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RESUMO 

A subtribo Anthoxanthinae (Poaceae; Pooideae; Poeae) está formada por dous xéneros 

moi próximos filoxenéticamente, Anthoxanthum e Hierochloë, cuxa adscrición 

taxonómica segue sendo fonte de controversias. Aínda así, foi considerada adecuada 

como organismo modelo para o estudo da evolución recente das gramíneas C3 debido 

á súa incompleta diferenciación morfolóxica, a súa ampla distribución xeográfica e a 

súa estrutura citoxenética. Nesta Tese de Doutoramento utilízanse diferentes métodos 

para contribuír a clarificar a taxonomía e establecer as relacións filoxenéticas entre os 

representantes da subtribo Anthoxanthinae. Para acadar os obxectivos do traballo 

empregáronse métodos estatísticos multivariantes para o tratamento dos datos 

morfolóxicos, análises filoxenéticas para procesar os datos moleculares, 

desenvolvéronse marcadores microsatélites e determinouse o tamaño xenómico 

mediante citometría de fluxo, que se relacionou cos niveis de ploidía. Primeiro, fíxose 

un estudo da subtribo integrando datos morfolóxicos, ecolóxicos, citoxenéticos e 

moleculares para clarificar a súa historia evolutiva (incluíndo patróns bioxeográficos 

xerais) e a súa organización taxonómica (capítulo 1). Despois, profundouse na sección 

Monoecia do xénero Hierochloë, modelo de diversificación de plantas C3 nos Andes 

(capítulo 2). A continuación, realizouse a revisión taxonómica desta sección (capítulo 3) 

e das especies ibéricas do xénero Anthoxanthum (capítulo 4). Finalmente, 

desenvolvéronse marcadores moleculares específicos (microsatélites) non plastídicos 

para as especies do complexo eurosiberiano do xénero Anthoxanthum, seleccionándose 

15 parellas de primers obtidas a partir dun test preliminar realizado coas liñaxes 

diploides do complexo diploide mediterráneo A. aristatum/A. ovatum (capítulo 5). 

  



  



RESUMEN 

La subtribu Anthoxanthinae (Poaceae; Pooideae; Poeae) está formada por dos géneros 

muy próximos filogenéticamente, Anthoxanthum e Hierochloë, cuya adscripción 

taxonómica sigue siendo fuente de controversias. Aún así, ha sido considerada 

adecuada como organismo modelo para el estudio de la evolución reciente de las 

gramíneas C3 debido a su incompleta diferenciación morfológica, su amplia 

distribución geográfica y su estructura citogenética. En esta Tesis Doctoral se utilizan 

diferentes métodos para contribuir a clarificar la taxonomía y establecer las relaciones 

filogenéticas entre los representantes de la subtribu Anthoxanthinae. Para conseguir 

los objetivos del trabajo se emplearon métodos estadísticos multivariantes para el 

tratamiento de los datos morfológicos, análisis filogenéticos para procesar los datos 

moleculares, se desarrollaron marcadores microsatélites y se determinó el tamaño 

genómico mediante citometría de flujo, que se relacionó con los niveles de ploidía. 

Primero, se hizo un estudio de la subtribu integrando datos morfológicos, ecológicos, 

citogenéticos y moleculares para clarificar su historia evolutiva (incluyendo patrones 

biogeográficos generales) y su organización taxonómica (capítulo 1). Después, se 

profundizó en la sección Monoecia del género Hierochloë, modelo de diversificación de 

plantas C3 en los Andes (capítulo 2). A continuación, se realizó la revisión taxonómica 

de esta sección (capítulo 3) y de las especies ibéricas del género Anthoxanthum (capítulo 

4). Finalmente, se han desarrollado marcadores moleculares específicos (microsatélites) 

no plastídicos para las especies del complejo eurosiberiano del género Anthoxanthum, 

seleccionándose 15 parejas de primers obtenidas a partir de un test preliminar realizado 

con los linajes diploides del complejo diploide mediterráneo A. aristatum/A. ovatum 

(capítulo 5). 

  

  



  



ABSTRACT 

The subtribe Anthoxanthinae (Poaceae; Pooideae; Poeae) is composed by two genera 

closely related phylogenetically, Anthoxanthum and Hierochloë, whose taxonomic 

ascription remains a source of controversy. Nevertheless, it has been considered a good 

model organism for the study of the recent evolution of C3 grasses due to its 

incomplete morphological differentiation, wide geographic distribution and 

cytogenetic structure. In this Doctoral Thesis different methods are used to contribute 

to clarify the taxonomy and establish the phylogenetic relationships among the 

members of the Anthoxanthinae subtribe. To achieve the objectives of this study, 

multivariate statistical methods were used for the treatment of morphological data, 

phylogenetic analyses were applied to process molecular data, microsatellite markers 

were developed and genomic size was determined by flow cytometry and related to 

ploidy levels. First, a study of the subtribe was conducted integrating morphological, 

ecological, cytogenetic and molecular data to clarify its evolutionary history (including 

general biogeographic patterns) and its taxonomic organization (chapter 1). Later, the 

section Monoecia of the genus Hierochloë, a model for the diversification of C3 plants in 

the Andes, was studied thoroughly (chapter 2). Then, the taxonomic revision of this 

section (chapter 3) and the Iberian species of the genus Anthoxanthum (chapter 4) were 

conducted. Finally, specific non-plastid molecular markers (microsatellites) have been 

developed for the species of the Eurosiberian complex of the genus Anthoxanthum, 

selecting 15 pairs of primers obtained from a preliminary test performed with the 

diploid lineages of the Mediterranean diploid A. aristatum/A. ovatum (chapter 5). 
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Subtribu Anthoxanthinae 

La subtribu Anthoxanthinae (Poaceae; Pooideae; Poeae) está formada por dos géneros 

muy próximos filogenéticamente, Anthoxanthum e Hierochloë, cuya adscripción 

taxonómica sigue siendo fuente de controversias (Connor, 2012; Kellogg et al., 2016; 

Soreng et al., 2017). A pesar de esta compleja situación, ambos géneros han sido 

considerados adecuados “organismos modelo” para el estudio de la evolución reciente 

de las gramíneas C3 debido a su incompleta diferenciación morfológica, su amplia 

distribución geográfica y su estructura citogenética (Pimentel et al., 2013; Chumová et 

al., 2015). 

Esta subtribu está incluida dentro de la familia Poaceae (gramíneas), la más importante 

para el ser humano tanto desde un punto de vista económico (Bruinsma, 2003; GPWG, 

2001, 2012) como ecológico (GPWG, 2001, 2012). Según las últimas revisiones esta 

familia está formada por 12 subfamilias, siete supertribus, 52 tribus, 90 subtribus, 768 

géneros y aproximadamente 11506 especies (Kellogg, 2016; Soreng et al., 2017; Fig. 1). 

La subtribu Anthoxanthinae se incluye dentro de la subfamilia Pooideae, que engloba 

la mayoría de las gramíneas de la zona templada y que se caracteriza por una serie de 

sinapomorfías, como la presencia de ramas estilares separadas desde el ovario y la 

existencia, en la cariópside, de un hilum linear y un endosperma lipídico (Kellogg, 

2016). Dentro de esta subfamilia, la subtribu Anthoxanthinae se ha situado en la tribu 

Poeae (sensu Kellogg, 2016) o en la tribu Avenae (sensu Soreng et al., 1990; Soreng & 

Davis, 1998, 2000) dependiendo del criterio taxonómico aplicado. La tribu Poeae 

presenta dos linajes bien apoyados filogenéticamente según estudios del DNA 

cloroplástico (tipo 1: Aveneae y tipo 2: Poeae), pero dicha estructura no se sostiene 

cuando se analiza el ADN nuclear. Este hecho se interpreta como resultado de la 

frecuente hibridación y reticulación que se produce entre especies y géneros de 

gramíneas (Stebbins, 1950; Kellogg & Watson, 1993) y ha llevado a la fusión de las 

tradicionales tribus Aveneae y Poeae. Al grupo resultante, que englobaría todos los 

táxones incluidos en ambas tribus, se le asignaría la categoría de tribu Poeae (Kellogg, 

2016) o supertribu Poodae (Soreng et al., 2017), si bien este último rango taxonómico ha 
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sido rechazado por algunos autores (Kellogg, 2016) y no es recomendado por el Código 

Internacional de Nomenclatura para algas, hongos y plantas (Código Melbourne, 

2011). La tribu Poeae se caracteriza por incluir plantas anuales o perennes, con hojas 

generalmente sin aurículas, ramas de la panícula ramificadas, espiguillas comprimidas 

lateralmente que se desarticulan sobre las glumas, y cariópside con hilum pequeño y 

endosperma lipídico (carácter este último propio del conjunto de las Pooideae; Kellogg, 

2016). 

 

Figura 1. Árbol filogenético de la familia Poaceae incluyendo 12 subfamilias, 53 tribus y 90 subtribus. La 

flecha roja indica la posición de la subtribu Anthoxanthinae. Fuente: Soreng et al. (2017). 

Taxonomía de la subtribu Anthoxanthinae 

La subtribu Anthoxanthinae A. Gray (1856) [sin. Foenodorinae Krause (1909, nom. 

inval.)] fue descrita a mediados del siglo XIX, empleándose como caracteres 

diagnósticos la presencia de espiguillas trifloras comprimidas lateralmente y la 

producción de cumarina. Está formada por dos géneros, Anthoxanthum e Hierochloë, 

inicialmente considerados muy próximos al género Phalaris por sus características 
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florales, ya que los tres presentan espiguillas trifloras con la flor distal femenina o 

hermafrodita y las dos basales masculinas o estériles. Basándose en estas características 

se reunieron inicialmente en las tribus Phalaridae Dumort. (Acherson & Graebner, 

1898–1902) o Anthoxantheae Endl. (Roshevits, 1942). Posteriormente, fueron llevados a 

la subtribu Phalaridinae (Clayton & Reinvoize, 1986; Soreng et al., 2003), aunque 

algunos autores los incluyeron directamente en la tribu Aveneae (Hilu & Wright, 1982; 

Watson & Dallwitz, 1992). Análisis moleculares mostraron que el género Phalaris no 

está directamente relacionado con Anthoxanthum e Hierochloë y estos últimos deberían 

asignarse a la tribu Aveneae (Quintanar et al., 2007). Por ello, se planteó la separación 

de estos tres géneros en dos subtribus: la subtribu Anthoxanthinae formada por 

Anthoxanthum e Hierochloë, caracterizada, además de por su estructura floral, por su 

olor a cumarina, su ovario glabro, el hilum corto y el endosperma duro; mientras que 

la subtribu Phalaridinae quedó restringida al género Phalaris, que presenta hilum largo 

y linear, embriones largos y pequeños y carece de cumarina (Quintanar et al., 2007). 

La subtribu Anthoxanthinae así establecida sería monofilética y estaría constituida por 

dos géneros hermanos, estrechamente emparentados y de difícil diferenciación por la 

similitud de su estructura floral y la existencia de especies con características 

intermedias entre ambos (Schouten & Veldkamp, 1985; Connor, 2008). La 

diferenciación entre estos géneros se basa en la estructura de su espiguilla, que en 

ambos está comprimida lateralmente y porta tres flores (Fig. 2). En Anthoxanthum (Fig. 

2A) las dos inferiores son estériles (sin pistilos, estambres o páleas), mientras que en 

Hierochloë (Fig. 2C) son masculinas triestaminadas y paleadas.  

 

Figura 2. Estructura floral de la subtribu Anthoxanthinae. A. Anthoxanthum odoratum (sección 

Anthoxanthum). B. Anthoxanthum hookeri (sección Ataxia) C. Hierochloë odorata (sección Hierochloë). 
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Algunas especies presentan características intermedias entre los géneros Anthoxanthum 

e Hierochloë y se clasifican por lo tanto en una sección diferente, Anthoxanthum sección 

Ataxia (Fig. 2B). En ambos géneros existe una flor apical hermafrodita o femenina, 

biestaminada pero protógina en ambos géneros (Weimarck, 1971; Connor, 2008, 2012). 

La separación de ambos géneros se basa únicamente en el número de flores fértiles, 

diferenciación ya propuesta por Brown (1810) hace más de dos siglos. 

El número de especies que componen esta subtribu es controvertido (e.g. Willkomm & 

Lange, 1870; Paunero, 1953; De Paula, 1975; Tutin, 1980; Teppner, 1998; Soreng et al., 

2015), presentando en algunos casos distribuciones solapadas (Figs. 3, 5, 6 y 7). Esta 

Tesis Doctoral se plantea como objetivo general clarificar las relaciones taxonómicas y 

evolutivas entre los táxones que componen la subtribu, con especial atención al género 

Hierochloë y a la sección Ataxia del género Anthoxanthum. Se discutirán los resultados a 

la luz de las propuestas taxonómicas más modernas integrando los datos publicados 

recientemente (Connor & Renvoize 2009; Connor, 2012; Pimentel et al., 2007a, 2008, 

2013; Clayton et al., 2016) con los obtenidos en este estudio. 

 

Figura 3. Áreas de distribución aproximadas de los tres grupos de la subtribu Anthoxanthinae. Sección 

Anthoxanthum, verde; Sección Ataxia, rojo; género Hierochloë, azul. Referencias: De Paula (1975), Tutin 

(1980), Zhenlan & Phillips (2006), Allred & Barkworth (2007), Connor & Renvoize (2009), Anton & Zuloaga 

(2012), Connor (2012), Pimentel et al. (2013), Clayton et al. (2016) y Tusiime et al. (2017). 
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Composición, estructura y distribución del género Anthoxanthum 

El género Anthoxanthum incluye alrededor de 21 especies distribuidas principalmente 

por zonas templadas y montañas tropicales y subtropicales del Viejo Mundo [Eurasia 

(de España a Japón), Macaronesia, N de África, E de África tropical, S de África, 

Madagascar y Sudeste Asiático] y Centroamérica (Watson & Dallwitz, 2008; Clayton et 

al., 2016; Figs. 3, 4 y 5). Según Pimentel et al. (2013) el género es monofilético.  

Dentro del género Anthoxanthum se diferencian dos secciones en función de su 

estructura floral (Fig. 2): (i) sección Anthoxanthum, sin páleas en las flores estériles 

inferiores de la espiguilla  (Fig. 2A); (ii) sección Ataxia, con flores inferiores paleadas e 

irregularmente estaminadas (Fig. 2B; Schouten & Veldkamp, 1985; Connor, 2008). La 

relación entre ambas secciones sigue siendo controvertida. La sección Anthoxanthum es 

monofilética y hermana de la sección Ataxia en su filogenia nuclear, siendo A. gracile la 

especie más antigua de la sección Anthoxanthum, mientras que en la filogenia plastídica 

A. gracile es hermana del clado formado por ambas secciones, Anthoxanthum - Ataxia 

(Pimentel et al., 2013). 

La sección Anthoxanthum comprende nueve especies anuales y perennes con niveles de 

ploidía variados (Pimentel et al., 2007a, b; Chumová et al., 2017; Tabla 1). Las especies 

que conforman esta sección crecen en zonas templadas y ártico-alpinas de Eurasia, el 

Mediterráneo, Macaronesia, el E de África y Centroamérica (Fig. 4; Clayton et al., 2016; 

Missouri Botanical Garden, 2017).  

Tabla 1. Especies incluidas en el género Anthoxanthum sección Anthoxanthum, nivel de ploidía y áreas de 

distribución. Clasificación basada en Connor (2012), Pimentel et al. (2013) y Clayton et al. (2016). Niveles 

de ploidía obtenidos de Chromosome Counts Database (Bennet & Leitch, 2005 – www.ccdb.tau.ac.il/) y Plant 

DNA C-value database (Rice et al., 2015 – www.data.kew.org/cvalues). Áreas de distribución según Tutin 

(1980), Zhenlan & Phillips (2006), Allred & Barkworth (2007), Connor (2012), Pimentel et al. (2013), Clayton 

et al. (2016) y Tusiime et al. (2017). 

ESPECIE NIVEL DE PLOIDÍA DISTRIBUCIÓN 

Sección Anthoxanthum     

A. alpinum Á.Löve & D.Löve 2x Eurosiberiana 

A. odoratum L. 4x Eurosiberiana 

A. gracile Biv. 2x Mediterráneo 
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A. ovatum Lag. – A. aristatum Boiss. 2x Mediterráneo 
Anthoxanthum 2x 2x Mediterráneo oriental 
A. amarum Brot. 16–18x Península Ibérica 
A. maderense Teppner 2x Macaronesia 
A. aethiopicum I.Hedberg 4x Etiopía 
A. nivale K.Shum. 4x, 16x E de África tropical 

Anthoxanthum gracile está considerado la primera divergencia de la sección. Sus 

características morfológicas, genéticas (diversidad y tamaño genómico) y su 

distribución apoyan esta consideración (Pimentel et al., 2007a, b; Chumová et al., 2015). 

