower, nectar and pollen as rewards,
these attributes indicate that they can be pollinated by bees,
as proposed by Faegri & Van Der Pijl (1979), Fenster et al.
(2004) and Dominguez & Pérez (2013) based on the flower
features associated with the pollination syndromes.
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ARTICLE INFO ABSTRACT

Seed development, germination and seedling establishment were compared between Strombocactus species, S.
Keywords: corregidorae, S. disciformis ssp. disciformis and S. disciformis ssp. esperanzae, emphasizing the origin and role of the
Aril seed appendage, which is present only in both S. disciformis subspecies. The development and morpho-anatomy
of both seeds and seedlings were evaluated using standard light microscopy and scanning electron microscopy.
Embryo and seed development proceeded similarly in all three taxa. However, we unequivocally demonstrate
the funicular origin and aerenchymatic structure of the seed appendage, the aril in S. disciformis ssp. disciformis
and S. disciformis ssp. esperanzae, which differentiates soon after fertilization. Other distinguishing features in-
clude the delayed growth of the testa in the micropyle in S. corregidorae, and testa micromorphology in mature
seeds. Seed potential and production were similar between species, although seed efficiency was higher in both
subspecies of S. disciformis, which may reflect pollination problems in S. corregidorae natural populations. Seed
flotation occurs in the three taxa, due to the presence of air spaces in the lumen of the seed coat cells and the aril
aerenchymatic, when present. Neither physiological nor structural dormancy were detected in Strombocactus,
and a high percentage of seeds germinated in the different taxa, as no scarification or disinfection treatments
were necessary. The absence of the aril in S. corregidorae shows that further genetic, phylogenetic and com-
parative ontogenic studies that include the three taxa of Strombocactus and the nearest genera, such as
Ariocarpus, Turbinicarpus and Epithelantha, are required in order to determine if this structure was gained or lost
during evolution of Strombocactus. This research provides a greater understanding of the reproductive biology of
this endangered genus endemic to Mexico, necessary for the establishment of future restoration and conservation
programs.

Edited by Alessio Papini

Cactaceae
Germination
Seed appendage
Seedling

1. Introduction

Cactaceae species have evolved a diversity of life forms and various
adaptations to aridity, which are reflected in their morphological and
physiological characteristics, as well as in their reproductive versatility
(Mandujano et al., 2010; Arias and Flores, 2013). The genus Strombo-
cactus are shrubs that belong to the tribe Cacteae in the Cactoideae
subfamily (Anderson, 2001; Arias and Sanchez-Martinez, 2010).
Strombocactus was originally described as Mammillaria by De Candolle
(1828), and was later proposed as a monotypic genus by Britton and
Rose (1922) (Strombocactus disciformis (DC.) Britton & Rose). Currently,
two species are recognized, S. disciformis (DC.) Britton & Rose (with the

* Corresponding author.
E-mail address: svs@ciencias.unam.mx (S. Vazquez-Santana).

https://doi.org/10.1016/j.flora.2018.03.006

Received 15 July 2017; Received in revised form 8 March 2018; Accepted 8 March 2018
Available online 11 March 2018

0367-2530/ © 2018 Elsevier GmbH. All rights reserved.

subspecies S. disciformis ssp. disciformis and S. disciformis ssp. esperanzae
Glass & S. Arias), and S. corregidorae S. Arias & E. Sanchez (Arias and
Sanchez-Martinez, 2010). To date, cacti phylogenies that include the
three taxa are still lacking. These species are associated with dry en-
vironments in the Chihuahuan-Queretaroan desert, have a very re-
stricted distribution and are experiencing a decline in the number of
mature individuals (Alvarez et al., 2004; Arias and Sanchez-Martinez,
2010). Although many cacti have efficient reproductive strategies and
produce numerous seeds, commonly the survival and establishment of
the seedlings is low, as in Neobuxbaumia tetetzo (Valiente-Banuet and
Ezcurra, 1991). Strombocactus exhibits increased vulnerability, due to
low seedling recruitment (personal observation), as well as to the
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overall decrease in population numbers as a result of the pressures
exerted by human activity, mainly by land-use change for agriculture
and illegal trade (Glass and Arias, 1996; Liithy, 2001; Arias and
Sanchez-Martinez, 2010; Jiménez, 2011). Currently, they are included
in Appendix A Appendix I of the CITES (Convention on International
Trade in Endangered Species, 2010) and are listed as threatened by the
Mexican government (Norma Oficial Mexicana, SEMARNAT, 2010).
The natural range of this genus includes the States of Querétaro, Hi-
dalgo and Guanajuato (Glass and Arias, 1996; Anderson, 2001;
Scheinvar, 2004; Arias and Sanchez-Martinez, 2010). Species of
Strombocactus appear to colonize relatively similar habitats: small rock
crevices filled with fine soil, on steep slopes and vertical walls, and
emerge in places with calcareous shales, preferably in areas devoid of
vegetation or sparsely vegetated. Strombocactus plants are often ob-
served growing under the canopy of nurse plants (Alvarez et al., 2004;
Arias and Sanchez-Martinez, 2010).

Seed developmental patterns and germination are pivotal to our
understanding of the natural settings in which Cactaceae species are
inserted, by revealing some of the interrelationships responsible for a
successful reproduction, a prerequisite for the temporal persistence of
this plant group at a given locality. Early studies found that certain seed
characteristics were linked to the type of seed or fruit dispersers that are
attracted by them, thus the interpretations of the (easily observable)
dispersal syndrome has been widely used as a substitute for direct ob-
servations (Bregman, 1988). However, in some cases the evidence re-
garding the predicted versus the actual dispersers is erroneous. For
example, Ritter (1981) assumed that the seeds of Frailea are dispersed
by wind, however its hatshape may be regarded as an adaptation to
transportation by water when it rains, additionally to being dispersed
by ants (Machado, 2007). This has opened the door to a general criti-
cism as to the value of seed development and anatomy in understanding
dispersal and germination.

Many of the associated characteristics such as seed shape, size,
color, the presence of different appendages, as well as germination
pattern and seedling morphology, are useful to identify different taxa
and understand their ecological interactions (Flores, 1976; Gibson and
Horak, 1978; Barthlott and Hunt, 2000; Arreola-Nava and Terrazas,
2003; Arias and Terrazas, 2004; Arroyo-Cosultchi et al., 2006, 2007).
Particularly, greater understanding on the origin and function of the
seed appendage, may provide further insight into the role of these
structures in the evolution and current distribution of these species.

There are several terms that describe each of the seed appendages
based on the ontogenic origin, chemical composition and morpho-
anatomy (Van Der Pijl, 1972; Bewley and Black, 1994; Bewley et al.,
2013; Méarquez-Guzman, 2013). However, the terminology employed
by different authors is often inconsistent, and terms such as aril,
elaiosome, strophiole and caruncle are commonly used as synonyms of
one another. In Strombocactus, Bravo-Hollis and Sanchez-Mejorada
(1991) indicate that the seed of S. disciformis has an aril, whereas
Barthlott and Hunt (2000) named this structure as strophiole. Anderson
(2001) states that the seed of this species can be arillate (page 35) or
strophiolate (page 651), whereas Rojas-Aréchiga (2009) mentions the
presence of an elaiosome, although in later work she uses the terms
strophiole and elaiosome as synonyms (Rojas-Aréchiga, 2012). Given
the confusion in the terminology used to describe the seed appendage,
developmental studies that include the characterization of this structure
are necessary to clarify its origin, chemical composition and morpho-
anatomy, in order to provide a more exact appraisal type of appendage
and its potential function during seed dispersal.

The purpose of this study was to describe and compare the onto-
genic events that occur during seed and seedling development in the
genus Strombocactus to gain insight into the reproductive biology of the
group. Attention was focused on the ultrastructural changes that give
rise to the seed appendage in both S. disciformis subspecies, and flota-
tion experiments were performed to discern if this structure could po-
tentially function in seed dispersal by water. In addition, we examined
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whether seed production and germinability were compromised to infer
potential causes of the low reproductive efficiency found in this en-
dangered genus in its natural habitat. The main question of this study is
What is the nature of the seed appendage and what is its role during
seed dispersion?

2. Materials and methods
2.1. Study species and sites

The species of Strombocactus are distributed in a canyon system
between the States of Querétaro, Guanajuato and Hidalgo (Hernandez
et al.,, 2004; Sanchez-Martinez et al., 2006; Hernandez-Oria et al.,
2007). The distribution of S. corregidorae is restricted to three localities
in the area known as Infiernillo Canyon in Querétaro, whereas S. dis-
ciformis ssp. disciformis has a wider but fragmented distribution and has
been reported in at least 9 localities in Querétaro, Hidalgo and Gua-
najuato. For each of these species, a single locality in Querétaro was
studied from 2014 to 2017. The type of climate of the studied localities
is BSk, with a maximum temperature 33.6 °C, minimum —3.3°C and
annual mean of 17.3 °C; annual mean precipitation of 506 mm and an
annual mean wind speed of 3.5 Km/h. We were unable to find any
specimens of S. disciformis ssp. esperanzae in its natural habitat near
Xichd, Guanajuato (type of climate BSh, annual mean temperature of
20.9 °C and annual mean precipitation of 579 mm), so material from the
living collection of the Botanical Garden of the UNAM and from The
Cadereyta Regional Botanical Garden were used in this research.