Esta especie se encuentra en la actualidad relicta en valles profundos, cañones y cauces 

fluviales de islas del C y E del Mediterráneo (Fig. 4; Tutin, 1980), pero probablemente 

su distribución fue más amplia en el pasado hasta el cambio climático producido 

durante el Mioceno Medio (hace 11.6–13.7 Ma; Petit et al., 2005), momento en el que 

parece haberse producido su divergencia (Pimentel et al., 2013). El resto de especies de 

la sección tienen un origen mucho más reciente y complejo, divergiendo en el Plioceno 

(hace 5.3–2.6 Ma) en dos linajes: un clado eurosiberiano - E africano formados por 

táxones diploides, tetraploides y dodecaploides (2x–12x) y un clado mediterráneo 

formado por diploides, tetraploides y 18-ploides (2x–18x; Pimentel et al., 2013). 

 

Figura 4. Áreas de distribución aproximadas de las especies de la sección Anthoxanthum. Referencias: Tutin 
(1980), Zhenlan & Phillips (2006), Allred & Barkworth (2007), Connor (2012), Pimentel et al. (2013), Clayton 
et al. (2016) y Tusiime et al. (2017). 
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En el clado eurosiberiano - E africano se engloban las especies de las montañas del E de 

África A. nivale y A. aethiopicum, la eurosiberiana A. alpinum y las poblaciones del N de 

Europa de A. odoratum. Hace tiempo que se conocen las similitudes entre la flora 

afroalpina y la del N de Europa y los Alpes (Engler, 1904; Hedberg, 1970; Ehrich et al., 

2007; Namaganda & Lye, 2007; Gehrke & Linder, 2009). Un estudio reciente de Tusiime 

et al. (2017) sobre el origen de A. nivale confirma esta hipótesis, que ya había sido 

propuesta por Pimentel et al. (2013). Así, su formación se produjo por la migración de 

representantes del género Anthoxanthum procedentes de Eurasia occidental hacia el E 

de África en el Plioceno Tardío (hace 3.0–2.6 Ma). Los resultados de Tusiime et al. 

(2017) indican que algunas poblaciones dodecaploides de A. nivale tienen naturaleza 

alopoliploide y origen híbrido doble, siendo resultado de una introgresión entre un 

linaje procedente del Sudeste Asiático (a través de las especies sudafricanas de 

Anthoxanthum, de la sección Ataxia) y otro de Eurasia. La colonización de África por el 

género Anthoxanthum tuvo lugar, por lo tanto, en dos etapas que dieron lugar a dos 

linajes divergentes actualmente alopátricos, pero que debieron haber hibridado al final 

del Pleistoceno en el E de África (Tusiime et al., 2017). La ruta más probable para el 

linaje euroasiático hacia el E de África sería través de las montañas de la Península 

Arábiga y el macizo Etíope durante los períodos glaciares (Pimentel et al., 2013). 

Actualmente no hay ninguna especie de Anthoxanthum en la Península Arábiga, pero sí 

hay una endémica de las montañas de Etiopía, A. aethiopicum. Se trata de una especie 

tetraploide (2n = 4x) emparentada con los linajes de A. nivale del este de África, por lo 

que se incluye en el clado eurosiberiano - E africano de la sección Anthoxanthum 

(Hedberg, 1986; Tusiime et al., 2017). Los niveles de ploidía de estos dos táxones (2n = 

4x en A. aethiopicum y 2n = 2x, 4x, 12x en A. nivale, Tabla 1), variables pero generalmente 

elevados, son consistentes con un origen híbrido a partir de linajes diploides (Tusiime 

et al., 2017). 

Las otras dos especies pertenecientes al clado eurosiberiano - E africano son el 

tetraploide A. odoratum y el diploide A. alpinum, ambas perennes, muy similares 

genética y morfológicamente (Figs. 4 y 5). Estudios moleculares recientes confirman 
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que A. odoratum tiene múltiples orígenes (Pimentel et al., 2013) como habían propuesto 

anteriormente Jones (1964), Hedberg (1986) y Felber (1988). Dentro de esta especie 

tetraploide se reconocen dos linajes divergentes: uno pertenecería al grupo 

eurosiberiano - E africano con A. alpinum y otro estaría en el grupo mediterráneo con A. 

ovatum, diploide anual, y A. amarum, poliploide perenne (Pimentel et al., 2013). Los 

resultados obtenidos por Chumová et al. (2015) en su estudio cariológico y citométrico 

confirman el origen alopoliploide de A. odoratum, siendo A. alpinum el parental más 

probable junto a una especie diploide mediterránea, como ya sugerían otros autores 

(Borrill, 1963; Jones, 1964; Teppner, 1970; Hedberg, 1986; Pimentel et al., 2007a, b). 

Anthoxanthum alpinum es una especie diploide perenne que crece en zonas boreales y 

montañas del centro y sur de Eurasia (Alpes, Balcanes y Cárpatos; Fig. 4). 

Morfológicamente es muy similar a A. odoratum, pero estudios moleculares (Pimentel 

et al., 2007a, b, 2008, 2013; Chumová et al., 2017) y cariológicos (Chumová et al., 2015) 

apoyan su caracterización específica. Asimismo, la existencia de diferentes 

requerimientos ecológicos para ambas especies fue comprobada por Flégrová & 

Krahulec (1999). Esta posición filogenética de A. alpinum sugiere que puede haber 

tenido un papel importante en la evolución de los poliploides de la sección 

Anthoxanthum (Pimentel et al 2013; Chumová et al., 2017), tanto en Eurasia como en el 

E de África (Tusiime et al., 2017). 

 

Figura 5. Anthoxanthum odoratum, inflorescencia y espiguilla. 1. Gluma inferior. 2. Gluma superior. 3. 
Arista. 4. Lema estéril. 5. Flor apical, hermafrodita. 6. Espiguilla. Fuente: D. Romero Pedreira. 
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El clado mediterráneo de la sección está formado por el poliploide A. amarum, las 

especies diploides A. aristatum, A. maderense y A. ovatum y el linaje mediterráneo del 

tetraploide A. odoratum (Pimentel et al., 2013). Asimismo, diversos autores proponen la 

existencia de linajes mediterráneos diploides pendientes de caracterización taxonómica 

(Hedberg, 1990; Chumová et al., 2017). Con la excepción de A. amarum, las especies de 

este clado se diferencian poco molecular y morfológicamente, pero cada una tiene su 

propio nicho ecológico (Pimentel et al 2006, 2007; Chumová et al., 2017). 

La única especie presente en Macaronesia, A. maderense, es monofilética, lo que apoya 

un origen debido a una única colonización de Madeira seguida de especiación in situ 

(Pimentel et al., 2013). Habita en las zonas más elevadas y expuestas de Madeira, 

siendo su cariotipo y su ecología las características utilizadas para su diferenciación 

(Teppner, 1998). 

Anthoxanthum amarum es una especie perenne, endémica del Noroeste de la Península 

Ibérica (Fig. 4), que tiene un elevado nivel de ploidía (2n = 16x–18x) y un genoma 

anormalmente grande en comparación con las demás especies del género (Chumová et 

al., 2015). Habita en pastizales, bosques húmedos no muy densos y caminos siempre 

con humedad edáfica. Morfológicamente se diferencia bien en base al tamaño de sus 

espiguillas y el ancho del limbo de sus hojas (Pimentel et al., 2007a, b; Lema-Suárez et 

al., 2017b). 

Los diploides mediterráneos A. aristatum y A. ovatum se han considerado 

tradicionalmente especies diferentes (Tutin, 1980; Pignatti, 1982; Conert, 1988), pero su 

similitud morfológica (Valdés, 1973; Pimentel & Sahuquillo, 2003; Pimentel et al., 

2007a, 2010), su proximidad genética (Pimentel et al., 2007a, 2010) y su tamaño 

genómico muy variable (Chumová et al., 2015) han llevado a cuestionar esta 

separación. Ambos táxones son anuales, viven en pastizales terofíticos que se 

desarrollan sobre suelos pobres y tienen distribuciones solapantes. A. ovatum es 

endémico del mediterráneo occidental, mientras que A. aristatum está presente en los 

países de la orla mediterránea (Fig. 4; Tutin, 1980; Lema-Suárez et al., 2017b). 
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Recientemente, se han analizado poblaciones atribuidas al “diploide mediterráneo 

perenne” antes mencionado, y que tradicionalmente se han interpretado como un 

linaje diploide de A. odoratum (Teppner, 1970; Felber, 1987). Los resultados de 

Chumová et al. (2017) indican que puede tratarse del ancestro de las especies diploides 

anuales de Anthoxanthum sección Anthoxanthum. El tipo de hábitat que ocupa (zonas 

abiertas húmedas) y su área de distribución (montañas del Centro y E del 

Mediterráneo, Apeninos y Balcanes, Fig. 4), apoyan esta hipótesis. 

Composición, estructura y distribución de la sección Ataxia 

Estudios más detallados de la estructura floral de los representantes de la subtribu 

Anthoxanthinae pusieron de manifiesto que un grupo de especies presentaban las flores 

inferiores completas (con lema y pálea), pudiendo ser masculinas o estériles, y la flor 

apical hermafrodita (Stapf, 1899; Connor, 2012). Estas especies, con características 

intermedias entre los géneros Anthoxanthum e Hierochloë, se incluyeron en la sección 

Ataxia (Schouten & Veldkamp, 1985), creada a partir del género Ataxia R.Br. (Brown, 

1823). La existencia de estas formas intermedias puso en duda la separación 

taxonómica de Anthoxanthum e Hierochloë, por lo que algunos autores propusieron su 

fusión en un único género, Anthoxanthum s.l. (Schouten & Veldkamp 1985, Soreng et 

al., 2003, 2015, Zhenlan & Phillips, 2006; Allred & Barkworth, 2007) mientras que otros 

apoyaron su separación basándose en las diferentes morfologías florales y su número 

cromosómico básico: x = 5 en Anthoxanthum y x = 7 en Hierochloë (Clayton & Renvoize, 

1986; Connor, 2008, 2012; Edgar & Connor, 2010). Las 12 especies de la sección Ataxia 

reconocidas en GrassBase (Clayton et al., 2016) y Tropicos.org (Missouri Botanical 

Garden, 2017) se indican en la Tabla 2 y su distribución aproximada está representada 

en la Fig. 6. 

Según el estudio de Pimentel et al. (2013), la sección Ataxia es monofilética y en ella se 

diferencian dos linajes que coinciden con su distribución geográfica disyunta, el grupo 

distribuido por el Sudeste Asiático y el del sur de África (Fig. 6). Las especies de la 

sección Ataxia presentes en el S de África y Madagascar (A. dregeanum, A. ecklonii, A. 

madagascariense y A. tongo) están muy alejadas genéticamente de las del este de África 
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(A. aethiopicum y A. nivale), más cercanas a las especies europeas y englobadas en 

Anthoxanthum sección Anthoxanthum. En otros grupos de plantas se ha demostrado que 

se produjeron múltiples colonizaciones de zonas tropical-alpinas o templado-alpinas 

de África (Koch et al., 2006; Assefa et al., 2007; Ehrich et al., 2007; Namaganda & Lye, 

2007; Gehrke & Linder, 2009). 

Tabla 2. Especies de la sección Ataxia según Connor (2012), Pimentel et al. (2013) y Clayton et al. (2016). 

Niveles de ploidía obtenidos de Chromosome Counts Database (Bennet & Leitch, 2005 – www.ccdb.tau.ac.il/) 

y Plant DNA C-value database (Rice et al., 2015 – www.data.kew.org/cvalues). Áreas de distribución según 

Zhenlan & Phillips (2006), Allred & Barkworth (2007), Connor (2012) y Clayton et al. (2016). 

ESPECIE 
NIVEL DE 

PLOIDÍA 
DISTRIBUCIÓN 

Sección Ataxia     
A. dregeanum (Nees ex Trin.) Stapf - S de África 

A. ecklonii  (Nees) Stapf - S de África 

A. tongo (Nees ex Trin.) Stapf 4x S  de África 

A. madagascariense Stapf - Madagascar 

A. pallidum (Hand.-Mazz.) Tzvelev - Asia templada 

A. hookeri (Griseb.) Rendle - Asia templada y Asia tropical 

A. horsfieldii (Kunth ex Benn.) Mez ex Reeder - Asia templada y Asia tropical 

A. sikkimense (Maxim.) Ohwiy - Asia templada y Asia tropical 

A. borii Jain & Pal 4x India 

A. japonicum (Maxim.) Hack. ex Matsum. - Japón 

A. davidsei (R.W.Pohl) Veldkamp 8x Mesoamérica y N de Sudamérica 

A. mexicanum (Rupr. ex E.Fourn.) Mez - Mesoamérica y N de Sudamérica 

El clado asiático está formado por seis especies (A. horsfieldii, A. hookeri, A. pallidum, A. 

sikkimense, A. bori, A. japonicum). De estas, dos especies presentan amplia distribución 

por el Sudeste Asiático A. horsfieldii y A. hookeri, pero el resto de las especies presentan 

una distribución más limitada (Tabla 2, Fig. 6), como los endemismos A. pallidum, que 

habita en los prados húmedos situados por encima de los 2700 m de las provincias 

chinas de Yunnan y Sichuan, y A. sikkimense, que habita en zonas herbáceas y 

arbustivas entre los 2000–2500 m en Yunnan, N de la India y Nepal (Zhenlan & 

Phyllips, 2006). Estas especies se incluyen en esta sección pese a no presentar páleas o 

estambres en las flores inferiores, carácter para el que se ha observado una alta 

variabilidad (Zhenlan & Phillips, 2006). En Pakistán está citada otra especie endémica, 
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H. wendelboi, descrita por Weimarck (1977), si bien se trata de un taxon para el que se 

dispone de poca información referida a su distribución o morfología. 

En esta sección se incluyen además dos especies centroamericanas cuya adscripción 

taxonómica es discutida. Se trata de: A. mexicanum (H. mexicana), que habita en los 

bosques de pino y páramos desde el Centro de México a Venezuela, a 2300–3700 m de 

altitud (Missouri Botanical Garden, 2017) y A. davidsei (H. davidsei), que habita en los 

páramos entre 3000–3400 m de altitud entre Costa Rica y Venezuela (Missouri 

Botanical Garden, 2017). La estructura y apertura de sus flores las acerca a 

Anthoxanthum (Connor 2008, 2012), pero la ausencia de aristas (excepto en A. 

mexicanum que presenta una arista inserta en la mitad dorsal de la lema inferior; 

Morales, 2003) y el número de cromosomas obtenido en A. davidsei (2n = 8x = 56) las 

emparenta con Hierochloë (x = 7). Ambas especies parecen estar cercanamente 

emparentadas, al existir individuos con formas intermedias en Guatemala y Chiapas 

(Fig. 6; Pohl, 1994). 

 

Figura 6. Áreas de distribución aproximadas de las especies de la sección Ataxia. Referencias: Tutin (1980), 
Zhenlan & Phillips (2006), Allred & Barkworth (2007), Connor (2012) y Clayton et al. (2016). 
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El estudio de Pimentel et al. (2013) puso de manifiesto el probable origen híbrido de las 

especies de esta sección. Esta hibridación pudo estar asociada a la diversificación que 

se produjo en muchos linajes de gramíneas a partir del Mioceno (23 Ma) debido al 

descenso de las temperaturas y el incremento de la aridez a nivel global (Strömberg, 

2005). Las migraciones de grupos de especies, asociadas a estos cambios ambientales, 

podrían ser las causantes de hibridación entre un linaje de Anthoxanthum, con dos 

flores inferiores estériles epaleadas y una apical fértil, y uno de Hierochloë, con las tres 

flores fértiles, en el Mioceno (23–5 Ma). Si se asume la herencia materna de los 

cloroplastos, el linaje materno de Ataxia sería el ancestro de todo el linaje de 

Anthoxanthum, que ya habría adquirido su estructura floral actual, mientras que su 

linaje paterno pertenecería a Hierochloë y tendría la misma estructura floral que las 

especies actuales del género (Pimentel et al., 2013). 

Composición, estructura y distribución del género Hierochloë 

El género Hierochloë R.Br. está compuesto por unas 33 especies y tiene una distribución 

circumpolar y alpina-tropical (Tabla 3, Figs. 3 y 7). Está presente en zonas frías y 

templadas de ambos hemisferios, y en las montañas tropicales y subtropicales del 

Nuevo y Viejo Mundo, excepto en África (donde sí se encuentran representadas las 

secciones Ataxia y Anthoxanthum). Hierochloë está ampliamente distribuido en Eurasia 

(de Centroeuropa a Japón), Australasia (Indonesia, Papúa, Australia, Tasmania y 

Nueva Zelanda), Norteamérica (región boreal y Costa W) y Sudamérica (de Venezuela 

a Tierra de Fuego), con dos centros de diversificación, en base al número de especies, 

en Asia y Australia-Nueva Zelanda (Watson and Dallwitz, 2008; Connor, 2012; Clayton 

et al., 2016). 

En este género se han descrito complejos poliploides de difícil caracterización 

taxonómica, constituidos por diploides, tetraploides, hexaploides, decaploides y 

dodecaploides (Weimarck, 1975; Murray et al., 2005). El número básico de cromosomas 

es x = 7, pero todavía existen muchas especies cuyo nivel de ploidía es desconocido, 

incluida toda la sección Monoecia (Tabla 3). 
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Tabla 3. Especies del género Hierochloë según Connor & Renvoize (2009), Connor (2012) y Clayton et al. 

(2016). Niveles de ploidía obtenidos de Chromosome Counts Database (Bennet & Leitch, 2005 – 

www.ccdb.tau.ac.il/) y Plant DNA C-value database (Rice et al., 2015 – www.data.kew.org/cvalues). Áreas 

de distribución según De Paula (1975), Tutin (1980), Zhenlan & Phillips (2006), Allred & Barkworth (2007), 

Connor & Renvoize (2009), Anton & Zuloaga (2012), Connor (2012) y Clayton et al. (2016). 

ESPECIE NIVEL DE PLOIDÍA DISTRIBUCIÓN 

Sección Hierochloë   

H. alpina (Sw. ex Willd.) Roem. & Schult. 8x Holártica 

H. hirta (Schrank) 8x Holártica 

H. odorata (L.) P.Beauv. 4x, 6x, 8x Holártica 

H. pauciflora R.Br. 4x Holártica 

H. repens (Host) P.Beauv. 4x Eurosiberiana 

H. australis (Schrad.) Roem. & Schult. 2x Europa central 

H. occidentalis Buckley 6x Costa W de EE.UU. 

H. flexuosa Hook.f. - Himalaya 

H. tibetica Bor - Himalaya 

H. wendelboi G.Weim. - Pakistán 

H. khasiana C.B.Clarke ex Hook.f. 6x India 

H. laxa Hook.f. 4x India 

H. glabra Trin. 4x, 6x, 8x Asia templada 

H. potanini Tzvelev - Asia templada 

H. pluriflora Koidz. - Japón 

H. redolens (Vahl) Roem. & Schult. 12x Papuasia, Australia, Nueva 

Zelanda, islas subantárticas 

H. fraseri Hook.f. - Australia 

H. rariflora Hook.f. - Australia 

H. submutica F.Muell. - Australia 

H. brunonis Hook.f. 12x Nueva Zelanda 

H. cuprea Zotov - Nueva Zelanda 

H. equiseta Zotov 6x Nueva Zelanda 

H. fusca Zotov 12x Nueva Zelanda 

H. novae-zelandiae Gand. 4x Nueva Zelanda 

H. recurvata (Hack.) Zotov 4x Nueva Zelanda 

   
Sección Monoecia   

H. redolens Monoecia - Centro y S de Sudamérica 

H. altissima Steud - S de Sudamérica 

H. gunckelii Parodi - S de Sudamérica 

H. juncifolia (Hack.) Parodi - S de Sudamérica 

H. pusilla Hack. ex Dusén - S de Sudamérica 

H. spicata Parodi - S de Sudamérica 

H. utriculata (Ruiz & Pav.) Kunth - S de Sudamérica 

H. quebrada Connor & Renvoize - Centro de Sudamérica 
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Dentro del género se pueden encontrar dos formas florales que son reflejo de la 

existencia de distintos sistemas de polinización (Connor, 2012). La estructura general 

de la espiguilla es andromonoica, lo que implica la existencia de dos flores inferiores 

masculinas y una flor apical hermafrodita. Esta estructura es propia de las especies de 

Norteamérica, Eurasia y Australasia (Figs. 2C y 8). Por otro lado están las espiguillas 

monoicas, propias de las especies sudamericanas del género, en las que sus flores 

inferiores son masculinas y su flor apical es femenina (Fig. 10), presentando 

ocasionalmente estaminodios (Parodi, 1941; Connor, 2012). Esta estructura floral 

característica llevó a separar las especies del género Hierochloë nativas de Sudamérica 

en la sección Monoecia Connor (2012). 

 

Figura 7. Áreas de distribución aproximadas de las especies del género Hierochloë. Referencias: De Paula 

(1975), Tutin (1980), Zhenlan & Phillips (2006), Allred & Barkworth (2007), Connor & Renvoize (2009), 

Anton & Zuloaga (2012), Connor (2012) y Clayton et al. (2016). 

Composición, estructura y distribución de la sección Hierochloë 

En esta sección las especies boreales de Eurasia y Norteamérica son las mejor 

estudiadas (Weimarck, 1971, 1975; Tutin, 1980; Allred & Barkworth, 2007; Zhenlan & 

Phillips, 2006). Aunque su organización taxonómica sigue siendo compleja, ya que se 

trata de especies próximas, muy similares morfológicamente, que comparten hábitats 
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en muchos casos y forman parte de varios complejos poliploides (Tutin, 1980; Allred & 

Barkworth, 2007; Zhenlan & Phillips 2006; Tablas 3, 4 y 5, Figs. 3 y 7). 

Entre estas especies tres son las que presentan una distribución más amplia y forman 

complejos de especies muy próximas. Se trata de Hierochloë odorata (subsp. odorata), H. 

hirta (subsp. arctica) e H. alpina, que son circumpolares, circumboreales o anfiatlánticas 

(Fig. 6). Dentro de estos complejos se han descrito otras subespecies con distribución 

limitada a uno de los continentes, como H. odorata subsp. baltica, endemismo de la 

Península Báltica y del NW de Rusia, H. hirta subsp. hirta, endemismo de Finlandia 

(Tutin, 1980) o Anthoxanthum monticola subsp. monticola (sinónimo de H. alpina) de 

Groenlandia, parte E de la Bahía de Hudson y Península del Labrador (Allred & 

Barkworth, 2007). Asimismo, existe una especie exclusiva del W de Norteamérica, H. 

occidentalis, considerada próxima al complejo H. odorata – hirta, del que se diferencia 

por la longitud del limbo de la hoja y la forma de la espiguilla. Se distribuye 

principalmente por las montañas costeras del W de EE.UU., desde Washington al N de 

California (Tabla 4, Fig. 7).  

 

Figura 6.  Hierochloë odorata. A. Detalle de la espiga. Fuente: http://www.plantpref.co.uk/. B. Aspecto 

general de la planta y espiguilla, abajo sin glumas. Fuente: USDA-NRCS PLANTS Database. 
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En Europa se han descrito tres especies endémicas (Tablas 3, 4 y 5, Fig. 7): H. australis, 

caracterizada por la presencia de una prominente arista en las flores masculinas basales 

y única especie diploide del género (2n = 14 = 2x); Hierochloë stepporum, de las zonas 

esteparias del SE de Rusia, e H. repens, de zonas abiertas y secas del C y E de Europa y 

C de Rusia. Se engloban en el complejo de H. odorata y se diferencian por el color de la 

hoja y la forma de la panícula, además del número de vainas en la base del tallo (Tutin, 

1980).  

Existe una gran diversificación del género Hierochloë en tres zonas geográficas: China-

Japón-India, Australia y Nueva Zelanda (Connor, 2012; Zhenlan & Phillips, 2006; Figs. 

3, 7 y 9). En China-India, además de varias formas de H. odorata que se han considerado 

especies independientes por algunos autores (A. glabrum = H. odorata subsp. glabra, H. 

nitens = H. odorata subsp. pubescens, Schouten & Veldkamp, 1985) e H. alpina (A. 

monticola), que presentarían una distribución más amplia, se diferencian cuatro 

endemismos caracterizados por la presencia de arista en las flores masculinas y el 

tamaño de la planta: Hierochloë tibetica, exclusiva del Tíbet; H. potaninii, del CW y NW 

de China; H. laxa, de India y Nepal, e H. flexuosa, del W del Himalaya (Hooker, 1896; 

Zhenlan & Phillips, 2006).  

Tabla 4. Especies y subespecies de la sección Hierochloë con el nombre empleado en las floras del 

Hemisferio Norte y sus sinónimos. * mismo complejo poliploide; verde, endemismos; rojo, especies de 

diferenciación difícil. 

Flora Europaea 
(1980) 

Flora de Norteamérica 
(2007) 

Flora de China (2006) Sinónimos 

H. australis    

H. alpina A. monticola A. monticola 
H. alpina (Sw. ex Willd.) Roem. & 

Schult. 

    subsp. alpinum   
    subsp. monticola   
H. pauciflora A. arcticum   
H. repens*    
H. stepporum*    
H. odorata* A. nitens A. nitens H. odorata (L.) P.Beauv. 
   susbp. odorata    subsp. nitens   
   subsp. baltica     subsp. baltica A. glabrum H. odorata subsp. glabra 

H. hirta* A. hirtum   
    subsp. hirta No apoyan la diferenciación 

en subsp. por la continuidad 

de los caracteres 

  

   subsp. arctica     
 A. occidentale   
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Cuatro especies del género Hierochloë crecen en Australia: H. fraseri en Tasmania, H. 

rariflora e H. redolens en el E de Australia y en Tasmania e H. submutica en zonas alpinas 

del SE (Tabla 3; Figs. 3, 7 y 9). Todas son andromonoicas y endémicas del continente 

australiano excepto H. redolens, en la que junto con H. fraseri es común encontrar 

espiguillas con flores masculinas inferiores estériles (Connor, 2008; Simon & Alfonso, 

2011). 

 

Figura 9. Áreas de distribución de las especies del género Hierochloë en Australia. H. rariflora, verde; H. 

redolens, azul; H. submutica, fucsia; H. fraseri, rojo; Hierochloë sp., amarillo. Fuente: Simon & Alfonso (2011). 

Hierochloë redolens, tal y como está considerada en la actualidad, es una especie de 

distribución muy amplia que presenta diferencias en su estructura floral a lo largo de 

su área de distribución (Connor, 2008). Se encuentra en el W y S de Sudamérica, Islas 

Malvinas, Papúa Nueva Guinea, Australia y Nueva Zelanda (Figs. 7 y 9). Asimismo, 

los números cromosómicos conocidos de esta especie a lo largo de su área de 

distribución permiten diferenciar dos zonas: los individuos de Nueva Zelanda son 

dodecaploides (2n = 12x = 84; Murray et al., 2005) y los del E de Nueva Guinea e Islas 

Malvinas son octoploides (2n = 8x = 56; Borgman, 1964; Moore, 1967). Debido a las 

diferencias morfológicas observadas entre las poblaciones sudamericanas y asiáticas, 

los datos moleculares y el variable nivel de ploidía, recientemente se ha indicado la 

posibilidad de que se trate de especies distintas (Connor, 2012; Lema-Suárez et al., 

2017a); por lo tanto, la taxonomía de esta especie, al igual que otras del género, 

requiere una revisión profunda. 
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En Nueva Zelanda además de H. redolens, se han descrito seis especies endémicas (Figs. 

7 y 9; Edgar & Connor, 2010). La diferenciación entre estas especies es compleja, 

basándose principalmente en el tamaño y la forma de las glumas. Estas especies se 

pueden separar en dos grupos, las especies próximas a H. alpina o las cercanas a H. 

redolens. En el primer grupo estarían las que se caracterizan por el menor tamaño de su 

gluma (< 7 mm) y la forma obovada de esta. En este grupo estarían H. equiseta, H. 

novae-zelandiae e H. recurvata (gluma de 7 mm, igual a las flores). En el segundo grupo 

estarían las especies que presentan glumas mayores y ovado-lanceoladas. En este 

grupo se incluirían: H. brunonis, H. cuprea, e H. fusca. Las especies neozelandesas se 

caracterizan también por una clara disyunción ecológica, existiendo plantas de 

ambientes alpinos y costeros (Edgar & Connor, 2010). 

Composición, estructura y distribución de la sección Monoecia 

Esta sección incluye ocho especies (Tabla 3), la mayoría de las cuales fueron descritas 

en la segunda mitad del siglo XX por Parodi (1941) y De Paula (1975) en sendos 

trabajos sobre el género Hierochloë en Argentina-Chile y Sudamérica. Algunas de estas 

especies (e.g. H. sorianoi, H. moorei) se consideran actualmente formas extremas de la 

especie H. redolens (Anton & Zuloaga, 2012; Villalobos & Finot, 2016).  

Recientemente, Connor & Renvoize (2009) describieron otra especie, H. quebrada (Figs. 

7 y 10), que crece en los acantilados graníticos alpino-tropicales del N de Perú, a 4600 

m. Esta especie es morfológicamente muy próxima a H. juncifolia, con la que se la ha 

confundido (Tovar, 1993) y de la que se diferencia por la pubescencia de la lema estéril, 

la posición de la arista y la micromorfología de la hoja (surcos simples y profundos y 

sin nervio medio marcado). Además, ambos táxones ocupan ambientes muy diferentes, 

ya que H. juncifolia se desarrolla sobre suelos volcánicos, en latitudes más templadas y 

a menor altitud, ca. 1750 m (Connor & Renvoize, 2009). 

De las ocho especies de la sección Monoecia, cinco son muy similares morfológica-

mente, lo que hace difícil establecer su estatus taxonómico (Villalobos & Finot, 2016). 

Solo tres se diferencian claramente: H. pusilla, por su pequeño tamaño y la ausencia de 
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aristas en las flores masculinas, e H. juncifolia e H. quebrada por la inserción de las 

aristas en las flores masculinas, el tamaño de las aristas y la forma de la hoja (De Paula, 

1975; Connor & Renvoize, 2009). Para diferenciar el resto de las especies se utilizan 

caracteres continuos o poco claros como la forma o la laxitud de las panículas. También 

se han usado caracteres micromorfológicos (De Paula, 1975; Connor, 2008; Villalobos & 

Finot, 2016), si bien estos a menudo están afectados por las condiciones ambientales en 

las que se desarrollan las plantas (Hauenstein et al., 1990; Pimentel et al., 2010). 

 

Figura 10.  Hierochloë quebrada. A. Aspecto general. B. Inflorescencia. C. Espiguilla. D. Glumas y flores. E-F. 
Flores inferiores, masculinas. G. Flor apical, femenina. H. Gineceo de la flor superior. J. Antera. Fuente: 

Connor & Renvoize (2009). 
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La sección Monoecia se distribuye desde Venezuela a Tierra del Fuego, en ambientes 

desde templados en la zona costera a fríos en los Andes (De Paula, 1975; Connor, 2008; 

Anton & Zuloaga, 2012; Fig. 7). Hierochloë altissima, H. juncifolia, H. gunckelii, H. spicata e 

H. utriculata presentan distribuciones solapantes a diferentes latitudes (y altitudes) del 

Centro al S de Sudamérica, en uno o ambos lados de los Andes, mientras que H. 

quebrada e H. pusilla tienen una distribución y rango altitudinal más restringidos (De 

Paula, 1975; Connor & Renvoize, 2009).  

Hierochloë redolens tiene una distribución discontinua en América del Sur: crece en áreas 

tropicalpinas de Venezuela a Perú por encima de los 3850 m de altitud y en áreas 

húmedas del Centro al S de Argentina y Chile en altitudes bajas. En su distribución se 

observa por lo tanto una relación altitudinal inversa, común a la mayoría de gramíneas 

C3 (Still et al., 2003). También está presente en Australia, Nueva Zelanda y Nueva 

Guinea, pero la estructura floral de los especímenes de estas zonas es distinta, por lo 

que algunos autores las consideran especies diferentes (Zotov, 1973; De Paula, 1975; 

Connor, 2012). 

Algunas consideraciones metodológicas 

La integración de datos originados a partir de diferentes fuentes ha demostrado ser 

una buena estrategia para resolver problemas taxonómicos (Ruhfel et al., 2013; Besse, 

2014; Slazchetko et al., 2017). En esta Tesis Doctoral se utilizan diferentes métodos para 

clarificar la taxonomía y establecer las relaciones filogenéticas entre los representantes 

de la subtribu Anthoxanthinae. Seguimos en este trabajo la propuesta de Stuessy 

(2003), quien plantea que el estudio de los organismos debe abarcar todos los niveles 

estructurales, desde el nanomorfológico (molecular) hasta el macromorfológico 

(fenotipo). 