2.2. Seed morpho-anatomy

Flowers in anthesis (n = 20) and fruits (n = 20) at various devel-
opmental stages, from a minimum of 10 different plants from each
taxon, were collected and fixed in FAA (10: 50: 5: 35, formaldehyde,
95% ethanol, acetic acid, distilled water). Three seeds were extracted
from each of the fruits and processed for light microscopy (n = 60);
these were dehydrated in an ascending ethanol series, embedded in
medium grade LR-White Resin (Electron Microscopy Sciences, Fort
Washington, PA, USA), sectioned at 1.0-1.25 pm using a JMC-MT 990
ultramicrotome, and stained with aqueous toluidine blue. In order to
corroborate the presence of polyphenols, the potassium permanganate
stain was performed (Herrera-Flores et al., 2005). Slides were mounted
with Entellan (Merck) and examined using an Olympus Provis AX70
light microscope equipped with a digital camera. For scanning electron
microscopy (SEM) analysis, mature ovules, developing seeds and
seedlings were fixed in FAA and dehydrated in a graded ethanol series.
Specimens were critical point dried with CO, in a critical point dryer
CPD-030 Bal-Tec, then mounted on metallic holders, sputter coated
with gold using a Denton VacuumDesk-II sputter coater following
standard protocols, and viewed in a Jeol JSM-5310LV (Tokyo, Japan)
scanning electron microscope. Images were taken from different seed
regions: lateral, dorsal and hilum-micropylar (Fig. S1). When pertinent,
the seed appendage was removed in order to expose the detail of the
hilum-micropylar region. The terminology for seed morphology used
here is based on that proposed for the Cactaceae by Barthlott and Hunt
(2000). For the morphological analysis of germination and seedling
development, 200 seeds from each taxon were placed on Petri dishes
and covered with moistened filter paper. The dishes were sealed with
Parafilm tape to maintain humidity. For each taxon three germinated
seeds and three seedlings at different post-germination times (3, 6, 12,
24 h and then every 24 h) and developmental stages were fixed in FAA
and processed as mentioned for SEM.

For each taxon, seed diameter and length (from the chalaza to the
hilum-micropylar zone) was measured using a Leica microscope and the
LAS EZ version 2.0 software. Four seeds from eight fruits from different
plants (n = 32) were used.
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2.3. Seed germination experiments

For the germination tests, eight replicates of 30 seeds (from dif-
ferent individuals) per taxon were placed on moistened filter paper in
Petri dishes, under a 12h photoperiod at 25 °C, according to Alvarez
et al. (2004). Seeds were checked daily for 30 days and the number of
germinated seeds was registered. Seeds were considered germinated
when the radicle tip emerged from the seed coat (germination sensu
stricto). Seed germinability (%), emergence rate index and mean ger-
mination time were calculated.

2.4. Seed production potential and estimation of efficiency

To compare seed efficiency, ovule number per ovary and seed
number per fruit were counted in S. disciformis ssp. esperanzae (n = 10),
in S. disciformis ssp. disciformis (n = 15) and in S. corregidorae (n = 17).
Seed production potential (SPP) was considered as the mean number of
ovules per ovary. The mean number of developed seeds (NDS), number
of collapsed seeds (NCS) and total seed number (TSN, developed and
collapsed) per fruit were obtained. An estimation of percentage devel-
oped seeds (PDS) was calculated using the mean values obtained for
NDS and TSN by the formula PDS = (NDS/TSN) x 100, and the seed
efficiency (SEf) was calculated using the mean values obtained for SPP
and NDS by the formula SEf = NDS/SPP, the formulas were modified
from Bramlett et al. (1977) and Mendizabal-Hernandez et al. (2010).

2.5. Seed flotation

Seed flotation was tested using 20 seeds per taxon (from different
fruits and plants) using two treatments: (1) 265 ml of distilled water, (2)
265 ml of distilled water and 30 mg of commercial powder detergent (to
break superficial tension). For each treatment five replicates were used.
To simulate the effect of water currents during rain, seeds from each
taxon were placed in 265 ml of distilled water in a 300 ml container and
subjected to a 0.3 ml jet of water using an insulin syringe (commercial),
the time it took for each seed to reach the bottom of the container and
return to the surface was registered. Only seeds that had reached the
bottom of the container were timed. There were 40 replicates with
different seeds for each taxon.

2.6. Statistical analyses

Number of ovules and seeds, seed measurements, germinability (%),
the emergence rate index and mean germination time were expressed as
mean *+ standard deviation (SD) values. In each case, the Shapiro-Wilk
normality test was applied. Differences in ovule and seed number, seed
measurements and mean germination time among taxa were tested for
statistical significance using a one-way ANOVA, whereas a Kruskal-
Wallis (K-W) test was applied to seed diameter, germinability (%), the
emergence rate index values and seed resurfacing. For each taxon and
in each replicate, an arcsine transformation was applied to the accu-
mulated germinability (%) in time and then adjusted to a sigmoid using
the program TableCurve 2D v5.01 to obtain the maximum germination
rate (taking into account the maximum first derivative). All data were
analyzed using GraphPad Prism version 5.0 software.

3. Results
3.1. Ovule morphology and anatomy

During anthesis the mature ovules of S. disciformis ssp. disciformis, S.
disciformis ssp. esperanzae and S. corregidorae were similar, with dif-
ferences arising after fertilization. Ovules are campylotropous, bi-
tegmic, with endostome micropyle, formed by a projection of the inner
integument (Fig. 1A—C). The funiculus is long; its ventral epidermis is
papillate and functions as an obturator (Fig. 1A-D). The epidermis of
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the outer integument is enlarged from the chalaza to the micropyle,
slightly globose in both S. disciformis subspecies (Fig. 1A and B),
whereas it is slightly depressed and isodiametric in S. corregidorae
(Fig. 1C). The raphe is shorter in length than the antiraphe (Fig. 1A-D).
The ovules are crassinucellate, and the nucellus consists of 4-5 layers of
cells; both integuments are bilayered, become thickened and multi-
layered (up to 4 layers) near the micropylar region (Fig. 1D). The
vascular bundle ends at the chalaza (not shown). The embryo sac and
nucellus are curved; in both species the embryo sac is Polygonum type,
heptacellular and octanucleate, with three ephymerous antipodes (not
shown), a binucleate central cell with a large vacuole and small amount
of cytoplasm, two synergids and the egg cell (Fig. 1D and E). A pro-
nounced growth of parenchymatic cells in the distal region of funiculus
was observed in S. disciformis ssp. disciformis (Fig. 1A and D) and in S.
disciformis ssp. esperanzae (Fig. 1B), but not in S. corregidorae (Fig. 1C).

3.2. Ontogeny of arillate seeds in the Strombocactus disciformis subspecies

Soon after fertilization, before cellular divisions of the zygote be-
come apparent, in both S. disciformis subspecies localized divisions of
subepidermal cells in the distal portion of the funiculus give rise to a
distinctive protuberance, which from hereon will be referred to as a
seed appendage type aril (Fig. 2A-D).

This is followed by the first transversal zygotic division that pro-
duces a large vacuolated basal cell and a densely cytoplasmic apical cell
(Fig. 2E). At this time, the endosperm is nuclear type with a chalazal
and micropylar domain. Further transverse cell divisions of the zygote
give rise to a three to four celled linear proembryo (Fig. 2F-I). Growth
of the aril is sustained by divisions in the apical portion of the funiculus,
without the participation of the integuments (Fig. 2F and H). Although
initially undifferentiated, both testa and tegmen are bilayered, not-
withstanding the exotesta is visibly enlarged (Fig. 2F). At the quadrant
embryo stage, the endosperm cytoplasm begins to accumulate starch
grains near the proembryo and the micropyle is clogged by the rem-
nants of the pollen tube (Fig. 2G-I). The aril begins to widen taking on a
“horseshoe shape”, without covering the micropyle and the testa is still
shorter than tegmen (Fig. 2J and K).

When the embryo proper is in the octant stage, the suspensor has
two tiers of 4-5 vacuolated cells that push the embryo into the en-
dosperm. At the micropyle region, the testa has elongated covering the
tegmen. The exotesta has thick walls and contain dark-staining sub-
stances resembling polyphenolic compounds (data not shown), whereas
cells of tegmen are compactly arranged and have thinner walls (Fig. 2L
and M). The perisperm cells near the micropyle have dense cytoplasm
and starch granules (Fig. 2M). The aril is formed by parenchymatous
epidermis and an aerenchyma with large intercellular spaces (Figs.
Figure 2N, Figure 3B). At this time, the seed coat exotesta is formed by
globose cells, especially near the raphe and antiraphe, which is parti-
cularly noticeable in S. disciformis ssp. disciformis. In the distal portion
of the funiculus the aril is enlarged and rounded (Figs. Figure 20,
Figure 3A). The micropyle is formed by collapsed tegmen cells
(Fig. 3C).

At the beginning of the globular embryo stage the endosperm is still
nuclear, the exotesta accumulates polyphenolic inclusions, and the aril
cells extend towards the distal portion of the seed (Fig. 3D). During late
globular embryo stage, the endosperm becomes cellular and vacuo-
lated. The embryo presents a protodermis and the future radicle mer-
istem differentiates in the region adjacent to the suspensor, whereas
cells of the suspensor are immersed in the perisperm and endosperm.
The exotesta shows differential thickening of the cell walls (Fig. 3E and
F). The aril is completely aerenchymatic (Fig. 3G) and grows towards
the distal portion of the seed, without covering the micropyle (Fig. 3H).

The heart embryo stage begins with the elongation of the cotyle-
dons, with the apical meristem located at the distal end of the embryo
and the procambium at the center; the suspensor cells are still present
(Fig. 3K and L). The aril elongates towards the chalaza, covering about
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a quarter of the seed, while leaving the micropyle partially exposed
(Fig. 3I). Cells of the aril begin to collapse (Fig. 3J). The exotesta is
completely filled with polyphenols, evidencing its role in hardening the
seed coat and providing mechanical strength (Fig. 3K).