Para conseguir los objetivos del trabajo se emplearon métodos estadísticos 

multivariantes para el tratamiento de los datos morfológicos, análisis filogenéticos para 

el estudio de los datos moleculares (secuenciación de regiones de DNA cloroplástico y 

nuclear), se desarrollaron marcadores microsatélites que permitirán determinar el flujo 
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génico entre poblaciones en futuros estudios y se determinó el tamaño genómico para 

las especies de la subtribu mediante citometría de flujo, que se relacionó con los niveles 

de ploidía.  

El análisis multivariante de datos macro- y micromorfológicos (de la epidermis foliar y 

la sección transversal del limbo) se llevó a cabo con dos objetivos principales: (i) 

comprobar la fiabilidad de los caracteres usados tradicionalmente para diferenciar las 

especies de la subtribu Anthoxanthinae y (ii) analizar su validez para identificar los 

táxones utilizando un elevado número de características morfológicas. Esta 

metodología se ha usado con éxito en otros grupos complejos de plantas (e.g. Repka, 

2003; Ospina et al., 2016), incluyendo el género Anthoxanthum (Pimentel et al., 2007a; 

2010). Aunque diversos estudios han señalado que los caracteres micromorfológicos 

pueden estar correlacionados con las condiciones ambientales (Connor, 1960; 

Hauenstein et al., 1990), según Villalobos & Finot (2016) parecen ser adecuados para 

trabajar con algunos representantes de la subtribu Anthoxanthinae (género Hierochloë). 

La metodología utilizada para la obtención de datos y el análisis de los mismos, así 

como la discusión de los resultados obtenidos se incluyen en los capítulos 1 (para el 

conjunto de la subtribu) y 2 (para la sección Monoecia). 

El estudio molecular se basó en la secuenciación de varios marcadores plastídicos 

(trnL-F, trnT-L) y nucleares (ITS, ETS) de uso habitual en estudios filogenéticos 

(Torrecilla et al., 2003, Consaul et al., 2010) y que han demostrado ser útiles en la 

subtribu Anthoxanthinae (Pimentel et al., 2013; Tusiime et al., 2017). Además, dada la 

naturaleza multicopia de las regiones nucleares empleadas, se clonaron individuos de 

las distintas especies de la sección Monoecia para detectar posibles casos de evolución 

reticulada (Díaz-Pérez et al., 2014; Wan et al., 2014). La descripción de la metodología 

utilizada, el tratamiento de los datos y los resultados obtenidos se incluyen en los 

capítulos 1 (para la subtribu) y 2 (para la sección Monoecia). Así mismo, se estimaron 

los tiempos de divergencia de los táxones incluidos en la subtribu (capítulo 1) 

utilizando métodos de coalescencia y empleando el sistema de calibración desarrollado 

por Minaya et al. (2017).  
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El análisis conjunto de los datos obtenidos tras la revisión morfométrica (2039 pliegos 

revisados de herbarios peninsulares y 94 de herbarios internacionales) y el estudio 

filogenético referidos a la subtribu Anthoxanthinae han servido para plantear la 

revisión taxonómica de las especies ibéricas del género Anthoxanthum (capítulo 4) y de 

la sección Monoecia del género Hierochloë (capítulo 3). En ambos capítulos se realizan 

claves de identificación útiles para distinguir las distintas unidades taxonómicas. 

Los microsatélites son marcadores del ADN codominantes, muy variables, 

especialmente útiles para diferenciar genomas individuales y detectar el flujo génico 

dentro de una especie o entre especies relacionadas (González, 2003). En este estudio se 

han desarrollado marcadores moleculares específicos (microsatélites) no plastídicos 

para las especies del complejo eurosiberiano del género Anthoxanthum. Se 

seleccionaron parejas de primers obtenidas en un test preliminar realizado con los 

linajes diploides del complejo diploide mediterráneo A. aristatum/A. ovatum. Los 

marcadores generados podrán ser empleados para determinar los patrones geográficos 

del flujo génico y dilucidar el origen de los poliploides (capítulo 5). 

Un requisito esencial para establecer la historia evolutiva de los grupos de especies que 

incluyen complejos poliploides es conocer los diferentes citotipos que los forman y su 

distribución geográfica (Chumová et al., 2015). En esta Tesis se usó la citometría de 

flujo para determinar el tamaño del ADN nuclear como método para inferir los niveles 

de ploidía comparando los datos obtenidos con los publicados para algunas especies 

mediante recuentos cromosómicos (e.g. Jones, 1964; Drapikowska et al., 2013; 

Chumová et al., 2015; Missouri Botanical Garden, 2017). Aunque el tamaño genómico 

nuclear no siempre presenta una correlación directa con el nivel de ploidía, se ha 

demostrado que esta sí existe en el caso de especies próximas de la subtribu 

Anthoxanthinae (Chumová et al., 2015). Los resultados obtenidos han sido útiles para 

la caracterización de las especies y para el estudio de procesos de reticulación en la 

subtribu. En los capítulos 1 y 2 se discute la necesidad de interpretar los niveles de 

ploidía inferidos con cautela y el valor de los valores de volumen de ADN en el estudio 

de la evolución de grupos complejos como esta subtribu de gramíneas.  
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OBJETIVOS 

El principal objetivo de esta Tesis Doctoral es contribuir a la clarificación de la 

taxonomía y la evolución de la subtribu Anthoxanthinae, así como desarrollar 

herramientas que permitan continuar esos estudios en el futuro. Para alcanzarlo, se 

establecieron los siguientes objetivos (sin prejuicio de los objetivos específicos 

indicados en cada uno de los capítulos de la Tesis): 

1. Profundizar en las relaciones filogenéticas entre las especies que constituyen la 

subtribu Anthoxanthinae, integrando datos morfológicos, ecológicos, 

citogenéticos y moleculares, para clarificar su historia evolutiva y su 

organización taxonómica. 

2. Analizar los procesos evolutivos que llevaron a la diversificación de la sección 

Monoecia del género Hierochloë en Sudamérica, modelo de diversificación de 

plantas C3 en los Andes. 

3. Integrar datos citogenéticos, moleculares y ecogeográficos para explicar los 

procesos evolutivos que llevaron a la diversificación de la sección Ataxia del 

género Anthoxanthum, a nivel mundial. 

4. Realizar la revisión taxonómica de las especies del género Anthoxanthum en la 

Península Ibérica a la luz de los recientes datos filogenéticos y morfológicos. 

5. Averiguar el tamaño genómico de las especies de la subtribu Anthoxanthinae y 

establecer su relación con los niveles de ploidía conocidos en algunos táxones, 

para entender las interacciones entre los distintos genomas que desembocaron 

en la actual diversidad de la subtribu. 

6. Obtener marcadores moleculares específicos (microsatélites) con la resolución 

suficiente para, en un futuro, determinar la existencia de flujo génico entre 

distintos linajes del género Anthoxanthum, donde la evolución reticulada es 

común. 



	



CAPÍTULO 1 

THE TALE OF TWO GENERA: TAXONOMY AND EVOLUTION OF 

ANTHOXANTHUM L. AND HIEROCHLOË R.BR. 
(SUBTRIBE ANTHOXANTHINAE; POACEAE, POOIDEAE, POEAE) 
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ABSTRACT 

Tribe Anthoxanthinae has long been recognised as including two separate, closely 

related genera, Anthoxanthum and Hierochloë. The existance of morphologically 

intermediate taxa has led different authors to propose their merging, although the 

question remains open. The Anthoxanthinae comprises approximately 54 taxa 

distributed in temperate areas of the northern and southern Hemispheres and also in 

tropical mountains, and it constitutes a good model to infer general global dispersal 

and distribution patterns for C3 grass genera. In this paper, we use morphological, 

karyological and molecular information to unravel the taxonomic structure of the 

subtribe and to analyse its evolution and biogeography. Statistical tests were applied to 

44 morphological traits measured in 969 Anthoxanthinae specimens. Also, DNA 

content values were estimated through flow cytometry in 337 specimens of the 

subtribe, whereas 115 individuals were used in plastid and nuclear phylogenetic 

analyses. Our results show a clear morphological differentiation between the genera, 

but a putative hybridogenous section within Anthoxanthum (section Ataxia) joins 

Hierochloë in the morphological space. Detailed analyses of the flowering patterns 

obtained from the bibliography together with molecular evidence indicate that both 

genera are different entities. Within genus Hierochloë and Anthoxanthum section Ataxia 

several species are not supported following the phenetic species concept. Different 

biogeographic patterns are inferred for different lineages of the subtribe, especially 

those growing in the southern Hemisphere and tropical mountains. 

Keywords: hybridisation – molecular phylogenetic analysis – morphometric analysis – 

nuclear DNA content – taxonomy. 
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INTRODUCTION 

Different evolutionary phenomena such as horizontal gene transfer, polyploidization 

or convergent evolution may obscure the taxonomy of plant groups regardless of the 

species concept chosen (cf. Judd et al., 2002). A combination of macro- and 

micromorphological, molecular and karyological data has been proven useful to clarify 

evolutionary and taxonomical questions in different groups of the pooid subtribe 

Anthoxanthinae A. Gray (e.g. Pimentel et al., 2007, 2010, 2013; Chumová et al., 2015, 

2017; Tusiime et al., 2017). Here, we use this approach to analyse the taxonomic 

structure of the subtribe, as well as to unravel the evolutionary and biogeographic 

relationships among its species, with special emphasis in the poorly studied 

Anthoxanthum section Ataxia and genus Hierochloë R.Br.  

The subtribe Anthoxanthinae (including genera Anthoxanthum L. and Hierochloë R.Br.) 

is clearly established as a monophyletic group in the most recent classifications of the 

subfamily Pooideae (e.g. Quintanar et al., 2007; Soreng et al., 2015; 2017). It belongs to 

the enlarged tribe Poeae, which includes the former Aveneae where the 

Anthoxanthinae was previously included (Quintanar et al., 2007). Subtribes Aveninae + 

Anthoxanthinae are sister to the subtribe Phalaridinae Fr., previously thought (as tribe 

Phalarideae Dumort) to encompass genera Anthoxanthum and Hierochloë based on the 

shared floral structure (Paunero, 1953; Schouten & Veldkamp, 1985; but see Horsfield 

et al., 1838). The two genera included in the Anthoxanthinae present different floral 

structure and basic chromosome number (x = 5 in Anthoxanthum and x = 7 in Hierochloë; 

Schouten & Veldkamp, 1985). The Hierochloë spikelet presents lodicules, and the lower 

two florets are paleate and three-staminate, whereas the Anthoxanthum spikelet has no 

lodicules and lower epaleate, empty florets (Schouten & Veldkamp, 1985). The 

existence in E Asia and S Africa of intermediate forms between both genera (included 

in genus Ataxia R.Br. or Anthoxanthum sect. Ataxia Stapf) led different authors to 

propose their merging (Schouten & Veldkamp, 1985), a criterion followed in different 

regional floras (e.g. Zhenlan & Phillips, 2006; Allred & Barkworth, 2007; Anton & 

Zuloaga, 2012). Connor (2008, 2012) based on his detailed analyses of floral 
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morphology and development and on the different basic chromosome numbers, 

considered that the traditional generic and sectional classification should stand. He 

also created Hierochloë section Monoecia Connor to accommodate South American 

monoecious species (Connor, 2012). Few Ataxia species have been included in 

phylogenetic or morphological taxonomic studies. Pimentel et al. (2013) proposed a 

hybrid origin for this section based on the different positions it occupied in the plastid 

and nuclear topologies. Tusiime et al. (2017) in their analysis of the E African species of 

Anthoxanthum (section Anthoxanthum) suggested that some populations of the 

Afroalpine A. nivale presented a double hybrid background involving a secondary 

contact between these sections (Anthoxanthum and Ataxia). 

Genus Anthoxanthum and Hierochloë are constituted by approximately 21 (12 of them in 

section Ataxia) and 33 species (8 of them in section Monoecia), respectively (e.g. Clayton 

et al., 2016 onwards; a complete list of accepted taxa and its distribution can be seen in 

Tables 1, 2 and 3 of the general introduction of this thesis). The distribution of the two 

genera is partially overlapping, and both taxa are representative of many temperate C3 

grasses that grow in mid- to low latitudes and tropical mountains (e.g. Inda et al., 2008; 

Pimentel et al., 2013; Minaya et al., 2017). Anthoxanthum section Anthoxanthum grows in 

temperate Eurasia (especially the Mediterranean basin), the Macaronesia and the E 

African Mountains (Pimentel et al., 2013; Chumová et al., 2017; Tusiime et al., 2017), 

and it has been introduced elsewhere (e.g. A. odoratum in North America, Australia and 

New Zealand; Allred & Barkworth, 2007; Weiller et al., 2009; Edgar & Connor, 2010;). 

Section Ataxia presents a much more disjunct distribution centered in tropical to 

temperate mountains. It grows in central and northern South America, southern Africa 

and Madagascar and E and SE Asia. As regards the more diverse genus Hierochloë, its 

section Hierochloë is distributed in Eurasia (especially central and northern Europe and 

Siberia), temperate Asia and the Himalayas, SE Asia, Australia, New Zealand and the 

Subantarctic Islands, North America and central América. Section Monoecia is strictly 

South American: genus Hierochloë is absent from Africa (e.g. Stapf, 1898-1900; De Paula, 

1975; Hedberg, 1976; Tutin et al., 1980; Schouten & Veldkamp, 1985; Tovar, 1993; 
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Zhenlan & Phillips, 2006; Allred & Barkworth, 2007; Connor & Renvoize, 2009; Edgar 

& Connor, 2010). 

Reticulate evolution is a common feature in many Anthoxanthinae groups (e.g. 

Pimentel et al., 2013; Chumová et al., 2015; Tusiime et al., 2017), as in many other 

Pooideae grasses displaying complex evolutionary patterns (e.g. Díaz-Pérez et al., 

2014). As a consequence, both Anthoxanthum and Hierochloë present highly variable 

chromosome numbers. In the former, diploids (mostly Mediterranean and 

Macaronesian), tetraploids, octoploids, dodecaploids and 18-ploids have been found 

(e.g. Hedberg, 1990; Teppner, 1998; Chumová et al., 2015). In Hierochloë, wherein fewer 

data are available, diploids, tetraploids, hexaploids and dodecaploids have been 

observed (e.g. Weimarck, 1971; Murray et al., 2005). Unlike in Anthoxanthum, diploids 

are rare in Hierochloë, where only one diploid species has been confirmed [Hierochloë 

australis (Schrad.) Roem. & Schult.; 2n = 14, Krahulková, 2003]. Little is known about 

chromosome numbers in the putatively hybrid Anthoxanthum section Ataxia. 

Anthoxanthum japonicum (Maxim.) Hack. ex Matsum. has 70 chromosomes (sporophytic 

count; Tateoka, 1987), which is compatible with x = 7 and x = 5 (basic chromosome 

numbers of Hierochloë and Anthoxanthum, respectively). Anthoxanthum tongo (Nees ex 

Trin.) Stapf is a putative octoploid (2n = 40) with x = 5 (Spies & Voges, 1988). Finally, 

Anthoxanthum davidsei (R.W. Pohl) Veldkamp presents 56 chromosomes (Pohl, 1972), 

again an octoploid, but in this case assuming x = 7. 

Reticulate (including secondary contacts and allopolyploidisation), convergent 

evolution (e.g. Chumová et al., 2015; Tusiime et al., 2017), and a scarce morphological 

differentiation within and among the sections/genera (Pimentel et al., 2007, 2008, 2010; 

Pimentel & Sahuquillo, 2007) have complicated the taxonomy of the Anthoxanthinae. 

No complete taxonomic study for the subtribe has been conducted, but partial studies 

suggest that taxa do not always coincide with natural groups defined based on 

molecular results (e.g. Pimentel et al., 2007a, 2010, 2013; Chumová et al., 2015; Lema-

Suárez et al., 2017a). Only A. amarum, A. gracile, A. nivale and two loosely defined 

“annual” (including A. ovatum, A. aristatum and A. maderense) and “perennial” 
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(including A. alpinum and A. odoratum) groups could be unambiguously differentiated 

based on morphology in Anthoxanthum section Anthoxanthum (Pimentel et al., 2007). 

Taxa included in section Ataxia require a re-assessment of their placement in either 

Anthoxanthum or Hierochloë (or in an enlarged Anthoxanthum s. lat.) due to their 

particular floral structure (Schouten & Veldkamp, 1985; Connor 2012). As regards 

Hierochloë section Monoecia, a combination of morphological and molecular tests 

indicated that the taxonomic status of some of the species defined by de Paula (1975) is 

untenable (Lema-Suárez et al., 2017a). Finally, Edgar & Connor (2010) call for a re-

evaluation of the Hierochloë species from New Zealand due to the overlapping in floral 

characteristics of the species described by Zotov (1973). 

Morphological taxonomy studies using a high number of macro- and 

micromorphological traits have been useful in the taxonomic study of grasses (Kellogg, 

2006; Besnard et al., 2013; Aliscioni et al., 2016), including within the Anthoxanthinae 

(Pimentel et al., 2007). Combining these data with molecular analyses is essential to 

build a robust taxonomy and to explore the evolution of lineages (cf. Besnard et al., 

2013). Analysing plastid and nuclear markers independently will allow the discovery 

of reticulation events, although other hypotheses such as incomplete lineage sorting 

should also be considered (e.g. Mugrabi de Kuppler et al., 2015). The use of the highly 

variable ribosomal nuclear DNA regions (ITS-ETS) combined with plastid markers 

(trnL-F and trnT-L) has offered valuable insights into the evolution of different groups 

of grasses (e.g. Consaul et al., 2010; Cerros-Tlatilpa et al., 2011). The assessment of the 

DNA content offers a good approximation to ploidy levels in plant groups with high 

karyological diversity where fresh materials for chromosome counting might not be 

readily available (e.g. Chumová et al., 2016; Tusiime et al., 2017). 

Here, we combine information from different sources (macro- and micromorphology, 

karyology and phylogeny) in order to analyse the evolution and biogeography of the 

subtribe Anthoxanthinae. The biogeographical and evolutionary patterns detected in 

the subtribe will be discussed in the light of previous research on the biogeography of 

other C3 grasses (e.g. Minaya et al., 2017) and the evolution of Floras (Ezcurra et al., 
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2008). In addition to this, the data generated will be used to contribute to the 

clarification of the taxonomy of the tribe, with special emphasis on the position of 

Anthoxanthum section Ataxia species and the internal structure of genus Hierochloë. 

More particularly, we want to answer the following questions: (i) what biogeographic 

patterns can be inferred in subtribe Anthoxanthinae, and what is the role of long 

distance dispersal in the current distribution of the subtribe? (ii) Do all Ataxia species 

share the hybrid nature detected in Pimentel et al. (2013)? (iii) When and how often did 

transitions in spikelet structure and basic chromosome number take place in the 

subtribe? As regards the taxonomy of the Anthoxanthinae, we discuss the convenience 

of merging genera Hierochloë and Anthoxanthum and we try to detect problems in the 

current taxonomy of both genera.  

 

MATERIALS AND METHODS 

Plant materials 

Sampling was designed in order to cover taxonomic and geographical groups that 

were under-represented in our previous studies (e.g. Pimentel et al. 2013; Tusiime et 

al., 2017), and special attention was paid to the Southern Hemisphere species of the 

subtribe. Sampling included representatives of 42 of the approximately 54 species in 

the Anthoxanthinae, covering ~78% of the total taxonomic diversity and 100% of the 

total estimated geographical distribution. In Anthoxanthum 17 out of 21 species were 

sampled (~81%), including 8 Ataxiad sensu Connor (2012) and in Hierochloë 25 out of 33 

species (~76%). Vouchers were deposited in SANT and CONC (Holmgren et al. 1990) 

and voucher and herbarium numbers are included in Appendix 1. Taxonomic 

representation was not equal across the different analyses conducted in this study, and 

the different numbers will be indicated in the Appendix 1 and in the different parts of 

the Materials and Methods section. All plants used in the study were tentatively 

identified or, for herbarium samples, their identity was confirmed, following, among 

others, Paunero (1953), Weimarck (1971), Valdés (1973), Zotov (1973), De Paula (1975), 
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Schouten & Veldkamp (1985), Teppner (1998), Connor & Renvoize (2009) and Connor 

(2012). Herbarium specimens were obtained from CONC, K, M, MA, PH, SANT, UPS 

and US (Holmgren et al., 1990).  

Genome size estimation by flow cytometry 

A total of 337 samples belonging to 11 species of Anthoxanthum (6 of section Ataxia) and 

13 species of Hierochloë (8 of section Monoecia) were measured. Nuclear DNA content 

was estimated through flow cytometry (FCM) following Galbraith et al. (1983) and 

Loureiro et al. (2007). Approximately 1.5 cm in length of leaf tissue was chopped with a 

razor blade together with 0.5–1 cm of fresh leaves of the internal reference standard in 

a glass Petri dish containing 1 mL of WPB isolation buffer [200 mM Tris HCl, 4 mM 

MgCl2 6 H2O, 2 mM EDTA Na2 2 H2O, 86 mM NaCl, 10 mM sodium metabisulfite, 1% 

PVP-10, 1% (v/v) Triton X-100, pH 7.5; Loureiro et al., 2007]. Pisum sativum L. ‘Ctirad’ 

(2C = 9.09 pg of DNA, Dolezel et al., 1998) served as the primary internal reference 

standard. Two additional standards (Solanum lycopersicum L. ‘Stupické’, 2C = 1.96 pg, 

and Vicia faba L. ‘Inovec’, 2C = 26.60 pg) were used to analyse some specimens due to 

large genome size and/or similarity in C-values between the sample and the primary 

standard. The resulting suspension containing the released nuclei was then filtered 

through a 40 µm nylon mesh. 50 µg·mL−1 of propidium iodide (PI, Fluka, Buchs, 

Switzerland) and 50 µg·mL−1 of RNAse (Fluka, Buchs, Switzerland) were later added to 

the sample in order to stain nuclear DNA and prevent staining of double-stranded 

RNA, respectively. After a 5 min incubation period, samples were analysed in a Partec 

CyFlow Space flow cytometer (532 nm green solid-state laser, operating at 30 mW; 

Partec GmbH., Görlitz, Germany). Data were acquired using the Partec FloMax 

software v. 2.4d (Partec GmbH, Münster, Germany). The holoploid genome size in pg 

(2C; sensu Greilhuber et al., 2005; 1 pg = 978 Mbp) of each individual was estimated 

using the formula: GSsample = (G1 sample/G1rs) * GSrs, where GSsample and GSrs are 

the genome size of sample and reference nuclei, respectively, and G1 sample and G1rs 

are the mean fluorescence of the G1 peak of the sample and reference nuclei (Doležel et 

al., 2003). At least five individuals were assessed per population for field-collected 
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material. Low-quality measures were discarded before the statistical analyses. A 

univariate analysis of variance (ANOVA) and a Tukey’s test were used to characterize 

the groups with similar measures of nuclear DNA content. 

Macro- and micromorphological analyses 

A set of 26 macromorphological (14 quantitative and 12 qualitative) and 18 

micromorphological (3 quantitative and 15 qualitative; 10 from the leaf epidermis and 

8 from the leaf transverse section) characters were measured. The characters were 

selected because: (i) they are commonly used in the taxonomy of different groups 

within the Anthoxanthinae, (ii) we observed a high variability among the samples 

included in the analyses and (iii) they were useful in previous numerical taxonomy 

studies of genus Anthoxanthum conducted by Pimentel et al. (2007, 2010). To 

standardize data collection, leaf and spikelet data were gathered in the second leaf of 

the plant from the base and the basal spikelet, respectively. Micromorphological data 

were obtained following Devesa (1992) and Pimentel & Sahuquillo (2003), with minor 

modifications. All macromorphological quantitative traits were logarithmically 

transformed to limit the influence of allometry on the results (Dufrene et al., 1991; 

Almeida-Pinheiro de Carvalho et al., 2004); and quantitative micromorphological data 

were obtained by calculating the mean value of 12 measurements. Qualitative 

characters were scored as binary variables (presence/absence) and those qualitative 

characters that presented more than 2 states were transformed into binary traits. All 

characters used are listed in Appendix 2. New macro- and micromorphological data 

were generated in this study from 190 and 137 specimens (field collected and 

herbarium), respectively. The final number of specimens included in the macro- and 

micromorphological data matrices was 969 and 358. Values for Eurasian, Macaronesian 

and East African Anthoxanthum species were obtained from Pimentel et al. (2007, 2010), 

who used an identical process of data collection and standardization. Species for which 

only one specimen was available were excluded from all morphometric analyses (54% 

of the Anthoxanthinae species were represented in these tests, 100% of Anthoxanthum, 

42% of Ataxia and 49% of Hierochloë). 
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Each specimen measured was treated as an independent operational taxonomic unit 

(OTU) for all statistical analyses. Macro- and micromorphological databases were built 

and analysed separately due to the different number of samples. Qualitative and 

quantitative data were analysed jointly and separately. Combined quantitative and 

qualitative analyses were based on the Gower’s similarity coefficient for mixed data 

(Gower, 1971) as estimated in cluster 2.0.5 (Maechler et al., 2016). Analyses were 

performed in the complete data set and in a partial database including only Hierochloë 

specimens. We conducted all tests with the IBM SPSS Statistics for Mac v. 20.0 (IBM 

Corp., 2011) and R v. 3.3.2 (R Core Team, 2016a) as implemented in RStudio v. 1.0.136 

(RStudio Team, 2016) and Rcmdr v. 2.3-1 (Fox, 2005, 2017; Fox & Bouchet-Valat, 2016). 

The packages ‘RcmdrMisc’ (Fox, 2016) and ‘foreign’ (R Core Team, 2016b) were used to 

translate our Excel- and SPSS-built databases into a R-readable format. Plots were built 

using the packages ‘lattice’ (Sarkar, 2008) and ‘rgl’ (Adler & Murdoch, 2016).  

Exploratory analyses were performed for all databases in order to remove non-

informative characters and to detect outliers. Exploratory tests for quantitative data 

included the calculation of basic descriptive statistics (mean, standard deviation and 

coefficient of variation), the normality test of Kolmogorov-Smirnov-Lilliefors and the 

representation of data using box plots. Univariate and multivariate analyses of 

variance (ANOVA and MANOVA, respectively) and Tukey’s post-hoc tests were 

carried out to assess the reliability of quantitative characters separating the species. A 

Kaiser-Meyer-Olkin (KMO) test was performed to assess the suitability of our data for 

multivariate analyses (Almeida-Pinheiro de Carvalho et al., 2004) and a correlation-

based principal components analysis (PCA) was conducted (Sargent et al., 2004). We 

did not apply this test for the quantitative micromorphological characters since only 

three variables were considered. The varimax rotation was used to maximize the 

variance of each factor (Legendre & Legendre, 1998). A linear discriminant test (LDA, 

cross-validation) based on the PCA results was conducted to identify the set of 

characteristics that best differentiates among species and to determine the group each 

specimen belonged to with the highest probability (Legendre and Legendre, 1998). 
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Finally, a cluster analysis was carried out using the quadratic Euclidean distance and 

Ward’s method (Legendre and Legendre, 1998). 

Contingency and frequency tables and colour plots were built to explore the usefulness 

of the selected qualitative traits in differentiating the taxa. Non-parametric tests such as 

the Chi-Square Test of Independence and the permutational MANOVA using distance 

matrices (ADONIS; Anderson, 2001) were conducted to analyse whether the 

differences among species based on qualitative traits were significant. Subsequently, 

we applied ordination methods to map a distance or dissimilarity matrix onto an 

ordination space preserving the original distances or ranked differences, respectively 

(Shepard, 1966). More particularly, the principal coordinate analysis (PCoA) and the 

non-metric multidimensional scaling (NMDS) were applied using ape v. 4.0 (Paradis et 

al., 2004) and vegan v. 2.4-2 (Oksanen et al., 2017). The Jaccard and Bray-Curtis indices 

were used since they are appropriate for binary data (Legendre & Legendre, 1998). The 

same indices were used to conduct a hierarchical cluster analysis using the packages 

cluster v. 2.0.5 (Maechler et al., 2016) and flexclust (Leisch, 2006). Finally, we 

performed a multiple correspondence analysis (MCA) using the package FactoMineR 

(Le et al., 2008) in order to represent information from a large set of categorical 

variables as points in a low-dimensional Euclidean space. 

DNA isolation, amplification and sequencing 

DNA from silica-gel dried, field-collected leaves and herbarium samples was extracted 

using the NORGEN Plant/Fungi DNA isolation kit (Norgen Biotek Corporation, 

Thorold, Ontario) and the NucleoSpin Plant II kit (Macherey-Nagel, Düren, Germany), 

and the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), respectively. We followed 

the manufacturer’s protocols, with modifications in the latter case following Bendiksby 

(2011). A total of 115 specimens, field-collected (68) or from herbaria (47), were used in 

this section (Appendix 1).  

Plastid and nuclear DNA regions were chosen based on Pimentel et al. (2013) and 

Tusiime et al. (2017). The plastid trnT-L and trnL-F (including the trnL intron plus the 
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trnL-F intergenic spacer; Taberlet et al., 1991) regions were amplified and sequenced 

using primers a and b (trnT-L intergenic spacer; Taberlet et al., 1991) and primers c and 

f. Amplification of the trnT-L region followed Galley and Linder (2007), whereas for 

the trnL-F PCR conditions followed Torrecilla et al. (2003). Amplification conditions for 

the ribosomal nuclear ITS (ITS1-5.8S-ITS2) and ETS regions were obtained from Hsiao 

et al. (1995) and Gillespie et al. (2009), respectively. Homology issues connected to 

concerted evolution have been raised regarding these regions (Álvarez & Wendel, 

2003), but their usefulness has been proven in many phylogenetic studies on grasses 

(e.g. Saarela et al., 2010). Multiple bands were recovered for the ETS in some highly 

polyploid members of the group, so cloned sequences were obtained from Pimentel et 

al. (2013) and Lema-Suárez et al. (2017a). Sequencing products were purified using 

ExoSap-IT PCR cleanup reagent (Affymetrix, Santa Clara, CA, USA), and all products 

were sequenced using the BigDye Terminator Cycle Sequencing Ready Reaction v3.1 

kit (Applied Biosystems, Paisley, UK) on an Applied Biosystem 3710 automated 

sequencer at the Universidade da Coruña Sequencing Service. Amplification primers 

were used for all sequencing reactions.  

Sequence alignment and phylogenetic analysis 

The forward and reverse sequences were edited and assembled using CodonCode 

Aligner v. 4.0 (CodonCode Corp., Dedham, MA, USA). All DNA regions were 

independently aligned using the MUSCLE algorithm (Edgar, 2004) as implemented in 

SeaView v. 4 (Gouy et al., 2010) and manually adjusted upon the detection of errors. 

441 new sequences were generated for this study: 109 ETS, 109 ITS, 114 trnL-F and 108 

trnT-L (Appendix 1). Independent databases were built per each region. Plastid and 

nuclear sequences from thirteen Poaceae species belonging to subfamilies 

Bambusoideae and Pooideae (tribes Brachyelytreae and Stipeae and supertribes 

Triticodae and Poodae, sensu Soreng et al., 2015) were used as outgroups (Appendix 1). 

Separate plastid (117 specimens) and nuclear (123 specimens) matrices were built and 

analysed independently. Sequences missing due to PCR and/or sequencing problems 

were coded as missing data in the concatenated data sets. Plastid and nuclear datasets 
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were also concatenated and jointly analysed once conflicting samples were removed 

(the final concatenated matrix included 105 specimens of Anthoxanthinae + 

outgroups). Maximum Parsimony (MP) and Bayesian Inference (BI) analyses were run 

for all data sets. Gaps were treated as missing data in all analyses, since gapped 

positions removal or codification following Simmons & Ochoterena (2000) did not 

render improved results (Dwivedi & Gadagkar, 2009). 

Maximum parsimony and Bayesian analyses followed Torrecilla et al. (2003), Pimentel 

et al. (2013) and Minaya et al. (2017). Maximum parsimony analyses were conducted 

through a heuristic search strategy with 1000 random trees as starting point and TBR 

(Tree Bisection Reconnection) branch swapping. Ten trees were saved in each replicate. 

A bootstrap analysis was conducted with full heuristics, 1000 replicates, TBR branch 

swapping, MULTREES off and random addition of sequences (four replicates). All 

analyses were conducted with the software PAUP* v. 4.0 beta10 (Swofford, 2003). 

Bayesian tests were carried out using MrBayes v. 3.2B4 (Huelsenbeck & Ronquist, 

2001) and BEAST v. 2.4.6 (Bouckaert et al., 2014). Model selection was conducted using 

MrModelTest v2.3 (Nylander, 2004), and a GTR + G substitution model was applied to 

all the analyses. All analyses conducted with MrBayes proceeded as follows: (i) tests 

were initiated with a random starting tree; (ii) 15000000 generations were run and (iii) 

sampling was conducted every 1000 generations. The program was allowed to estimate 

the likelihood parameters required. Convergence was assessed using the software 

Tracer v. 1.6.0 (Rambaut et al., 2014) as well as using the “compare” function in the 

online application AWTY (Nylander et al., 2008). Results collected prior to stationarity 

were discarded as burn-in. Results were presented as the halfcompat posterior 

probability consensus tree built using MrBayes. 