At the equivalent of the torpedo stage, the seed coat is formed by the
exotesta, the endotesta and exotegmen. At the early cotyledonary stage,
the cotyledons and radicle are clearly distinguishable and the suspensor
is degraded (Fig. 4A and B). The seed coat near the antiraphe is formed
by a thick exotesta rich in polyphenols, an endotesta with one or two
cell layers, and a degenerated tegmen. The perisperm has two cell
layers while the endosperm is single layered and shows signs of de-
gradation. The embryo cells expand to accumulate storage material and
are vacuolated (Fig. 4C). Near the chalaza and raphe, the endosperm,
perisperm and endotesta are multilayered (Fig. 4D), whereas near the
micropyle they are single-layered (Fig. 4E). Therefore, the perisperm is
limited to the area of the raphe and the endosperm is scarce in both S.
disciformis subspecies.

The mature seeds are globose and arillate. The final structure of the
exotesta consists of a dense layer of dark-staining polyphenols (data not
shown) and sclerenchymatic cells with a large lumen (empty space)
(Fig. 4F and G). The embryo occupies most of the seed due to its
massive expansion during the later developmental stages; it is straight
and globose, comprised mainly of a large hypocotyl, reduced cotyle-
dons and radicle (Figs. Figure 4G, Figure 6). The hypocotyl-radicle axis
and short cotyledons contain most of the reserve material that consists
of starch granules and proteins, as confirmed by the lugol and naphthol
blue black histochemical tests (not shown). Near the antiraphe, the
exotesta is thick, the endotegmen consists of large, irregularly shaped
degenerating parenchymatic cells, the perisperm is absent and the en-
dosperm is a layer of longitudinally flattened cells (Fig. 4H). Whereas at
the chalazal and raphe end the seed coat is formed by collapsed en-
dotegmen, the exotesta has fully-developed secondary wall thickenings,
and there is a starchy layer of endosperm and a bilayered and
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Fig. 1. Morphology of the mature ovules. A, D and E
Strombocactus disciformis ssp. disciformis; B, S. dis-
ciformis ssp. esperanzae and C, S. corregidorae. (A, B,
C) Mature ovule, the funiculus has papillae on its
ventral surface. (D) Anatomy of campilotropous, bi-
tegmic and crassinucellate ovule. (E) Polygonum
embryo sac showing two synergids, egg cell and
central cell. Cc, central cell; Ec, egg cell; Es, embryo
sac; Fu, funiculus; Ii, inner integument; Mi, micro-
pyle; Nu, nucellus; Oi, outer integument; Pa, pa-
pillae; Sy, synergids. Scale bars = 50 um (A, B),
100 um (C), 80 um (D), 40 um (E).

vacuolated perisperm (Fig. 4I). At the micropyle region the tegmen is
collapsed, the endotesta is multilayered and the exotesta is lignified
(Fig. 40).

3.3. Ontogeny of the non-arillate Strombocactus corregidorae

Seed development in S. corregidorae is similar to the other taxa,
except for the formation of the protuberance in the distal part of the
funiculus, which fails to develop, making the seeds non-arillate
(Fig. 5A-J). Furthermore, in contrast to S. disciformis, where the testa
covers the tegmen at the early globular stage, in S. corregidorae growth
of the testa is slower and does overcome tegmen until the heart stage
(Fig. 5K-M). At maturity, S. corregidorae seeds (Fig. 5SN-R) have a si-
milar structure to both S. disciformis, except by the absence of the aril.
The seed coat in S. corregidorae is formed by sclerenchymatic cells with
thick walls and an empty lumen in the interior (Fig. 5N, O, Q and R).

3.4. Seed micromorphology and size

Strombocactus mature seeds are globose to ovoid, brownish-red in
color (Fig. 7A, G and M). Micromorphology reveals distinctive char-
acters among the different species. In non-arillate seeds of S. corregi-
dorae (Fig. 7A and B), both the micropyle and the hilum scar can be
observed together, forming a single complex, but separated by a band of
sclerified tissue (Fig. 7C and D). The outer cell walls of the testa in this
species are flat and the ultrasculpture consists of folded sometimes re-
ticulate cuticle, whereas the anticlinal cell walls are straight (Fig. 7E);
the cells of the dorsal surface are rectangular (Fig. 7F) and those of the
lateral surface are irregularly shaped (Fig. 7E).

Seeds of S. disciformis ssp. disciformis (Fig. 7G, H and I) have a
whitish aril that contrasts with the brownish-red seed coat (Fig. 7G).
When the aril is removed, the exposed micropyle is cup-shaped and the
hilum-area is wide (Fig. 7J). The periclinal cell walls of the lateral area
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of the testa are bulgy and slightly conical (Fig. 7K), whereas very
conical in the dorsal area (Fig. 7L); the ultrasculpture consists of
slightly folded cuticle and the anticlinal cell walls are sinuous (Fig. 7K).

Seeds of S. disciformis ssp. esperanzae also exhibit a whitish aril that
covers the hilum-micropylar region (Fig. 7M-0); when the appendage
is removed the micropyle and the hilum scar are exposed (Fig. 7P). The
periclinal cell walls of the seed coat are bulging and the ultrasculpture
consists of reticulate cuticle; the anticlinal cell walls are slightly sinuous
(Fig. 7Q and R), the cells of the dorsal surface are rectangular (Fig. 7R)
and those of the lateral surface have irregular shape (Fig. 7Q).

In the three taxa of Strombocactus, seeds belong to the “very small”
category (according to Barthlott and Hunt, 2000). Seed diameter was
similar in all taxa (K-W = 5.747, P = 0.056), with mean = SD values
of 0.37 = 0.01 mm in S. corregidorae, 0.38 + 0.01 mm in S. disciformis
ssp. disciformis and 0.36 + 0.02mm in S. disciformis ssp. esperanzae.
Seed length without the aril differed significantly between taxa
(F = 60.06, P = 0.0001), with mean * SD of 0.48 = 0.01 mm in S.
corregidorae, 0.41 = 0.02mm in S. disciformis ssp. disciformis and
0.46 + 0.03mm in S. disciformis ssp. esperanzae. Furthermore, whole
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Fig. 2. Seed morphology and ontogeny, from zygote
to early octante embryo in Strombocactus disciformis.
A-K and O, S. disciformis ssp. disciformis; L-N, S. dis-
ciformis ssp. esperanzae. (A, B, C) At fertilization time,
the initiation of a protuberance is observed at the
distal end of the funiculus (arrows). (D) The zygote is
observed and the other spermatic nucleus will fuse
with the polar nuclei. (E) First transverse division of
the zygote. (F-I) Tetracellular proembryo stage. (G)
Proliferation of the nuclei of the endosperm, the testa
is short with respect to the tegmen (arrowhead) in
the micropyle. (H) The appendage (arrow) continues
to increase in size. The arrowhead indicates the
tegmen. (I) Tetracellular proembryo. (J, K) At the
stage of the tetracellular proembryo, the seed ap-
pendage begins to widen in the form of a horseshoe
(arrows), without covering the micropyle. (L-O)
Octant stage. (L) The testa already covers the col-
lapsed tegmen (arrowhead). (M) The embryo with a
multicellular suspensor. The arrowhead indicates the
tegmen. (N) In the interior of the aril the aerenchyma
starts to differentiate. (O) The aril continues to grow
without covering the micropyle. Ar, aril; Fu, funi-
culus; Mi, micropyle; Pa, papillae; Pt, pollen tube;
Em, embryo; En, endosperm; Pe, perisperm; S, sus-
pensor; Sn, sperm nucleus; T, testa; Zy, zygote. Scale
bars = 50 um (A, B, K, M), 80 um (G, F), 16 um (D, E,
1), 40 um (G, H), 100 um (J, L, N, O).

seed length (including the aril) also differed significantly (F = 38.67,
P =0.0001) between arillate seeds, ranging from 0.46-0.62
(0.53 = 0.04) mm in length in S. disciformis ssp. disciformis, and be-
tween 0.48-0.68 (0.57 = 0.04) mm in S. disciformis ssp. esperanzae.

3.5. Seed potential production

In order to assess the reproductive potential of each taxon, the
number of ovules and seeds produced were counted. The total number
of ovules per ovary was considered the seed production potential (SPP).
The mean = SD number of ovules per ovary was significantly greater
(F =13.98, P = 0.0001) in S. corregidorae (1611 + 481.1), than in
either S. disciformis ssp. disciformis (1035 + 253.3) or S. disciformis ssp.
esperanzae (933 = 307.5). However, no significant differences
(F = 1.44, P = 0.2474) were observed in the mean = SD number of
developed seeds (NDS) per fruit, which was 838 = 487.5 in S. corre-
gidorae, 768 + 258.4 in S. disciformis ssp. disciformis and 596 * 177.6
in S. disciformis ssp. esperanzae. Interestingly, in all taxa between 94 and
96% of total seeds developed normally. To identify the developmental
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stage and possible contributing causes of seed loss and diminished re-
productive success, an estimate of the seed efficiency (SEf) was calcu-
lated. Based on the mean ovule number per ovary, SEf in S. disciformis
ssp. disciformis was 74.20%, whereas in S. disciformis ssp. esperanzae and
S. corregidorae it was 63.87% and 52.01%, respectively.

3.6. Seed flotation

In the three taxa, all seeds floated initially in distilled water and
were still floating after 25 days (Fig. S2). However, seed floatability was
affected by the presence of detergent; after 6 days, only 67 + 8.36% of
the S. disciformis ssp. disciformis seeds, 58 = 18.91% of S. disciformis
ssp. esperanzae and 45 * 32.79% of S. corregidorae seeds were still
floating. The mean time * SD it took for purposefully sunken seeds to
resurface (8 cm) varied between the different taxa (K-W = 80.82;
P < 0.0001), and was significantly shorter for arillate seeds, which
was of 2.61 * 0.53s for S. disciformis ssp. disciformis (Video S1), and of
1.74 = 0.65s in S. disciformis ssp. esperanzae (Video S2), whereas in S.
corregidorae it took 4.72 = 1.55s (Video S3).

3.7. Seed germination

A high percentage of seeds germinated in all taxa and no significant
differences were observed between the arillate seeds and those non-
arillate (K-W = 2.686, P = 0.261), therefore the aril did not have an
effect on germinability. In S. disciformis ssp. disciformis mean seed ger-
mination was 97.08 * 3.75%, whereas in S. disciformis ssp. esperanzae
and S. corregidorae it was 92.08 *+ 7.75% and 96.67 + 4.36%, re-
spectively. Furthermore, mean germination time was also similar
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Fig. 3. Ontogeny of arillate seeds (early develop-
ment). A, C, D and J, Strombocactus disciformis ssp.
disciformis; B, E-I, K and L, S. disciformis ssp. esper-
anzae. A-C, In octant stage; D, early globular embryo
stage; E-H, advanced globular embryo stage; I-L,
heart shape embryo stage. (A) In octant stage the aril
continues to grow without covering the micropyle.
(B) In the interior of the aril the aerenchyma begins
to differentiate (arrow). (C) Remains of a pollen tube
seen entering the micropyle. (D) Young globular
embryo surrounded by nuclear endosperm and
perisperm. (E, F) Differentiation of the protodermis
(arrowhead) and a suspensor; the cellular endosperm
and perisperm surround the embryo. (G) The aer-
enchyma inside the aril continues to develop. (H)
Advanced globular embryo stage, the aril extends in
cup-shape towards the distal zone of seed, the mi-
cropyle is free. (I, J) The aril continues to increase its
size towards the chalaza. (K, L) The cotyledons be-
come visible and the suspensor is larger. Ar, aril; Co,
cotyledons; Em, embryo; En, endosperm; Fu, funi-
culus; Mi, micropyle; Pe, perisperm; Pt, pollen tube;
S, suspensor; Sc, seed coat. Scale bars = 100 um (A,
B, H, I, J), 20 um (C), 80 ym (D, E, G, K), 40 um (F,
L).

between taxa (ANOVA, F =0.882, P = 0.428), lasting
5.27 + 0.06 days for S. disciformis ssp. esperanzae, 5.29 + 0.04 days
for S. disciformis ssp. disciformis and 5.31 + 0.06 days for S. corregi-
dorae. The highest emergence rate was reached by S. disciformis ssp.
esperanzae (32.37 + 5.98 seeds d '), although no significant differ-
ences were obtained with S. corregidorae or S. disciformis ssp. disciformis
(29.50 + 4.49 and 28.91 + 6.49 seeds d~!, respectively; K-
W = 2.015, P = 0.365). In all taxa, seed germination begins 2-3 days
after imbibition when the testa breaks allowing the emergence of the
radicle, causing the formation of a circular groove around the hilum-
micropylar area known as operculum, which is where the testa comes
off (Fig. 8A). Due to the expansion of the hypocotyl, a longitudinal
groove is formed in the dorsal portion, which extends from the mi-
cropyle to the chalaza through the antiraphe zone (Fig. 8F and K). In S.
disciformis ssp. disciformis (Fig. 8G) and S. disciformis ssp. esperanzae
(Fig. 8L), the emerging radicle pushes through the operculum and the
aril, whereas in S. corregidorae the radicle emerges through the former
(Fig. 8B).

The aril, when present, causes the radicle to curve as soon as it
emerges from the seed coat, while the hypocotyl expands radially
(Fig. 8G). In the three taxa, the radicle is short and broad, and exhibits
numerous root hairs that form at a short distance from the root mer-
istem and grow along the periphery and length of the radicle, rendering
the cell elongation zone inconspicuous (Fig. 8B and L). The seed coat
opens in two irregular valves, due to the widening and elongation of the
hypocotyl (Fig. 8L). Both the cotyledons and hypocotyl turn green
2-3days post-germination, indicating strong metabolic activity and
chlorophyll synthesis. The radicle stops growing early and the number
of root hairs increases (Fig. 8C). At the shoot, small cotyledons cover
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Fig. 4. Ontogeny of arillate seeds (late development). A-E, Seeds of S.
disciformis ssp. disciformis at cotyledonary stage embryo; F-J, Mature
seeds of S. disciformis ssp. esperanzae. (A, F) Whole seeds with the aril
covering the hilum, but the micropyle is free; dotted black lines in-
dicate the hilum-micropylar region. (B, G) The whole embryos showing
short cotyledons that are broad at the base; the radicle is short and
broad; the embryo cells are vacuolated. (C, H) Antiraphe zone. (D, I)
Raphe zone. (E, J) Micropilar region; arrowheads indicate the remnants
of the tegmen. Ar, aril; Co, cotyledons; Ed, endotesta; Em, embryo; En,
endosperm; Ex, exotesta; HMR, hilum-micropylar region; Hy, hypo-
cotyl; Mi, micropyle; Pe, perisperm; Ra, radicle. Scale bars = 80 pm (A,
B, F, G), 40 um (C, D, E), 16 um (H, I, J).
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the apical meristem (Fig. 8C and H). The seedling is globose, with a apical region; these are very small and flattened, and the areola can be
much wider hypocotyl than cotyledons or radicle (Fig. 8D, I, M and N). distinguished at the axil (Fig. 8E, J and O).

Stomata develop early in the hypocotyl and can be seen as depressions

in the epidermis (Fig. 8I). Later, podaria begin to differentiate in the
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4. Discussion

In this study we present a detailed analysis of the different stages
involved in seed and early seedling development in S. corregidorae and
two subspecies of S. disciformis, the only known representatives of
Strombocactus, a vulnerable genus native to central Mexico. We provide
new seed characters and variations in seed coat anatomy and ultra-
sculpture, which represent a new and effective way to differentiate
between the taxa. Furthermore, we provide unequivocal evidence on
the origin and nature of the seed appendage found exclusively in S.
disciformis ssp. disciformis and S. disciformis ssp. esperanzae, and discuss
its potential usefulness in the identification and classification of the
members of this genus, as well as its role in seed dispersal.
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Fig. 5. Ontogeny of non-arillate seeds in S. corregi-
dorae. (A, B) After fertilization no protuberance is
seen in the distal part of the funiculus. (C-F) At the
beginning of the globular embryo and nuclear en-
dosperm, the tegmen still surpasses the testa. (G, H)
At earlier globular stage the perisperm is multi-
layered and the endosperm becomes cellularized;
remnants of pollen tube are still observed. (I, J)
When the endosperm is abundant and completely
cellular the suspensor has a broad base; the exotesta
and endotegmen become lignified, whereas the en-
dotesta and exotegmen are parenchymatic. (K) At
early heart-shaped embryo stage the testa begins to
cover the tegmen. (L) During heart embryo stage the
testa forms the micropyle, close to the hilum, but no
appendage is observed. (M) Heart-shaped embryo
stage, the cotyledons begin to appear, the cellular
endosperm is copious and the perisperm starts to
collapse; the exotesta thickens. (N) Longitudinal
section of mature seed without seed appendage; the
embryo is straight; the dotted black line indicates the
hilum-micropylar region. (O) The embryo has short
cotyledons, but is broad at the base; the radicle is
short and wide; dotted red lines indicate the limits of
hypocotyl. (P) Antiraphe zone. (Q) Raphe zone. (R)
Micropylar region; arrowhead indicates the rem-
nants of the tegmen. Co, cotyledons; Ed, endotesta;
Em, embryo; En, endosperm; Ex, exotesta; Fu, funi-
culus; Hi, hilum; HMR, hilum-micropylar region; Hy,
hypocotyl; Mi, micropyle; Pa, papillae; Pe, peri-
sperm; Ra, radicle; S, suspensor; Sc, seed coat. Scale
bars = 100 um (A, B, E, K), 80um (C, G, I, J, M, N,
0), 40 ym (D, H), 50 pm (F, L), 16 um (P, Q, R). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

4.1. Comparative seed and seedling morpho-anatomy in Strombocactus

The early stages of embryogenesis and endospermogenesis appear
similar in the three taxa, however differences were observed in the
pattern of micropyle formation and in seed appendage differentiation in
both subspecies of S. disciformis. In cacti, the micropyle is formed by the
tegmen, however, as maturation progresses, growth of the testa cell
layer gradually overtakes and encloses the seed, eventually crushing the
tegmen (Corner, 1976). In Strombocactus, the time required for the testa
to overtake the tegmen during its development differs notably between
taxa, whereas in both S. disciformis subspecies this occurs early in the
octant embryo stage, in S. corregidorae the growth of the testa is not
completed until the heart embryo stage. In general, there are very few
research papers describing seed and seedling development in Cactaceae
(Ganong, 1898; Engleman, 1960; Flores and Engleman, 1976; Almeida
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et al., 2013), so we could not compare this information with what oc-
curs in other related species nor ascribe its physiological significance,
notwithstanding it was a stable character within each taxon.

At maturity, the seed proper always looks more or less rounded,
contains an embryo with a well developed hypocotyl, short cotyledons
and radicle, the perisperm is limited to the raphe end, and the en-
dosperm is scarce, similar to other globose Cactoideae taxa, such as B.
liliputana (Barthlott and Porembski, 1996) and Astrophytum myriostigma
(Engleman 1960; Johri et al., 1992). In Strombocactus, the hypocotyl
increases notoriously its size and accumulates reserve material, even
the short radicle contains reserves. The reduction in perisperm and
endosperm volume is consistent with a scenario in which the function
of reserve accumulation to sustain rapid germination has been trans-
ferred to the embryonic tissues, which agrees with the notorious in-
crease in size of the hypocotyl and reduction of cotyledons (Johri et al.,
1992; Barthlott and Hunt, 2000; Ritz et al., 2012). It was recently
shown that during embryogenesis and germination in Cereus jamacaru,
reserves are moved to the embryo axes and cotyledons before seed
dehydration takes place (Alencar et al., 2012). In Mammillaria and
Parodia the hypocotyl has assumed the function of accumulating re-
serves almost completely, and constitutes 90% of the volume of the
embryo (Barthlott and Hunt, 2000).