Absolute divergence times in the Anthoxanthinae and outgroup lineages (Appendix 1) 

were estimated using a Bayesian relaxed lognormal clock implemented in BEAST 

v.2.4.6 (Bouckaert et al., 2014). Input data were compiled using BEAUTI v.2.4.6 and 

clock model selection was conducted using Tracer v. 1.6.0 (Rambaut et al., 2014) and 

following Drummond & Bouckaert (2015). Both the Harmonic mean estimator 
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(Newton & Raftery, 1994) and the AICM method, a posterior simulation-based 

analogue of Akaike's information criterion were conducted (Raftery et al., 2007). The 

GTR + I + G model was imposed on all datasets. For the combined analyses, 

substitution models were unlinked across partitions. A Yule tree model was used for 

all BEAST analyses. The Yule model is adequate for our studies (Condamine et al., 

2015) since our ingroup is young (Pimentel et al., 2013) and therefore a high prevalence 

of extinction is unlikely for the Anthoxanthinae. In addition to this, our sampling of the 

tribe is high and very few species have been left out (Appendix 1). Wide intervals 

covering all biologically realistic values were assigned as substitution rates for all 

analyses (Tusiime et al., 2017).  

Three independent analyses were run for a total of 2·108 generations and stored every 

2·104 iterations for the nuclear and plastid data sets. A total of 4·108 generations stored 

every 4·104 iterations were applied for the combined data set due to its higher 

complexity. To test the influence of the chosen priors on the posterior estimates, one 

additional chain was run for the same number of generations without data (Popp et al., 

2011; Drummond & Bouckaert, 2015). Log files were analysed using Tracer v. 1.6.0 

(Rambaut et al., 2014) to assess convergence and confirm that the effective sample size 

(ESS) for all parameters was over 200 (Drummond & Bouckaert, 2015). Resulting trees 

were combined using LogCombiner v. 2.4.6 (Bouckaert et al., 2014) with a burn-in of 

25%. A maximum-credibility tree was then produced using TreeAnnotator v. 2.4.6 

(Bouckaert et al., 2014) and edited with FigTree v.1.4.2 (Rambaut, 2014). Due to the 

presence of different results for each analysis of the nuclear data set, the resulting 

posterior sample of trees was additionally visualized with DensiTree v. 2.2.6 

(Bouckaert & Heled 2014) to assess the uncertainties in the tree topology. To render the 

representation of these trees clearer, trees used in the DensiTree analysis were pruned 

using the R package ape (Paradis et al., 2004; R Development Core Team, 2011). 

A multi-labelled species tree was constructed using the multi-species multi-model as 

implemented in *BEAST to retrieve the origin of the progenitor lineages of clades 

putatively affected by reticulation processes (Blanco-Pastor et al., 2012; Pimentel et al., 
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2013). These trees are built by assigning putative homoeologous sequences from the 

putative hybrids to separate labels: in our case the nuclear sequences to one label (N) 

and the plastid sequences to a second label (P). The two labels of a potential hybrid are 

treated as different species in the *BEAST test, and possible reticulations can be studied 

without violating the assumptions of the *BEAST model, i.e., that gene tree differences 

are due to coalescent stochasticity (Heled & Drummond, 2010). Missing data were used 

to represent a specimen without sequence for a locus. Four independent analyses were 

run for 5·108 generations and stored every 5·104 iterations with linked site model and 

unlinked clock model and trees. The site model and calibration points were the same as 

in the divergence dating analyses with BEAST. A strict clock model was applied with a 

Yule prior and a population function linear with constant root. Log files were analysed 

using Tracer v. 1.6.0 (Rambaut et al., 2014) to assess convergence and confirm that ESS 

was above 200 for all parameters (Drummond & Bouckaert, 2015). Operator 

parameters were fine tuned following the report instructions produced by the software 

until ESS was above 200. Resulting trees were combined using LogCombiner v. 2.4.6 

(Bouckaert et al., 2014) with a burn-in of 25%. A maximum-credibility tree was then 

produced using TreeAnnotator v. 2.4.6 (Bouckaert et al., 2014) and edited with FigTree 

v. 1.4.2 (Rambaut, 2014). 

For all dating analyses, tree calibration points were set following Minaya et al. (2017). 

Two nodes were calibrated: (i) the crown group of the Pooideae based on Zucol et al. 

(2010; lognormal prior mean = 44.2 Mya, SD = 0.051) and (i) the crown node of the 

Stipeae based on Manchester (2001; lognormal prior mean = 36.2, SD = 0.048). These 

settings established a minimum age for the Pooideae and Stipeae at 40.4 Mya and 33.9 

Mya, respectively. Lognormal priors with soft bounds were chosen following Prasad et 

al. (2011) in order to incorporate fossil calibration uncertainties into the divergence 

time analyses. 
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RESULTS 

Genome size estimations 

Holoploid genome sizes (2C) ranged between 2C = 4.18 pg in A. ecklonii and 2C = 54.48 

pg in A. amarum. Values per species are listed in Table 1, including values per 

population for species with high intraspecific variation (Results for all populations are 

listed in Appendix 4). Figs. 1 and 2 represent values per specimen sorted according to 

increasing C2-values. Coefficient of variation (CV) of genome size values was high for 

some species, especially A. alpinum, A. ecklonii, H. altissima and H. odorata. For all these 

taxa, this high variation was due to some particular specimens displaying a markedly 

different genome size (Table 1; one specimen from population MP68 in A. alpinum, 

population A1 in H. altissima; populations H142 and R95 in A. ecklonii and population 

H112 in H. odorata).  

Anthoxanthum hookeri, A. mexicanum, H. australis, H. glabra, H. occidentalis, H. quebrada, 

H. repens and H. spicata were represented by less than three samples and thus were not 

included in the statistical tests. The Tukey’s test performed at species level revealed 

that the samples were classified in six homogeneous subsets according to their mean 

2C nuclear DNA content: i) A. alpinum, A. maderense, A. aristatum and A. ovatum (2C = 

6.60–8.02 pg); ii) A. ecklonii, H. pusilla, A. dregeanum, A. maderense, H. juncifolia, H. 

odorata and A. odoratum (2C = 12.68–14.67 pg); iii) A. tongo (2C = 15.84 pg); iv) H. 

utriculata, H. gunckelii and H. redolens (2C = 18.43–19.54 pg); v) H. altissima (2C = 25.09 

pg) and vi) A. amarum (2C = 44.88 pg), although only subsets i, iv, v and vi have high 

support (p-values > 0.95). 

A population-wise Tukey’s test yielded similar results, classifying the populations in 

eight groups based on their mean 2C nuclear DNA content. The subsets for the 

populations were: i) A. alpinum, A. maderense, A. aristatum, A. ovatum and A. ecklonii 

population R95 (2C = 6.02–8.69 pg); ii) A. dregeanum population R137, A. ecklonii 

population R97 and H. pusilla (2C = 11.98–12.82 pg); iii) A. dregeanum population R112, 

A. ecklonii populations R90, R94 and R115, A. madagascariense, A. odoratum populations 
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X40, X89–X94, X145, X146, X153, X155, X156, X169 and X173, A. tongo R111, H. juncifolia 

and H. odorata (2C = 13.59–15.20 pg); iv) A. ecklonii population R93, A. tongo populations 

R96 and R114 and A. odoratum populations X95 and X141 (2C = 15.46–16.78 pg); v) H. 

altissima population A1, H. gunckelii, H. redolens and H. utriculata (2C = 18.27–20.26 pg); 

vi) H. altissima populations A2, A3 and A4 (2C = 27.04–27.43 pg); vii) A. amarum 

populations S202, S210 and X177 (2C = 42.47–44.17 pg) and viii) A. amarum population 

S195 (2C = 46.08 pg). Subsets v, vi, vii and viii received strong statistical support (p-

values > 0.95). 

Table 1. Nuclear DNA content in the species analysed in this study. Species with genome size variation 

across its populations are broken down into populations. SD, standard deviation; Min., minimum value; 

Max., maximum value; CV, coefficient of variation; G, group according to the mean 2C nuclear DNA 

content by species; n sp., number of specimens per species. For population details see Appendix 1. 

Species/populations Genome size (2 C, pg) G n sp. 
  Mean SD Min. Max. CV (%)     

A. alpinum 6,60 1,23 5,90 14,11 18,59 1 46 

A. amarum 44,88 2,96 41,02 54,48 6,60 6 21 

A. aristatum 7,93 0,55 7,17 8,93 6,94 1 16 

A. dregeanum 13,41 2,22 10,61 16,94 16,55 2 7 

A. ecklonii 12,68 3,60 4,18 20,36 28,39 2 29 

        H142 6,51 - - - -  1 

        R90 13,73 1,04 12,82 15,22 7,57  4 

        R93 15,69 3,60 12,01 20,36 22,94  5 

        R94 14,57 1,29 13,52 16,40 8,85  4 

        R95 8,69 3,52 4,18 14,94 40,51  7 

        R97 12,40 0,38 12,14 12,83 3,06  3 

        R115 14,29 0,73 13,22 14,96 5,11  5 

A. hookeri 14,80 - - - - - 1 

A. madagascariense 14,02 0,51 13,42 14,54 3,61 2 5 

A. maderense 7,47 0,10 7,32 7,54 1,33 1 4 

A. mexicanum 18,25 0,90 17,62 18,89 4,93 - 2 

A. odoratum 14,67 0,88 13,28 16,96 5,98 2 87 

A. ovatum 8,02 0,29 7,50 8,54 3,60 1 10 

A. tongo 15,84 1,20 14,00 17,49 7,58 3 17 

H. altissima 25,09 3,87 18,19 27,91 15,43 5 20 

        A1 18,58 0,36 18,19 19,08 1,94  5 

        A2 27,43 0,37 27,02 27,91 1,34  5 

        A3 27,04 0,40 26,65 27,58 1,48  5 

        A4 27,30 0,25 27,04 27,55 0,90  5 

H. australis 11,63 2,28 10,01 13,24 19,64 - 2 

H. glabra 8,36 - - - - - 1 

H. gunckelii 19,43 0,32 19,06 19,84 1,64 4 5 

H. juncifolia 14,42 0,41 13,86 14,98 2,85 2 10 

H. occidentalis 21,84 - - - - - 1 

H. odorata 14,66 1,37 13,96 18,30 9,37 2 9 

        X147 14,15 0,13 14,05 14,30 0,92  3 

        X148 14,24 0,22 13,96 14,52 1,54  5 

        H112 18,30 - - - -  1 

H. pusilla 12,82 0,21 12,63 13,12 1,61 2 5 

H. quebrada 18,87 - - - - - 1 

H. redolens 19,54 0,51 18,34 20,42 2,63 4 20 

H. repens 8,57 - - - - - 1 

H. spicata 13,28 - - - - - 1 

H. utriculata 18,43 0,56 16,89 19,34 3,03 4 16 

Total   4,18 54,48   337 
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Figure 1. Nuclear DNA content (pg/2C) estimated using flow cytometric analysis of genus 

Anthoxanthum and section Ataxia. Specimens sorted according to increasing 2C-values. 
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Figure 2. Nuclear DNA content (pg/2C) estimated using flow cytometric analysis of genus 

Hierochloë. Specimens sorted according to increasing 2C-values. 

Morphometric analyses  

The final list of characters was reduced to 27 macromorphological (8 quantitative and 

12 qualitative) and 18 micromorphological traits (3 quantitative and 15 qualitative) 

based on the results of descriptive statistical tests. Used characters are listed in 

Appendix 2. 

Global Anthoxanthinae: macromorphological quantitative characters 

All analyses were carried out in two levels: genus/sections and species. Descriptive 

statistics (not shown) and box-plots (Fig. 3) indicate that all characters overlap among 

genera and species. Anthoxanthum sect. Anthoxanthum shows more intra-specific 

variation than Anthoxanthum sect. Ataxia or genus Hierochloë. The ANOVA analysis 

(not shown) recovers significant differentiation for all characters among species inside 
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each of the three groups, hence the comparison was conducted for the species of each 

genera. The Tukey’s test revealed that spikelet length (SL) and flower length (FL) were 

the characters that showed the highest differentiation, separating the specimens in 

three subsets according to their genus/section, while all other characters grouped them 

in only one or two subgroups. The Kruskal-Wallis test also showed that there is 

significant differentiation for all characters among the three groups, but their 

behaviour is not homogeneous. The KMO test performed (KMO = 0.851) indicated that 

our data were adequate for multivariate analyses. In the PCA analysis conducted, the 

three first principal components (C1, C2 and C3) accounted for 85.25% of the 

variability. C1 was formed mostly by vegetative characters while C2 and C3 were 

formed by floral characters (Table 2). Considering the three groups analysed 

(Anthoxanthum sections Anthoxanthum and Ataxia and Hierochloë), our accessions 

clustered into two groups: i) section Anthoxanthum and ii) section Ataxia and genus 

Hierochloë. 

Table 2. Loadings of rotated components (Varimax rotation) of the PCA performed using 

macromorphological quantitative data of the subtribe Anthoxanthinae. In bold are highlighted the highest 

loading of the morphological characters on the first three principal components. For character codes, see 

Appendix 2. 

Character 
Component 

          1          2          3 

PH_ln 0,901 0,159 0,087 

LL_ln 0,878 0,253 -0,029 

LW_ln 0,774 0,278 0,112 

IL_ln 0,862 0,379 -0,157 

SLBL_ln 0,683 0,537 -0,340 

SL_ln 0,010 -0,041 0,967 
FL_ln 0,232 0,901 -0,189 

LGL_ln 0,449 0,747 0,271 

% variability     60.29 15.21             9.75 
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Figure 3. Boxplots for three macromorphological quantitative characters of subtribe Anthoxanthinae at 

genus/section level. A. IL, inflorescence length. B. SL, spikelet length. C. FL, flower length. 
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A linear discriminant test (LDA) was performed based on the PCA results. Only two 

discriminant functions were produced given that only three groups were considered. 

Discriminant function 1 (F1) corresponded with the third component (C3; SL, spikelet 

length; Table 2) and F2 was composed by the three components of the PCA but mostly 

C2 and C3 [floral traits, especially FL (flower length); LGL (lower glume length) and SL 

(spikelet length) are the most important ones in these components]. The two functions 

are significant according to Wilks’s Lambda. The plot representing F1 and F2 (Fig. 4A) 

reveals a clear separation of Anthoxanthum and Hierochloë, with Ataxia intermingled 

with the latter. Discriminant functions correctly classified 96.9% of the specimens, with 

the majority of Anthoxanthum and Hierochloë well classified, but all the specimens of 

Ataxia are with Hierochloë (data not shown, Fig. 4A). The LDA performed at species 

level (Fig. 4B) showed that most Ataxia specimens classified with Hierochloë, as did 

some A. nivale samples (Anthoxanthum sect. Anthoxanthum). In Hierochloë, H. juncifolia 

samples are highly dispersed, and they are mostly positioned between the two groups 

defined in the PCA or LDA (Fig. 4B). Hierochloë taxa are generally less well defined 

than Anthoxanthum ones. The species that are better differentiated in the LDA are A. 

amarum, A. gracile, A. maderense, H. occidentalis, H. pauciflora and H. pusilla (Fig. 4B). The 

hierarchical cluster analysis (not shown) was consistent with the LDA results. 
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Figure 4. Two-dimensional scatterplot of the linear discriminant analysis (LDA) of subtribe 

Anthoxanthinae, classification functions 2 against 1. A. At genus/section level. B. At species level. The 

percentage of variability explained by each component and the characters assotiated are indicated in 

Table 2. 



Irene Lema Suárez 

                                                         Taxonomy and evolution of Anthoxanthum L. and Hierochloë R.Br. 61 

Genus Hierochloë: macromorphological quantitative characters 

Descriptive statistics indicated that most species overlap for most characters, although 

some traits such as inflorescence length (IL), spike lower branch length (SLBL) and 

flower length (FL) offer some differentiation for some taxa (Fig. 5). The ANOVA and 

Tukey’s test showed significant differentiation among species for all characters (p-

value < 0.05) and the results of the Kruskal-Wallis test indicated that the differences 

among groups are significant (p-value < 0.05).  

The KMO analysis indicated that our data were adequate for multivariate analyses 

(KMO = 0.868). In the correlation-based principal components analysis (PCA) the two 

components accounted for 88.29% of the variability (Table 3). The component 1 (C1) 

included mostly vegetative characters (plant height, PH; leaf length, LL; leaf width, 

LW; inflorescence length, IL; spike lower glume branch, SLSB), whereas component 2 

(C2) encompassed floral traits (spikelet length, SL; flower length, FL and lower glume 

length, LGL). Our accessions clustered into four groups: i) H. alpina, ii) H. pauciflora and 

H. pusilla, iii) H. glabra and iv) all other Hierochloë species. 

Table 3. Loadings of rotated components (Varimax rotation) of the PCA performed using 

macromorphological quantitative data of genus Hierochloë. In bold are highlighted the highest loading of 

the morphological characters on the first two principal components. For character codes, see Appendix 2. 

Character  
Component 

  1                2 

PH_ln 0,91 0,31 

LL_ln 0,85 0,37 

LW_ln 0,88 0,18 

IL_ln 0,93 0,29 

SLSB_ln 0,88 0,33 

SL_ln 0,25 0,91 

FL_ln 0,26 0,90 

LGL_ln 0,36 0,86 

% variability 71.45 16.84 
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Figure 5. Boxplots for three macromorphological quantitative characters of genus Hierochloë. A. 
IL, inflorescence length. B. SLBL, spike lower branch length. C. FL, flower length. 
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The linear discriminant test (LDA) conducted with the components of the PCA slightly 

improved the discrimination of the species (Fig. 6). Discriminant function 1 (F1) 

corresponded with C1 and discriminant function 2 (F2) corresponded with C2. 

According to Wilks’s Lambda, both functions are significant. The scatterplot 

representing F1 and F2 (Fig. 6) revealed a good separation of H. alpina, H. glabra, H. 

occidentalis, H. pauciflora and H. pusilla, while the rest of the species overlapped with a 

varying degree of dispersion in the scatter plot (Fig. 6). Discriminant functions 

classified 71.1% of the specimens correctly. The hierarchical cluster analysis (not 

shown) was consistent with the LDA results. 

 

Figure. 6. Two-dimensional scatterplot of the linear discriminant analysis (LDA) of 

macromorphological quantitative characters of genus Hierochloë, classification functions 2 

against 1. The percentage of variability explained by each component and the characters 

associated are indicated in Table 3. 
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Global Anthoxanthinae: macromorphological qualitative traits 

The Chi-Square test of independence revealed that all qualitative characters differed 

among species and were useful to differentiate them (p-value < 0.05). However, the 

permutational MANOVA using distance matrix test (ADONIS) showed that many 

species pairs display high similarity based on these traits (80% or higher; p-value > 

0.80). The highest similarity is found among the Ataxia species and between Ataxia and 

Hierochloë, whilst only three pairs of taxa were identical for Anthoxanthum, the 

Mediterranean diploids A. aristatum and A. ovatum and the East African A. aethiopicum 

and A. nivale with section Ataxia, but not between them. 

The principal coordinate analysis (PCoA; not shown) and the non-metric 

multidimensional scaling test (NMDS; Fig. 7) using the Jaccard index for three axes 

(stress = 0.06) separate the specimens into three groups: i) Anthoxanthum but A. 

horsfieldii and A. aethiopicum; ii) Ataxia, Hierochloë and A. aethiopicum; iii) A. horsfieldii. 

The specimens belonging to the Eurasian species of Anthoxanthum are less dispersed 

than the others in the plot (Fig. 7). The hierarchical cluster analysis (not shown) 

revealed the existence of three clear groups in the data, but these were not consistent 

with the taxonomy. As in quantitative macromorphological characters, Ataxia and 

Hierochloë were grouped together, while Anthoxanthum was divided in two groups 

(differentiated by the presence or absence of hairs in the glumes). Increasing the 

number of groups did not improve discrimination, but further split the genera into non 

taxonomic groups. 



Irene Lema Suárez 

                                                         Taxonomy and evolution of Anthoxanthum L. and Hierochloë R.Br. 65 

−0.3 −0.2 −0.1 0.0 0.1

−0
.2

−0
.1

0.
0

0.
1

0.
2

NMDS1

N
M
D
S2

1

11

12

13

14

15

16

17

18

19

2

20

22

23

24

25

26

27

28 29

3

21

30

4

5

6

7

8

9

10

 

Figure 7. Plot of the non-metric multidimensional scaling (NMDS) analysis of the macromorphological 

qualitative data of subtribe Anthoxanthinae using the Jaccard index for three axes (stress = 0.06). 1. A. 
aethiopicum, 2. A. alpinum, 3. A. amarum, 4. A. aristatum, 5. A. ecklonii, 6. A. gracile, 7. A. hookeri, 8. A. 
horsfieldii, 9. A. japonicum, 10. A. maderense, 11. A. mexicanum, 12. A. nivale, 13. A. odoratum,14. A. ovatum, 15. 
H. alpina, 16. H. altissima, 17. H. australis, 18. H. flexuosa, 19. H. fraseri, 20. H. glabra, 21. H. gunckelii, 22. H. 
juncifolia, 23. H. laxa, 24. H. occidentalis, 25. H. odorata, 26. H. pauciflora, 27. H. pusilla, 28. H. redolens, 29. H. 
repens, 30. H. utriculata. 

The classification tree comparing the three largest taxonomic groups (genus Hierochloë, 

Anthoxanthum sections Anthoxanthum and Ataxia) showed that the better differentiating 

traits are UGAI (upper male floret awn insertion in the inferior part) and LGAI (lower 

male floret awn insertion in the inferior part), but they do no separate Ataxia and 

Hierochloë. At the species level, the classification tree differentiates well among the 

Anthoxanthum taxa, but only discriminates some species of Hierochloë and none of 

Ataxia. The traits showing the highest differentiating power are LC (life cycle), CL 

(convolute leaf), AW (awn presence) and several traits related to pilosity and awn 

insertion (LGP, UGP, LGAS, LGAI and UGAS). 
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Genus Hierochloë: macromorphological qualitative characters 

The Chi-Square test of independence revealed that all qualitative characters differed 

among species and were useful to differentiate them (p-value < 0.05) except FE (fertile 

floret empty), which was deleted. The permutational MANOVA using distance matrix 

test (ADONIS) showed that a large percentage of the species are highly to entirely 

similar for these characters (similarity of 80% or higher; p-value > 0.80). This lack of 

species differentiation was observed among taxa from all the geographical areas where 

Hierochloë grows.  

The principal coordinate analysis (PCoA; not shown) and the non-metric 

multidimensional scaling test (NMDS; Fig. 8) using the Jaccard index for three axes 

(stress = 0.12) did not separate the species into different groups and showed that data 

for the different species is highly dispersed in the scatter plot (Fig. 8). The hierarchical 

cluster analysis (not shown) was able to create groups within Hierochloë, but they were 

not consistent with the taxonomy of the genus. The classification tree (not shown) 

revealed that the characters that better differentiate the species are the presence of awn 

and its insertion, the presence of convolute leaves, the presence of pilosity in the fertile 

floret, and if the fertile floret is hermaphrodite or feminine with staminodes. Not all the 

species are separated with this test. 
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Figure 8. Plot of the non-metric multidimensional scaling (NMDS) analysis of the macromorphological 

qualitative data of genus Hierochloë using the Jaccard index for three axes (stress = 0.12). 

Global Anthoxanthinae: macromorphological combined traits 

The NMDS (three axes, stress = 0.08; Fig. 9), the PCoA (not shown) and the MCA (not 

shown) performed with combined macromorphological data were consistent with the 

tests based on qualitative macromorphological data (e.g. Fig. 7). Specimens were 

clustered into three groups: i) Anthoxanthum but A. aethiopicum and A. horsfieldii; ii) 

Ataxia and Hierochloë and A. aethiopicum; iii) A. horsfieldii. 
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Figure 9. Plot of the non-metric multidimensional scaling (NMDS) analysis of the combined 

macromorphological quantitative and qualitative data of subtribe Anthoxanthinae. Data combination was 

conducted using the Gower’s similarity coefficient. 1. A. aethiopicum, 2. A. alpinum, 3. A. amarum, 4. A. 
aristatum, 5. A. ecklonii, 6. A. gracile, 7. A. hookeri, 8. A. horsfieldii, 9. A. japonicum, 10. A. maderense, 11. A. 
mexicanum, 12. A. nivale, 13. A. odoratum,14. A. ovatum, 15. H. alpina, 16. H. altissima, 17. H. australis, 18. H. 
flexuosa, 19. H. fraseri, 20. H. glabra, 21. H. gunckelii, 22. H. juncifolia, 23. H. laxa, 24. H. occidentalis, 25. H. 
odorata, 26. H. pauciflora, 27. H. pusilla, 28. H. redolens, 29. H. repens, 30. H. utriculata. 

Genus Hierochloë: macromorphological combined characters 

The NMDS (three axes, stress = 0.09; Fig. 10) and the PCoA (not shown) performed 

with combined data using Gower’s similarity coefficient clustered the species in four 

groups: i) H. repens; ii) H. pauciflora and H. pusilla; iii) H. alpina, H. australis, H. juncifolia, 

H. occidentalis and H. odorata; iv) H. altissima, H. flexuosa, H. fraseri, H. glabra, H. 

gunckelii, H. laxa, H. redolens and H. utriculata. The multiple correspondence analysis 

(MCA; not shown) yielded consistent results. The classification tree (not shown) 

revealed that the species are better differentiated with a combination of quantitative 

and qualitative characters, especially plant height, leaf length, leaf width, inflorescence 

length, spikelet length, spike lower branch length, presence of convolute leaf and 

presence of awn in the lower male floret inserted in the upper part (for trait codes see 

Appendix 2). 
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Figure 10. Plot of the non-metric multidimensional scaling (NMDS) analysis of the combined 

macromorphological quantitative and qualitative data of genus Hierochloë. Data combination was 

conducted using the Gower’s similarity coefficient. 

Global Anthoxanthinae: micromorphological traits 

The very few micromorphological quantitative traits considered were not able to 

differentiate among the sections-genera or among the species and they will not be 

commented further.  

The Chi-Square test of independence based on qualitative data showed that several 

traits were not significantly different among taxa and thus were deleted from the 

analyses (7, presence of cilia; 10, furrows depth; 13, presence of hooks; 14, estomata 

position; 16, presence of sclerenchyma associated to the vascular bundles and 18, leaf 

section shape). The permutational MANOVA using a distance matrix test (ADONIS) 

showed that a large proportion of the studied species presented the same 

micromorphological traits (similarity of 80% or higher; p-value > 0.80). The most 
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similar species are all the Ataxia plus most Hierochloë and the African A. aethiopicum and 

A. nivale. Among Anthoxanthum species there are also similarities, but fewer that in the 

other two genera/sections. 

The NMDS based on the Jaccard index for two axes (stress = 0.08, Fig. 11) separated the 

species into seven groups: i) H. juncifolia, ii) H. pusilla, iii) H. utriculata, iv) A. horsfieldii, 

v) A. mexicanum, vi) most of the Anthoxanthum species, vii) Ataxia and the remaining 

Hierochloë species, more disperse and forming three subgroups (for the exact 

composition of the groups see Fig. 11). Finally, the hierarchical cluster analysis and the 

classification tree built (not shown) were not useful to discriminate sections-genera or 

species. 
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Figure 11. Plot of the non-metric multidimensional scaling (NMDS) analysis of the micromorphological 

qualitative data of subtribe Anthoxanthinae using the Jaccard index for three axes (stress = 0.08). 1. A. 
aethiopicum, 2. A. alpinum, 3. A. amarum, 4. A. aristatum, 5. A. ecklonii, 6. A. gracile, 7. A. hookeri, 8. A. 
horsfieldii, 9. A. japonicum, 10. A. maderense, 11. A. mexicanum, 12. A. nivale, 13. A. odoratum,14. A. ovatum, 15. 
H. alpina, 16. H. altissima, 17. H. australis, 18. H. flexuosa, 19. H. fraseri, 20. H. glabra, 21. H. gunckelii, 22. H. 
juncifolia, 23. H. laxa, 24. H. occidentalis, 25. H. odorata, 26. H. pauciflora, 27. H. pusilla, 28. H. redolens, 29. H. 
repens, 30. H. utriculata. 
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Genus Hierochloë: micromorphological characters 

As regards quantitative traits, descriptive statistics showed that all variables overlap 

among species (not shown). The character stomata size (StS) was not included in the 

analyses to avoid increasing the number of missing data. The LDA plot (Fig. 12) 

indicated that only H. juncifolia is not mixed with the rest of the taxa. This species 

presents low values for the two characters included in the test, number of ribs (NRi) 

and long cells length (LlcL). The specimens belonging to the other taxa are overlapped 

and dispersed, making the distinction of species difficult. Only 53.7% of the specimens 

were correctly classified with this test. 

 

Figure 12. Two-dimensional scatterplot of the linear discriminant analysis (LDA) of micromorphological 

quantitative characters of genus Hierochloë, classification functions 2 against 1. 

The Chi-Square test of independence conducted with qualitative micromorphological 

data showed that three traits were not significantly different among taxa (p-value > 

0.05), and thus were deleted from the analyses (furrows depth; stomata position and 

leaf section shape; Appendix 2). The permutational MANOVA using distance matrix 
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test (ADONIS) indicated that most species are very similar (similarity of 80% or higher; 

p-value > 0.80). The NMDS based on the Jaccard index for three axes (stress = 0.07) 

separated the species into six groups: i) H. juncifolia; ii) H. pusilla; iii) H. gunckelii; iv) H. 

altissima, H. redolens, H. utriculata; v) H. alpina, H. pauciflora, H. repens; vi) H. australis, H. 

flexuosa, H. fraseri, H. glabra, H. laxa, H. occidentalis, H. odorata.  

The hierarchical cluster analysis conducted recovered groups that were mostly 

consistent with the taxonomy of the genus. Only four South American Hierochloë 

section Monoecia species (H. altissima, H. gunckelii, H. redolens and H. utriculata) never 

split in the dendrogram. The classification tree (not shown) revealed that the characters 

that better differentiate the species are the presence of ribs and its shape (presence, RS; 

round-flattened, RSD; round, RSR; quadrangular, RSQ; polygonal, RSP; triangular, 

RST), the presence of hooks and its density (low density, HoF; intermediate density, 

HoN; high density, HoM), and the relative size of the central and the marginal vascular 

bundles (MN). This test did not separate all the taxa but created groups that matched 

the ones created in previous analyses. 

The PCoA, MCA (not shown) and NMDS analyses performed using Gower’s similarity 

coefficient (combined data) for three axes (stress = 0.09; Fig. 13) offered similar results 

and revealed the same groupings as in the micromorphological qualitative tests. The 

hierarchical cluster analysis (not shown) was also consistent, and nine out of the 16 

Hierochloë species were correctly classified (formed monospecific clusters), while the 

other 7 were split in several groups (similarity index = 93%). The species classified in 

the same groups and thus presenting the same traits are: i) part of H. alpina and H. 

pauciflora; ii) H. altissima, H. redolens and H. utriculata; iii) H. australis, H. flexuosa, H. 

fraseri and H. odorata. The classification tree (Fig. 14) produced results compatible with 

the previous tests and revealed that the most differentiating micromorphological traits 

were the same as in the analyses based on qualitative data, plus the number of ribs 

(NRi). 
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Figure 13. Plot of the non-metric multidimensional scaling (NMDS) analysis of the combined 

macromorphological quantitative and qualitative data of genus Hierochloë. Data combination was 

conducted using the Gower’s similarity coefficient. 
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Figure 14. Classification tree of the combined macromorphological quantitative and qualitative data of 

genus Hierochloë. 
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Phylogenetic reconstruction 

The independent analyses of the nrDNA markers produced congruent topologies and 

the ITS and ETS regions were combined. Tree comparison indicated that the 

combination of the complete plastid and nuclear data was untenable due to topological 

conflict (Pirie et al., 2009). The aligned nuclear and plastid matrices included 1508 (ETS: 

1-828; ITS: 829-1508) and 2034 (trnL-F: 1-1176; trnT-L: 1177-2034) base pairs, 

respectively. The number of parsimony-informative characters was 601 for the nuclear 

matrix (39.8%) and 289 for the plastid database (14.2%). The maximum parsimony and 

bayesian tests offered equal topologies. Only bayesian results will be shown since the 

recovered support values were higher. As regards the different bayesian tests 

conducted, topologies built with MrBayes and BEAST were consistent, and only the 

latter are included in this paper.  