In the mature seed, ultrastructure of the testa also varied between
the taxa, in S. corregidorae the testa is formed by flattened cell walls,
with folded and reticulate cuticle in some areas, whereas S. disciformis
ssp. disciformis exhibits globose conical cells, and a slightly folded cu-
ticle. Interestingly, although in S. disciformis ssp. esperanzae the outer
cell walls are also globose, the cells are flatter with a reticulate cuticle,
and the overall appearance is closer to S. corregidorae. These characters
may be used to distinguish between the S. disciformis subspecies, as it
has proven suitable to identify closely related taxa in other Cactaceae,
Orchidaceae (Behnke and Barthlott, 1983) and Loasaceae (Noguera and
Jauregui, 2006); however, further phylogenetic testing is necessary to
validate their usefulness as diagnostic characters in this clade.

After germination, the three taxa of Strombocactus form a broad and
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Fig. 6. Diagram of a Strombocactus embryo showing the meristematic
zones. (A) Strombocactus embryo. (B) Close up to the chalaza region.
(C) Close up to the micropylar region of a mature seed of S. disciformis
ssp. esperanzae. The red boxes indicate the shoot apical meristem. The
purple boxes indicate root apical meristem. Scale bars = 40 pm (B, C).
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

short radicle and develop root hairs. The newly emerged Strombocactus
seedlings are small in size, about 0.5 mm high. This is also characteristic
of the seedlings of Turbinicarpus pseudomacrochele, a closely related
species (Alvarez et al., 2004). The Strombocactus seedlings are globose,
as in Ariocarpus retusus and A. fissuratus (Buxbaum, 1950), emphasizing
the role of the hypocotyl in water and nutrient storage.

4.2. Origin of the seed appendage

The seed appendage described in S. disciformis ssp. disciformis and S.
disciformis ssp. esperanzae, does not exist in S. corregidorae, or in other
related genera, such as Ariocarpus, Turbinicarpus and Epithelantha
(Bravo-Hollis and Sanchez-Mejorada, 1991; Barthlott and Hunt, 2000;
Anderson, 2001; Scheinvar, 2004). Based on our observations of the
funicular origin of this structure, the appendage is positively defined as
an aril, since it originates solely from the funiculus (Van Der Pijl, 1972;
Zhang et al., 2011; Silveira et al., 2016). In the literature, the term aril
is often used erroneously and interchangeably with several other
structures, such as the strophiole, caruncle or elaiosome, even though
their ontogeny and chemical nature differs, which for many species has
not been clarified (Buxbaum, 1955; Engleman, 1960; Bravo-Hollis,
1978; Bravo-Hollis and Sanchez-Mejorada, 1991; Barthlott and
Porembski, 1996). The strophiole is formed from the raphe zone of the
ovule (Van Der Pijl, 1972; Karaki et al., 2012; Silveira et al., 2016),
whereas the caruncle is a fleshy structure that is formed from the in-
tegument, nearby the micropyle (Van Der Pijl, 1972; Zhang et al., 2011,
2014). On the other hand, the term elaiosome refers to any structure
with nutritive content (irrespective of its ontogenetic origin) that re-
presents a reward for dispersers, mainly ants (Hughes and Westoby,
1992; Leal et al., 2007; Linhart, 2014). Although the presence of an
elaiosome has been suggested in various genera of Cactaceae, such as
Parodia, Aztekium, Rebutia, Notocactus and Gymnocalycium (Bregman,
1988), specific developmental studies to clarify its nature have not been
performed.

In the particular case of Strombocactus, the seed appendage has been
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commonly mentioned as a strophiole and is used as a diagnostic char-
acter (Scheinvar, 2004; Arias and Sanchez-Martinez, 2010; Rojas-
Aréchiga, 2012), notwithstanding its absence from S. corregidorae
(among other morphological characters). However, the structure was
named a strophiole without performing prior developmental studies to
demonstrate its origin. Our results clarify the origin of the aril in the S.
disciformis subspecies and opens the door to its use as an informative
taxonomic character for future phylogenetic studies. Further ontogenic
studies need to be performed in the various species of the Cactaceae in
order to clarify if the appendages are homologous structures.

4.3. Aril function in Strombocactus

It has been argued that the main function of the aril is for dispersal
by ants, since the appendage is usually associated with soft tissues and
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Fig. 7.Seed micromorphology in the genus
Strombocactus. A-F, Non-arillate S. corregidorae; G-L,
arillate S. disciformis ssp. disciformis and M-R, S. dis-
ciformis ssp. esperanzae. (A, G, M) Lateral view of the
seeds, which are brownish-red color; the aril is pale
yellow when present. (B, H, N) Lateral view of the
seeds showing their micromorphology. (B, N)
Flattened seed coat cells in S. corregidorae and S.
disciformis ssp. esperanzae respectively. (H) Globose
testa cells in S. disciformis ssp. disciformis. (C) Hilum-
micropylar view of S. corregidorae seed. (I, O) Hilum-
micropylar view in both S. disciformis subspecies, it is
covered by the papiraceous aril seed appendage. (D)
Detail of the hilum-micropylar region of S. corregi-
dorae. (J, P) Detail of the hilum-micropylar region in
both S. disciformis subspecies, the aril was manually
removed. (E, K, Q). Detail of cells of the lateral zone;
straight and flattened cells and reticulate cell walls in
S. corregidorae (E) and S. disciformis ssp. esperanzae
(Q), but globose cells and striate cuticle in S. dis-
ciformis ssp. disciformis (K). (F, L, R). Detail of cells of
the dorsal zone; straight, rectangle and flattened
cells and reticulate cuticle in S. corregidorae (F) and
S. disciformis ssp. esperanzae (R) but rounded and
globose cells with striate cuticle in S. disciformis ssp.
disciformis (L). Ar, aril; Hi, hilum; Mi, micropyle.
Scale bars = 100 um (A, B, G, H, M-0), 50 um (C, I,
J, P), 30um (D), 20pum (E, F, K, L, Q, R). (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

lipid reserves (Van Der Pijl, 1972; Bregman, 1988; Rojas-Aréchiga and
Vazquez-Yanes, 2000). Furthermore, in some species of the family Eu-
phorbiaceae the elaiosome serves as a support structure used by ants to
transport the seeds to their nests (Leal et al., 2007). However, in S.
disciformis the aril is not fleshy and it does not contain reserves,
therefore it does not constitute an elaiosome and does not represent a
reward for the ants. Our field observations showed fruit dispersal by
Atta sp. ants (Video S4, Fig. S3), although we did not detect the
movement of individual seeds to suggest the aril plays a role in ane-
mochory. In the cactus Denmoza rhodacantha, ants carry away in-
dividual seeds (Eggli and Giorgetta, 2015), however, it is not clear
whether these seeds have an appendage, although article photos are
suggestive of its presence.

Alternatively, the aril may function as a flotations structure for
dispersion by water; seeds belonging to the genera Astrophytum

103



A. Camacho-Veldzquez et al.

(Sanchez-Salas et al., 2012), Espostoa, Frailea, Gymnocalycium and Ma-
tucana have flotation mechanisms, mainly a broad and deep hilum,
small and light embryos, thin testa and naviform shape, that allow them
to be transported by runoff caused by heavy rains (Bregman, 1988). In
the particular case of Selenicereus wittii, seeds have an air chamber that
allows them to float (Barthlott et al., 1997). The presence of the aer-
enchyma in the aril of S. disciformis supports its role as a flotation
structure; however, our data on seed flotation did not show differences
between arillate and non arillate seeds. This may be partially explained
by the presence of air spaces in the lumen of sclerenchymatic testa cells
in both S. corregidorae as in S. disciformis. Moreover, observed differ-
ences in testa microsculpturing could also contribute to seed float-
ability, since surface structure is known to impact on hydrophobicity
(wettability), keeping/trapping air bubbles under water, water move-
ment under tension and reducing drag in moving objects (Barthlott and
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Fig. 8. Morphology of seedlings of the genus
Strombocactus. A-E, S. corregidorae; F-J, S. disciformis
ssp. disciformis, and K-O, S. disciformis ssp. esper-
anzae. (A, F, K) Seeds during germination, slots ori-
ginate around the hilum-micropylar region and
throughout the antiraphe zone; germination is by an
operculum. (B, G, L) The radicle emerges pushing the
operculum and aril in S. disciformis ssp. disciformis
and S. disciformis ssp. esperanzae, and only the op-
erculum in S. corregidorae. The seed coat fractures
creating two valves, by hypocotyl growth. The ra-
dicle is short, has hairs and it curves upon leaving
the seed coat. (C, H, M) In the apical part of the
seedlings the cotyledons are observed and long root
hairs are seen in the radicle. (D, I, N) The seedlings
are globose, the hypocotyl continues to grow radially
and some stomata are seen as depressions in the
epidermis; the root has long root hairs; at this time
some seedlings have remnants of seed coat and aril.
(E, J, O) In the apical region of young plants are
observed very small and flattened podaria with their
areoles. Al, areole; Ar, aril; Co, cotyledon; Hy, hy-
pocotyl; Op, operculum; Ra, radicle; Rh, root hairs;
St, stoma. Scale bars = 100 pm (A, C, F-H, K-M),
200 um (B, D, I, N), 500 um (E, J, O).

Hunt, 2000; Koch and Barthlott, 2009). This could have had an impact
on seed resurfacing upon submergence, in which the more convex cell
shapes, as those observed in S. disciformis, together with the presence of
the aril, may be more effective in trapping air in the cavities between
cells, thereby reducing wettability, contributing to the observed overall
lower resurfacing time of the seeds. This could have a significant impact
on seed dispersal by allowing seeds to remain afloat when subjected to
water currents and turbulence on a small scale.

Dispersion is essential, it is the means by which the populations of a
certain species can exchange individuals or colonize empty sites (Cain
et al.,, 2000) and thus have a greater opportunity to increase genetic
variation among populations. The species that have a wide distribution
and an “effective” dispersal system by mammals and/or birds such as
Hylocereus and Stenocereus, tend to show striking and fleshy fruits.
Whereas genera that have dry, small, unattractive fruits such as
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Ariocarpus, Aztekium and Turbinicarpus usually have a reduced dis-
tribution (Herndndez and Gomez-Hinostrosa, 2011), which may also be
the case of Strombocactus. Therefore, alternate dispersal strategies are
occurring which must be understood in order to further conservation
efforts.

4.4. Seed production

Seed production is an important indicator that allows us to re-
cognize the potential for reproductive success in a given species. All
three taxa produce a high number of ovules, ranging between 933 and
1611, which were significantly higher in S. corregidorae than in S. dis-
ciformis subspecies. However, when these values are compared with
seeds per fruit, this tendency is reversed, with S. disciformis ssp. dis-
ciformis presenting the highest estimated seed efficiency, followed by S.
disciformis ssp. esperanzae, and lastly S. corregidorae; in the latter, nearly
50% of the ovules did not form seeds. There are many potential causes
for this discrepancy; low seed efficiency may result from ovule abortion
(unknown causes) or inadequate pollination, from low number of
pollen grains reaching the stigma to problems in pollen germination
and pollen tube growth. However, post-fertilization barriers may also
be involved, resulting from embryo abortion caused by the expression
of homozygous lethal genes as a product of inbreeding, which is
common in small, isolated populations (Mandujano et al., 1996). If the
latter were the case, embryo abortion must occur at the earliest stages
since malformed seeds did not surpass 6% in any of the taxa. External
factors such as the attack by herbivores and pathogens may also reduce
seed efficiency (Lépez-Upton and Donahue, 1995), however damaged
seeds or fruits were not observed in the studied populations. Field ob-
servations showed that in S. disciformis ssp. disciformis flowers were
visited by many pollinators, mainly bees (data not shown), whereas the
S. corregidorae studied populations were poorly visited (personal ob-
servation). Because S. disciformis ssp. esperanzae was grown under
greenhouse conditions hand pollinations were performed, however ef-
ficiency did not differ from S. disciformis ssp. disciformis. We consider
that the main cause behind low seed efficiency could be the result of
inefficient pollination; however further field studies must be under-
taken, especially in S. corregidorae.

4.5. Seed germination

In the studied taxa, seeds germinate by an operculum, as reported
for the subfamilies Cactoideae and Pereskioideae (Bregman and
Bouman, 1983). According to the different germination variants pro-
posed, Strombocactus would be included either as the variants 3 (Cereus)
and 4 (Notocactus), or a combination of both, since there is an oper-
culum with one or more rows of testa cells (variant 3) or none (variant
4.

In Strombocactus, germination begins within the first two days of
imbibition, thus it is feasible to assume that this process depends ex-
clusively on reaching appropriate moisture conditions (Rojas-Aréchiga
and Vazquez-Yanes, 2000) and that no inhibitory substances are pre-
sent that hinder the process. In the three studied taxa, over 90% of the
seeds germinated within the first five days, which contrasts with pre-
vious reports by Alvarez et al. (2004) who mention low germinability in
S. disciformis, ranging from 25-82%, and which took 12days to be
completed. These authors applied a pre-germinative disinfection treat-
ment which may have affected seed viability, since over exposure (time
and concentration) to commercial bleach and other disinfectants are
known to damage embryonic tissues and affect germinability (Alvarez-
Pardo et al., 2006; Billard et al., 2014), although we cannot rule out the
influence of other unidentified factors that may have impacted on seed
viability (seed manipulation and storage, maternal effect, etc.). This
shows that Strombocactus seeds do not exhibit structural or physiolo-
gical dormancy.

The presence of the aril did not have an effect on germinability,

100

Flora 242 (2018) 89-101

unlike in the subfamily Opuntiodeae where the aril is sclerified and
impermeable to water and its removal is necessary to facilitate germi-
nation (Bregman and Bouman, 1983); furthermore, this structure did
not have the role of a hydrophilous layer as in Notocacteae (Bregman
and Graven, 1997), and its removal did not have a deleterious effect on
germination. This supports the hypothesis that in Strombocactus the aril
has a different role, most likely associated to seed dispersal by water. In
this study we find that neither seed nor seedling development is com-
promised and if proper pollination occurs high seed numbers and ger-
minability can be obtained, suggesting there are other post-germinative
factors that affect seedling establishment and survival (Alvarez et al.,
2004), thereby influencing low number of individuals within popula-
tions, which must be considered in future field studies.

5. Conclusions

As part of an ongoing study into the reproductive biology in the
genus Strombocactus, endangered cacti endemic to Mexico, we provide
insight into the morpho-anatomy associated with seed and early seed-
ling development. We show that the seed appendage present in S. dis-
ciformis ssp. disciformis and in S. disciformis ssp. esperanzae is an aril that
originates from the distal part of the funiculus and is aerenchymatous.
The presence of this appendage exclusively in both S. disciformis sub-
species is a fundamental character that makes it especially useful to
distinguish this species from S. corregidorae. Although this structure
might be implicated in seed dispersal by ants, it could also be associated
with water dispersal, supported by the presence of lumen spaces, which
may provide floatability and promote resurfacing of submerged seeds.
Testa microsculpturing also differed among the studied taxa, providing
a new character for taxonomy, as well as insight into other structural
features potentially involved in dispersal. Seeds in these taxa germi-
nated vigorously and do not appear to have any special requirements,
which shows that given the appropriate management they may be
suitable candidates for in situ and ex situ propagation, restoration and
conservation programs. Ontogenic studies provide a better under-
standing of plant reproductive biology, and are a necessary framework
to comprehend the evolution of homologous structures, as well as the
role of morphology in ecological interactions.
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DISCUSION GENERAL
Los resultados asentados en los tres capitulos anteriores proporcionan informacion sobre
diversos aspectos de la biologia reproductiva de Strombocactus disciformis ssp. disciformis, S.
disciformis ssp. esperanzae y S. corregidorae. Lo cual es de gran importancia para identificar
factores que podrian limitar la formacion de frutos y semillas, a partir de los cuales se integran

nuevos individuos a sus poblaciones.

Bilogia floral y sistemas de apareamiento

Las flores de Strombocactus son actinomorfas, hermafroditas con dicogamia y hercogamia. La
longevidad floral en este género varia de 1-5 dias 6 de 1-7 dias, dependiendo del taxon, este
tiempo esté relacionado con la falta de polinizacion cruzada, si las flores reciben polen de otro
individuo ya no abren; en Mammillaria grahamii sucede algo parecido, las flores abren un
segundo dia si la polinizacion no fue adecuada en el primer dia (Bowers, 2002). También, se
ha propuesto que la longevidad floral esta influenciada por las condiciones ambientales
(Martinez, 2007; Mandujano et al., 2010; Martinez-Peralta y Mandujano, 2012). La dicogamia
en las flores de Strombocactus es de tipo protandrica, debido a que la liberacién del polen
ocurre aproximadamente dos horas y media antes de que el estigma sea receptivo; mientras
gue la hercogamia que presentan es de aproximacioén, es decir, el estigma se encuentra por
arriba de las anteras. Ambos mecanismos actdan como barreras para evitar o disminuir la
autopolinizacion, al reducir la interferencia entre las funciones masculinas y femeninas (Lloyd
y Webb,1986; Webb y Lloyd, 1986). Esta disminucién de la interferencia entre las funciones
sexuales en las flores de Strombocactus ocurre al inicio del ciclo floral, debido a que la
separacion espacial entre el estigma y anteras en estas flores disminuye hasta desaparecer,
lo que se conoce como hercogamia dinamica (Nassar y Ramirez, 2004), ya que los filamentos

de los estambres siguen elongandose hasta alcanzar el estigma. Asimismo, la separacion
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temporal que existe entre las dos funciones sexuales se sobrelapan en algin momento del dia,
por lo que presentan protandria incompleta (Lloyd y Webb, 1986; Cetinbas y Unal, 2014). La
presencia de hercogamia dinamica en una especie autocompatible, que asegura la produccion
de semillas cuando se agotaron las posibilidades de entrecruzarse, fue catalogada por Faegri
y Van Der Pijl (1979) "a prueba de fallas", lo cual sucede en S disciformis ssp. esperanzae,
debido a que en el tratamiento de autopolinizaciéon natural hay formacion de frutos y semillas,
razon por la cual presenta autopolinizacion autonoma.

Con base en el indice de entrecruza propuesto por Cruden (1977), los tres taxones de
Strombocactus presentan un sistema de apareamiento xendgamo, que requiere de vectores
para el transporte de polen entre las flores de diferentes individuos; aunque el resultado
obtenido por medio del cociente P/O indica que el sistema de apareamiento es por autogamia
facultativa, en el cual se producen semillas principalmente por autopolinizacién, pero también
por polinizacion cruzada (Cruden, 1977). Es importante sefialar, que el P/O en los tres taxones

estudiados es bajo debido al elevado niumero de 6vulos que tienen.

Sistemas de cruza y de incompatibilidad y su implicacién en la vulnerabilidad de los
taxones

Los resultados de los tratamientos de polinizacién indican que la formacion de semillas ocurre
Unicamente por la via sexual en los tres taxones de Strombocactus, ya que los tratamientos de
apomixis no formaron frutos. Con base en los experimentos de polinizacion y del calculo de la
tasa de entrecruza, el sistema de cruza que presentan S. disciformis ssp. disciformis y S.
corregidorae es de entrecruza estricto, ya que sélo se desarrollaron frutos y semillas en los
tratamientos control y entrecruza manual; mientras que S. disciformis ssp. esperanzae
presenta un sistema de cruza mixto, debido a que se obtuvieron frutos y semillas en los

tratamientos control, entrecruza manual, autocruza natural y manual. La no formacion o el bajo

108



namero de frutos y semillas producto de los tratamientos de autocruza manual y natural, puede
sugerir la presencia de un sistema de incompatibilidad total o parcial, que evita la formacién de
semillas por autofecundacién (de Nettancourt, 1997; Eaves et al., 2014); o por los efectos de
la depresién endogamica, que se pueden presentar a nivel del desarrollo del embrién,
germinacion o supervivencia de la plantula (Mandujano et al., 1996).

La existencia de un sistema de incompatibilidad en los miembros de una poblacion evita
la autofecundacion y promueve la entrecruza genética que aumenta la heterocigosis a nivel
poblacional (de Nettancourt, 1997; Porcher y Lande, 2005; Eaves et al., 2014). Los resultados
del crecimiento de tubos polinicos indican que S. disciformis ssp. disciformis y S. corregidorae
tienen un sistema de incompatibilidad ovéarico (Sedgley, 1994; Gibbs, 2014), ya que en la
autocruza la inhibicién del crecimiento del tubo polinico se da a nivel del ovario, sin penetrar
los évulos, por lo que no hay formacién de frutos, un evento que llama la atencién para
Cactaceae. Ambos taxones necesitan estrictamente polinizacion cruzada para dejar
descendencia. En Cactaceae, la incompatibilidad ovarica Unicamente se habia reportado en
Hylocereus lemairei (Hook.) Britton & Rose (Lichtenzveig et al., 2000), mientras, que en
algunas especies de Cactoideae, el rechazo del tubo polinico ocurre en diferentes regiones del
estilo, lo que indica incompatibilidad gametofitica (Boyle, 1997, 2003; Boyle e Idnurm, 2001,
Martinez-Peralta et al., 2014). La presencia de dicogamia y hercogamia junto con un sistema
de incompatibilidad tanto en S. disciformis ssp. disciformis y S. corregidorae, sugiere que los
dos primeros mecanismos pueden incrementar la adecuacion evitando la interferencia sexual
(Lloyd y Webb, 1986; Webb y Lloyd, 1986; Richards, 1997; Barrett, 2002).

La presencia de un sistema de incompatibilidad en S. corregidorae es determinante para
sSu permanencia; ya que, debido al bajo niumero de individuos en su poblacién, se limita el
numero posible de cruzas compatibles, lo que reduce la probabilidad de formar semillas y

adicionar nuevos individuos a la poblacion, y por lo tanto podria disminuir ain mas el tamafo
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efectivo de la poblacion (Busch y Schoen, 2008), aumentando el riesgo de desaparecer. En el
caso de S. disciformis ssp. disciformis, al presentar un mayor nimero de individuos en su
poblacion, la probabilidad de encontrar una pareja y dejar descendencia es mucho mayor. Sin
embargo, ambos taxones requieren de una transferencia eficiente de polen entre flores de
diferentes individuos para la formacién de semillas, por lo que la atraccion de polinizadores
puede determinar el éxito reproductivo de las plantas (Aguilar et al., 2006; Vervoort et al.,
2011). Ademas, en poblaciones pequefias como la de S. corregidorae el despliegue floral
puede verse limitado, lo cual afecta la abundancia, composicién y/o conducta de forrajeo de
los polinizadores (Wilcock y Neiland, 2002), lo que podria provocar una limitacion de polen,
poniendo en riesgo la produccién de semillas y el reclutamiento de nuevos individuos
(Goodwillie et al., 2005; Wilcock y Neiland, 2002). Las diferencias significativas en la
produccién de semillas entre los tratamientos control y entrecruza manual de cada uno de los
taxones de Strombocactus, sugieren que puede haber una limitacién de polinizadores en sus
poblaciones; sin embargo, hace falta realizar tratamientos de polen suplementario para
corroborarlo.

Con respecto a S. disciformis ssp. esperanzae, los resultados del comportamiento de
tubos polinicos sefialan que es autocompatible. Por lo tanto, puede conservar las ventajas de
una alta diversidad genética a través de la entrecruza o asegurar su sobrevivencia via
autocruza (Barrett, 2014) al no depender completamente de sus polinizadores. Debido a que
presenta autopolinizacion autbnoma asociada a una hercogamia dinamica que asegura la
produccion de semillas, ya que le permite evitar la interferencia sexual al inicio del ciclo floral
y favorece la autofecundacion hacia el final de éste, aun cuando las posibilidades de
entrecruzarse se agotaron. Con relacion a su tasa de entrecruza a nivel de fruto (te= 0.5), este
taxon tiene un éxito similar en la produccion de frutos tanto por entrecruza como por autocruza.

Sin embargo, a nivel de semilla la te= 0.59 sefala que los frutos por entrecruza forman un
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mayor namero de semillas (706 + 27.13) que los frutos por autocruza (482 + 28.78), con una
diferencia significativa, por lo que S. disciformis ssp. esperanzae presenta un sistema mixto,
con una ligera predileccion por la entrecruza a nivel de semilla (Barrett y Eckert, 1990;
Mandujano et al., 2010).

La menor produccién de semillas en el tratamiento de autocruza manual de S.
disciformis ssp. esperanzae, se puede deber al aborto de 6vulos o al de embriones, causado
por la expresion de genes letales homocigotos producto de la endogamia, que es comun en
poblaciones pequeiias y aisladas (Charlesworth y Charlesworth 1987; Mandujano et al., 1996).
En el caso particular del tratamiento de autocruza natural en este taxon, ademéas de estas
causas, también es posible que pequefas cantidades de polen propio depositados en el
estigma, no estimulen la formacién de frutos o resulte en una baja cantidad de semillas
(Wilcock y Neiland, 2002). Se determiné que S. disciformis ssp. esperanzae presenta niveles
bajos de depresion por endogamia (6= 0.35, valor acumulado) comparado con otras cactaceas
que presentan un sistema de cruza mixto y un valor acumulado de &> 0.5 (Mandujano et al.,
1996, 2013; Plasencia, 2003; Martinez, 2007). Una baja depresion por endogamia sugiere una
presion de seleccion que puede favorecer la autofecundacion (Charlesworth y Charlesworth,
1990; Husband y Schemske, 1996; Barrett; 2014), lo cual indica que la poblacién se puede ver
beneficiada al producir semillas por autocruza. Sin embargo, no se analizaron otras etapas del
ciclo de vida de S. disciformis ssp. esperanzae, como la germinacién y establecimiento de
plantulas, para determinar si hay una reduccion de la adecuacion de la progenie endogamica
a estos niveles, como se ha visto en Opuntia rastrera F.A.C. Weber (Mandujano et al., 1996).

La produccion de semillas es un indicador importante que permite reconocer el potencial
de éxito reproductivo de una especie. Los resultados de la eficiencia en la produccion de
semillas, indica que en ambas subespecies de S. disciformis aproximadamente el 70% de los

ovulos se desarrollan en semillas de forma silvestre, mientras que solo el 50% en S.
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corregidorae. Hay diversos factores potenciales que limitan la formacion de semillas, como
puede ser el aborto de los évulos o una polinizacion inadecuada, debido a una limitacion de
polinizadores, a una baja cantidad de polen conespecifico que llegue al estigma, al bloqueo
del estigma con polen heteroespecifico (Wilcock y Neiland, 2002), hasta la presencia de un
sistema de incompatibilidad (particularmente en S. disciformis ssp. disciformis y S.
corregidorae); asi como, los efectos de la depresion endogédmica (especialmente en S.
disciformis ssp. esperanzae) a nivel del desarrollo del embriéon (Mandujano et al., 1996).
Debido a que los tres taxones de Strombocactus se reproducen Unicamente por la via
sexual, éste es el Unico proceso para reclutar nuevos individuos. Una disminucion critica en
sus poblaciones debido a diversos factores extrinsecos como deslaves, destruccion y/o
fragmentacion de sus habitats, la colecta ilegal de plantas y semillas para su venta (LUthy,
2001; Arias y Sanchez-Martinez, 2010; Olmos-Lau y Mandujano, 2016) y a las caracteristicas
propias de cada taxdn (la presencia de un sistema de incompatibilidad o depresion
endogamica, lento crecimiento, bajo reclutamiento, y poblaciones pequefias), ponen en riesgo
su existencia. Por lo que es necesario también realizar estudios demograficos de cada taxén,
qgue junto con la informacién generada sobre la biologia reproductiva, permitiria generar
programas concretos de propagacion y conservacion. Asimismo, para reevaluar el estatus de
conservacion especifico de cada taxon en las diferentes listas nacionales (NOM-059-
SEMARNAT) e internacionales (lista roja UICN y apéndices CITES). Unicamente se ha
realizado un estudio demogréfico de S. disciformis ssp. disciformis en Agua del Angel,
Querétaro (Olmos-Lau, 2016); donde se indica que uno de los factores importantes que limita
el crecimiento de la poblacion es el bajo reclutamiento de plantulas; asimismo, la venta ilegal
de plantas y semillas via internet y la presencia de ganado feral que causan severos dafos a

las plantas.
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La alta produccion de semillas a través de la polinizacidén cruzada asistida en los tres
taxones de Strombocactus, permitiria realizar estrategias de conservacion in situ, donde los
lugarefios podrian reintroducir nuevos individuos y recibir un ingreso monetario a través de la
venta legal de plantas, aumentando el ndmero de individuos en sus poblaciones y
disminuyendo el saqueo de ejemplares silvestres. Ademas, de la conservacion ex situ en
jardines botanicos, donde se preservarian ejemplares, asi como su propagacion y venta. El
esfuerzo debe de ser mayor en S. disciformis ssp. esperanzae y S. corregidorae, ya que estos

taxones presentan pocas y reducidas poblaciones, ademas de un reclutamiento reducido.

Visitantes florales

Los caracteres florales que aumentan la atraccién de visitantes generalmente estan vinculados
a una polinizacion eficiente (Vervoort et al., 2011). En el caso de los atributos florales que
presentan los taxones de Strombocactus son tipicos de plantas melitéfilas (Faegriy Van Der
Pijl, 1979; Fenster et al., 2004; Dominguez y Pérez, 2013). Sus flores tienen antesis diurna,
colores brillantes (blanco, amarillo o magenta, dependiendo del taxén), de forma
infundibuliforme, con tépalos como una superficie de aterrizaje; ademas del polen y néctar
ofrecidos como recompensas. Este Ultimo se produce en un nectario floral, el cual se ubica por
debajo de la insercién de los estambres mas internos y llega hasta la parte superior del ovario,
formando un nectario anular e hipantial. Las observaciones de los visitantes florales de
Strombocactus no son suficientes para obtener la mejor interpretacion acerca de los
polinizadores efectivos, debido a que falta aumentar el tiempo de observaciones en cada taxon.
Se requiere realizar tratamientos de exclusion de polinizadores y relacionar sus visitas con el
exito reproductivo de la planta. Con base en las observaciones preliminares realizadas y de

acuerdo a la conducta y constantes visitas, los potenciales polinizadores en S. disciformis ssp.
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disciformis son abejas solitarias (Megachilidae, Melittidae y Lasioglossum sp.), mientras que,
los dipteros de la familia Tephritidae fueron visitantes florales ocasionales.

Varias de las flores de la poblacién de S. disciformis ssp. disciformis presentaron alguin
grado de florivoria, ya sea unicamente por el consumo de granos de polen por escarabajos
(Anobiidae, Curculionidae, Buprestidae, Acmaeodera sp. y Lampetis sp.), avispas (Vespidae)
y hormigas (Camponotus); partes florales enteras (tépalos, gineceo y androceo) o incluso la
flor completa por hormigas (Atta sp.) y ortopteros (Romaleidae). Lo que puede ocasionar una
reduccion en el éxito reproductivo de las plantas, debido al consumo de los 6rganos sexuales
y/o al dafio de estructuras llamativas para los polinizadores, reduciendo el nimero de visitas
(McCall e Irwin, 2006; McCall, 2008; Cardel y Koptur, 2010). En un experimento de florivoria
artificial realizado por Cardenas-Ramos y Mandujano (2018) en Ariocarpus retusus Scheidw.,
eliminando el 50% del perianto, no hubo una reduccién en la frecuencia de los polinizadores,
argumentando que los visitantes no discriminan entre flores intactas y dafiadas. En este mismo
trabajo observaron que el 2% de los estigmas fueron parcial o totalmente consumidos por
algunos coledpteros y lepiddpteros, provocando una reduccién en la formacion de frutos debido
a la muerte de las flores. Por lo que se puede concluir que el éxito reproductivo de las plantas
se ve potencialmente mas afectado cuando sus 6rganos sexuales son consumidos. Una
floracion sincrénica y masiva se ha sugerido que puede amortiguar los efectos negativos
causados por la florivoria, provocando que los herbivoros se sacien sin dafiar a todas las flores
de la poblacién, ademas de aumentar los recursos para los polinizadores (Janzen, 1976;

Augspurger, 1981; Dominguez, 1990; Martinez-Peralta y Mandujano, 2011).

Dispersion de semillas
Los taxones de Strombocactus habitan lugares similares, sobre acantilados verticales y

paredes muy inclinadas (Glass y Arias, 1996; Alvarez et al., 2004; Arias y Sanchez-Martinez,
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2010). Se distribuyen en grupos discretos, con pocos o un considerable nimero de individuos
a nivel local. La dispersion de las diasporas es restringida, realizada por hormigas, agua o
posiblemente por viento. Las semillas de las subespecies de S. disciformis presentan un arilo,
el cual se ha sugerido que interviene en la dispersion por hormigas (Van Der Pijl, 1972;
Bregman, 1988), lo cual no fue observado para S. disciformis, aunque no se descarta esta
posibilidad. Lo que si se corrobor6 fue la dispersion de frutos por hormigas Atta sp. Asimismo,
el arilo puede funcionar como una estructura de flotacion para la dispersiéon de las semillas por
agua, debido a su constitucion aerenquimatosa que puede funcionar como un mecanismo de
flotacion durante las lluvias o formacién de corrientes por los acantilados. Esto se ha propuesto
para semillas de los géneros Astrophytum (Sanchez-Salas et al., 2012), Espostoa, Frailea,
Gymnocalycium, Matucana (Bregman, 1988) y Selenicereus (Barthlott et al., 1997), que
presentan mecanismos de flotacién, como cdmaras de aire, un hilo amplio y profundo,
embriones ligeros y pequefios, testa delgada y semillas naviformes, que les permite la
dispersion por agua. Sin embargo, en el caso de Strombocactus, los resultados sobre la
flotacion de semillas no mostraron diferencias entre las semillas ariladas de las subespecies
de S. disciformis y no ariladas de S. corregidorae. Aunque las semillas de S. corregidorae no
tienen arilo, presentan espacios de aire en el lumen de las células esclerenquiméticas de la
testa como la de los otros dos taxones, permitiéndoles flotar. Ademas, la microescultura de la
testa también podria contribuir a la flotabilidad de la semilla, ya que se sabe que la estructura
de la superficie afecta la hidrofobicidad (humectabilidad; Barthlott y Hunt, 2000; Koch y
Barthlott, 2009). Esto podria tener un impacto significativo en la dispersion de las semillas al
permitir que permanezcan a flote cuando se someten a corrientes de agua y turbulencias a
pequefia escala, causadas por la lluvia, lo cual provoca que las semillas sean arrastradas por
los acantilados y queden atrapadas en ranuras, germinen y las plantulas se establezcan en

esos sitios. Dado que en esos sitios las plantas estan expuestas también a corrientes fuertes
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de aire se puede presentar el desprendimiento de frutos maduros y deshidratados. A pesar de
ello la dispersién de las diasporas es restringida, por lo que las oportunidades de un
intercambio genético interpoblacional y la colonizacion de nuevas areas se ve reducido.
Asimismo, es de esperarse que la entrecruza existente en los tres taxones promueva la

heterocigosis y conserve la variabilidad genética dentro de cada poblacion.
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CONCLUSIONES

Los tres taxones de Strombocactus poseen atributos florales que favorecen la entrecruza,
como flores grandes con dicogamia (protandria), hercogamia, néctar y alta produccion de
polen. Con base en estas caracteristicas florales presentan un sistema de apareamiento
xendgamo. Sin embargo, S. disciformis ssp. esperanzae es autocompatible y tiene un sistema
de cruza mixto; pero muestra baja depresién por endogamia a nivel de frutos y semillas.
Mientras, que S. disciformis ssp. disciformis y S. corregidorae tienen un sistema de
incompatibilidad ovarico, por lo que dependen de polinizadores para que se lleve con éxito la
polinizacion cruzada.

Los atributos florales como antesis diurna, colores brillantes, forma infundibuliforme,
polen y néctar ofrecidos como recompensas en Strombocactus, son distintivos de plantas
melitéfilas. En S. disciformis ssp. disciformis, las observaciones preliminares sefialan que los
potenciales polinizadores son abejas solitarias (Megachilidae, Melittidae y Lasioglossum sp.),
de acuerdo con su conducta y sus constantes visitas. Sin embargo, las observaciones no son
suficientes para obtener la mejor interpretacion acerca de los polinizadores efectivos.

La dispersion de las didsporas en Strombocactus es restringida; los frutos secos son
transportados por hormigas Atta sp. o por corrientes de aire que provocan su desprendimiento.
Las semillas de las subespecies S. disciformis presentan un arilo aerenquimético que puede
funcionar como una estructura de flotacién, que les permite a las semillas ser transportadas
por corrientes de agua cuando llueve. Las semillas de S. corregidorae también flotan, aunque
no presentan arilo, tienen espacios de aire en el lumen de las células de la cubierta seminal.

El reclutamiento de nuevos individuos en Strombocactus Unicamente se da por la via
sexual. Por lo que los factores particulares de cada taxdon, como la presencia de depresion
endogamica o un sistema de incompatibilidad, bajo reclutamiento y poblacion reducida; asi

como la destruccion y/o fragmentacion de sus habitats, saqueo de plantas y semillas ponen en
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riesgo mayor su permanencia. Por lo que es necesario realizar estudios demograficos, que,
junto con la informacion aqui generada de biologia reproductiva, ayudaria a plantear
programas concretos de propagacion y conservacion, y reevaluar el estatus de conservacion

de cada taxon en una futura revisién de las distintas listas de especies amenazadas tanto

nacionales e internacionales.
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PERSPECTIVAS

Corroborar si hay limitacibn de polinizadores en las poblaciones de cada taxon de
Strombocactus, mediante tratamientos de polen suplementario.

Aumentar el tiempo de observacion de los visitantes florales en cada taxén por al meos
trestemporadas reproducctivas, asi como, realizar tratamientos de exclusion de polinizadores
y relacionar sus visitas con el éxito reproductivo de la planta, para determinar si las abejas
solitarias son los polinizadores efectivos.

Analizar otras etapas del ciclo de vida de S. disciformis ssp. esperanzae, como la germinacion
y el establecimiento de plantulas, para determinar si hay una reduccion de la viabilidad de la
descendencia autdgama a estos niveles.

Realizar estudios demogréficos de cada taxén de Strombocactus, de ser posible en mas de
una localidad para generar informacion sobre su distribucion, abundancia, edades y tasas de
crecimiento de cada localidad, que junto con la informacion aqui generada de su biologia
reproductiva, permitird tomar acciones especificas para la conservacion y propagacion de cada

uno de los taxones.
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