All topologies (e.g. Figs. 15, 16) recover the outgroups arranged in the expected order 

according to Soreng et al. (2017). In all cases, the Anthoxanthinae is rendered 

monophyletic with high support in the analyses [1.00 Posterior Probability Support, 

PPS, in the plastid (Fig. 14) and nuclear (Fig. 16) topologies]. Support values are 

generally high in the upper levels of the tree, whereas support in more shallow nodes 

is highly variable. The topological structure of the Anthoxanthinae is different in the 

plastid (Fig. 15) and nuclear analyses (Fig. 16), but in all cases the four main groups 

(sections Anthoxanthum, Ataxia, Hierochloë and Monoecia) are recovered as roughly 

monophyletic. Anthoxanthum section Anthoxanthum and genus Hierochloë receive strong 

support in the trees; PPS 1.00 and 0.99 in the plastid and nuclear tests, respectively. As 

regards section Ataxia, its support is also high (0.97 and 1.00 in the plastid and nuclear 

trees), but its topological position differs between the analyses. In the plastid analysis 

(Fig. 15), section Ataxia (including Anthoxanthum mexicanum) is sister to all section 

Anthoxanthum but A. gracile, which is sister to a clade including sections Anthoxanthum 

+ Ataxia. The nuclear topology recovers an uncertain position for section Ataxia (PPS 

0.26). The analysis of the pruned posterior trees from the nuclear BEAST test conducted 

with DensiTree reveals the existence of three clearly dominant topologies in the 
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posterior (Fig. 17). These three topologies follow three different patterns based on the 

position of Ataxia: (i) as sister to section Anthoxanthum (Fig. 17A), (ii) as sister to 

Hierochloë (Fig. 17B) and (iii) as sister to section Anthoxanthum + Hierochloë (Fig. 17C). 

The composition of the three main groups in the nuclear and plastid topologies is very 

constant, and few specimens differ between the topologies. Hierochloë australis and H. 

quebrada are clearly supported in the plastid tree as sister to a clade including sections 

Anthoxanthum + Ataxia, and nested within Hierochloë (section Monoecia), respectively, 

(Fig. 15). Conversely, their position is not clear in the nuclear analysis (Fig. 16). 

Anthoxanthum mexicanum is always sister to section Anthoxanthum clade (but A. gracile 

in the plastid phylogeny). In the plastid topology, A. mexicanum is nested with all other 

Ataxia samples. 

The ages recovered are roughly consistent with what was observed in previous studies 

(Pimentel et al., 2013), though generally older. The crown and stem nodes of the 

Anthoxanthinae were dated back to the Oligocene in the plastid [24.4 Mya (High 

Posterior Density, HPD, 18.3–30.7 Mya) and 29.9 Mya (HPD, 23.6–36.2 Mya)] and the 

nuclear [24.4 Mya (HPD, 17.8–31.7 Mya) and 30 Mya (HPD, 22.6–37.0 Mya)] analyses. 

Crown and stem ages of the main groups in the phylogeny (Anthoxanthum sections 

Anthoxanthum and Ataxia and genus Hierochloë) are largely consistent, regardless of 

whether the phylogenetic position of these lineages is constant or conflicting (section 

Ataxia). Section Anthoxanthum dates back (crown age) to the Late Oligocene to Mid-

Miocene and to the Early to Mid-Miocene in the plastid and nuclear phylogenies, 

respectively [17.7 Mya (HPD, 12.7–23.7 Mya) and 15.3 Mya (HPD, 10.3–20.9 Mya)], 

whereas genus Hierochloë is recovered as slightly older [crown age, plastid data, 24 

Mya (HPD, 13.9–27.8 Mya) and nuclear data 15.27 Mya (HPD, 8.6–22.13 Mya)]. As 

regards section Ataxia, its crown age dates back to the Mid- to Late Miocene [plastid 

data: 12.2 Mya (HPD, 7.5–17.5); nuclear data: 9.7 Mya (HPD, 5.2–15 Mya)]. The three 

main groups included in the phylogeny display a rather different behaviour as regards 

resolution and branch support. Nodes within Hierochloë received very low support 

regardless of the analysis conducted, although plastid data offered better results for 
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this genus. The first split within the Hierochloë lineage took place in the Late Oligocene 

[stem age of Hierochloë section Monoecia; crown age of genus Hierochloë: 24 Mya (HPD, 

13.9–27.8 Mya); Fig. 15] to originate the mostly South American section Monoecia. This 

section also exists with high support in the nuclear tree (Figs. 16, 17), although its 

position is uncertain. Diversification within the section, according to the plastid tree, 

happened between the Mid-Miocene (split of H. pusilla; 12.5 Mya; HPD, 5.9–19.3 Mya) 

and the Pliocene (last supported split, corresponding to the divergence of the H. 

redolens complex; 4.3 Mya, HPD, 0.99–8 Mya). The composition of section Monoecia in 

the plastid and nuclear analyses is not exactly the same, reflecting the slight differences 

between the nuclear and plastid matrices and also conflicting positions across the 

analyses. The plastid phylogeny recovers an entirely South American Monoecia 

(including H. quebrada), whereas nuclear data excludes H. quebrada and includes some 

New Zealand specimens belonging to H. fusca and H. redolens (Fig. 16). Most other 

internal nodes in the Hierochloë clade are poorly supported, but clearly significantly 

different groups can be observed. A first group (PPS 0.98) includes the only H. angusta 

sample together with three H. redolens, one from New Zealand and two from New 

Guinea (one from Indonesia and one from Papua-New Guinea). A second lineage (PPS 

1) groups all H. occidentalis accessions. These two clades constitute a moderately 

supported group (PPS 0.83). A third clade with moderate support (PPS 0.92) includes 

H. flexuosa accessions from Nepal together with H. redolens from New Zealand and H. 

rariflora from Australia. A fourth group, considerably larger that the rest but only 

moderately supported (PPS 0.86) comprises three highly supported subclades: (i) a first 

subclade including H. alpina and H. pauciflora (PPS 1.00); (ii) a second subclade 

encompassing H. odorata, H. glabra, H. repens and H. hirta (PPS 0.99) and (iii) a third 

group comprising H. flexuosa and H. laxa from India (PPS 0.97; Fig. 16). Diversification 

of these groups took place between the Late Miocene and the Pleistocene, although the 

low support in many nodes makes the estimate of ages problematic. The age of all 

splits in Hierochloë based on plastid data can be found in Fig. S1 and based on nuclear 

data in Fig. S4. Some of the detected clades can also be observed on the nuclear tree 

despite its general lower support for Hierochloë (Fig. 16; H. rariflora clade, PPS 1.00; H. 
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alpina clade, PPS 0.98; H. occidentalis clade, PPS 1.00, H. flexuosa + H. laxa clade PPS 1.00 

and H. odorata + H. hirta + H. repens + H. wendelboi + H. glabra). 

As stated above, Anthoxanthum section Anthoxanthum constitutes a well supported and 

clearly monophyletic group (PPS 1.00). Notwithstanding the conflicting relationship 

between sections Anthoxanthum and Ataxia in the plastid and nuclear relationships, all 

analyses register a close relationship between section Anthoxanthum and A. mexicanum 

(section Ataxia). The split between these two groups was dated back to the Early 

Miocene [stem age of section Anthoxanthum; 19 Mya (HPD, 13.1–25.7 Mya)]. The 

divergence between section Anthoxanthum and A. mexicanum is not direct in the plastid 

tree, but the date for the split between sections Anthoxanthum and Ataxia [15.3 Mya 

(HPD, 10.6–20.5 Mya)] is consistent with the date recovered from the nuclear data. The 

position of A. gracile is different in the plastid and the nuclear topologies, depending of 

whether it splits later than the divergence of A. mexicanum (nuclear data) or before 

(plastid data, although in this case A. mexicanum is nested within the Ataxia clade). The 

split of A. gracile was dated back to the Mid- to Late Miocene [17.7 Mya (HPD, 15–27 

Mya) and 15.3 Mya (HPD, 10.3–20.9 Mya) according to the plastid and nuclear results, 

respectively]. The relationships recovered within section Anthoxanthum (excluding A. 

gracile) follow what was described in Pimentel et al. (2013) and Tusiime et al. (2017), 

although the dates recovered in this study were generally older (Figs. S2 and S5). 
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Figure 15. Maximum clade credibility tree inferred from Bayesian analysis of plastid DNA sequences 

(trnT-L and trnL-F) constructed with BEAST2 using a Yule prior. Divergence times were inferred using a 

relaxed molecular clock. Dashed lines represent branches with PPS < 0.8. Rhombi indicate the fossil based 

calibration priors imposed to the crown nodes of Pooideae and Stipeae. For each terminal, the species 

name is followed by country of origin (see abbreviations). For clade letters see Discussion. 
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Figure 16. Maximum clade credibility tree inferred from Bayesian analysis of nuclear DNA sequences (ETS 

and ITS) constructed with BEAST2 using a Yule prior. Divergence times were inferred using a relaxed 

molecular clock. Dashed lines represent branches with PPS < 0.8. Rhombi indicate the fossil based 

calibration priors imposed to the crown nodes of Pooideae and Stipeae. For each terminal, the species 

name is followed by country of origin (see abbreviations). For clade letters see Discussion. 
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Figure 17. Maximum clade credibility tree inferred from Bayesian analysis of nuclear DNA sequences (ETS 

and ITS) constructed with BEAST2 and processed with DensiTree to reveal the existence of three dominant 

topologies in the posterior (A, B and C). A. Ataxia as sister to section Anthoxanthum (42%). B. Ataxia as 

sister to Hierochloë (33%). C. Ataxia as sister to section Anthoxanthum + Hierochloë (25%). D. Cloudogram of 

the total set of trees. 
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Plastid and nuclear data recovered a similar internal structure for section Ataxia. In 

both cases there is a clear split between a predominantly African group (also including 

an Asian sample in the plastid topology) and an Asian clade (encompassing A. 

mexicanum samples in the plastid tree). The divergence between these two groups took 

place in the Late Miocene [12.2 Mya (HPD, 7.5–17.5 Mya) and 9.7 Mya (HPD, 5.2–15 

Mya) according to the plastid and nuclear results, respectively]. Diversification within 

these two groups took place between the Late Miocene and the Pleistocene (Figs. 15, 

16). Ages and support for all Ataxia splits (nuclear and plastid) can be found in Figs. S3 

and S6. 

The multispecies coalescent model implemented in *BEAST produced a multilabelled 

species tree (Fig. S7) that is largely consistent with what was observed in the BEAST 

analyses, especially the plastid topology. Support for most nodes in the tree is low, and 

all supported nodes recovered younger ages than the previous phylogenetic tests due 

to the use of a strict clock (Fig. S7). The Anthoxanthinae is again clearly monophyletic, 

as are section Ataxia and genus Hierochloë, whilst section Anthoxanthum is monophyletic 

only when A. gracile is not considered (Fig. S7). All groups supported in the *BEAST 

analysis were consistent with either the plastid or the nuclear topologies, or both. 

Labelled samples occupy their expected positions in the tree, although in all cases 

support is low (Fig. S7). 

 

DISCUSSION 

Our combined analyses reveal an old origin for the subtribe Anthoxanthinae (Late 

Oligocene) and a very active diversification for this group during the Late Miocene-

Pleistocene, consistent with what has been observed for the wider Pooideae (e.g. 

Strömberg, 2005; Pimentel et al., 2017). The ages obtained in these analyses were 

generally older than those recovered in Pimentel et al. (2013), due to the different 

choice of calibration priors (Minaya et al., 2017) and clock model. Morphological 

differentiation among most of the taxa within the tribe is difficult, but the two genera 
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are clearly separated when most Ataxia species are grouped with genus Hierochloë. The 

putatively hybrid origin of all species in section Ataxia but A. mexicanum is supported 

by our results, and more than one transition in spikelet structure is observed 

throughout the evolution of the subtribe. We recover a scenario of multiple instances of 

reticulate evolution within the subtribe, and chromosome numbers are inferred for 

different groups in the Anthoxanthinae. The number of basic chromosome number 

(sensu Cusimano et al., 2012) transitions in the subtribe is uncertain; due to the lack of 

direct chromosome counts in most species, especially in some key taxa in section 

Ataxia.  

Inference of DNA ploidy levels 

Our results provide new information on the nuclear DNA content for numerous taxa of 

the Anthoxanthinae. This subtribe presents a wide range of ploidy levels (Figs. 1, 2), 

from diploids to high polyploids in both Anthoxanthum and Hierochloë (e.g. Weimarck, 

1971; Murray et al., 2005). The karyological studies on the Eurasian species of 

Anthoxanthum (e.g. Jones, 1964; Hedberg, 1990; Felber-Girard et al., 1996), including 

some recent measurements of nuclear DNA content verified with chromosome counts 

(Chumová et al., 2015), allow for the reliable translation of our 2C values to ploidy 

levels (Table 1, Appendix 4). Our results for A. alpinum, A. aristatum, A. ovatum, A. 

maderense, A. odoratum and A. amarum were consistent with Chumová et al. (2015), so 

our samples can be safely assigned to diploids (A. alpinum, A. aristatum, A ovatum, and 

A. maderense), tetraploids (A. odoratum) and 18-ploids (A. amarum). We could not obtain 

data for A. gracile, and intrapopulation variation was observed for A. alpinum (diploids 

and tetraploids in population MP68), which is consistent with Felber (1988). The 

strictly Afro-alpine species A. nivale and A. aethiopicum were not included in the 

analyses but they have been studied elsewhere (Hedberg, 1976; Tusiime et al., 2017). 

Diploids, tetraploids and dodecaploids were detected in the E African mountains (Fig. 

1). The translation of 2C-values for the other Anthoxanthum species (section Ataxia) has 

to be cautiously undertaken. Given the putative hybrid origin for most species in the 

section (all but A. mexicanum; Pimentel et al., 2013; this work); and considering that the 
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parental groups (section Anthoxanthum and genus Hierochloë) have different basic 

chromosome numbers (x = 5 and 7, respectively), inferring the basic chromosome 

number for the section might be problematic. The very few chromosome counts in the 

literature do not fully clarify the problem. Anthoxanthum japonicum has 70 

chromosomes (Tateoka, 1987), which is compatible with both x = 5 and x = 7. 

Anthoxanthum tongo presents 40 chromosomes (Spies & Voges, 1988), which would 

support 5 as the basic chromosome number for the section. It is important to consider 

however that two very distinct clades with an old divergence (7.5–17.5 Mya in the 

plastid data, Fig. 15, and 5.2–14.9 Mya in the nuclear data, Figs. 16, S6) can be found in 

section Ataxia and therefore the basic chromosome number could potentially be 

different. Assuming that 5 is the basic chromosome number for the African clade, A. 

dregeanum, A. hookeri, A. madagascariense and A. tongo correspond to DNA tetraploids 

and A. ecklonii presents diploid and tetraploid populations. Our data regarding A. tongo 

is not consistent with its known chromosome number (Spies & Voges, l.c.), which 

indicates that this South African endemism is octoploid. It could be that A. tongo 

presents different cytotypes, a common feature in many Anthoxanthum species (e.g. 

Chumová, 2015). However, chromosome counts would be necessary to ascertain the 

ploidy level of this taxon. 

Regarding Hierochloë, the DNA content and chromosome numbers of four species 

occurring in New Zealand (Murray et al., 2005) can be used for the interpretation of 

our results. The New Zealand species were identified as tetraploids: H. novae-zelandiae 

(2n = 28; 2C = 12.54 pg), hexaploids: H. equiseta (2n = 42; 2C = 18.10 pg) and 

duodecaploids: H. brunonis, H. fusca and H. redolens (2n = 84; 2C = 27.55–29.97 pg). 

According to this, and considering that 7 is the basic chromosome number for the 

genus, H. australis, H. juncifolia, H. odorata (populations X147 and X148), H. pusilla and 

H. spicata correspond to DNA tetraploids; H. altissima (population A1), H. gunckelii, H. 

odorata (population H112), H. quebrada, H. redolens and H. utriculata are DNA 

hexaploids, and H. altissima (populations A2, A3 and A4) probably corresponds to 

DNA dodecaploid (Fig. 2). Again, these results should be cautiously interpreted. Most 

New Zealand species were not included in our phylogenies, and our nuclear topology 
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(Fig. 16) reveals that H. fusca, is nested within the South American Monoecia clade 

(together with some H. redolens samples from the North Island of New Zealand; Fig. 

16). This result supports our direct translation of nuclear DNA content to ploidy levels 

in this section [discussed in detail in Lema-Suárez et al. (2017a)]. However, the plastid 

phylogeny (Fig. 15) reveals an old split between sections Monoecia and Hierochloë 

(Miocene; 13.9–27.8 Mya). According to Bhutkar et al. (2008), the likelihood of 

chromosome transformations that may disrupt the direct relationship between DNA 

content values and ploidy increases with time. In addition to this, DNA content and 

ploidy are not always directly correlated, although that is the case in closely related 

Anthoxanthinae groups (Chumová et al., 2016). The assignment of ploidy level was 

especially difficult for 4 Hierochloë and 1 section Ataxia species (A. mexicanum, H. glabra, 

H. occidentalis and H. repens) for which no fresh or recent herbarium material was 

available. In these taxa, DNA content values do not correspond exactly with ploidy 

levels (considering x = 5 and x = 7 for Anthoxanthum and Hierochloë, respectively). 

Anthoxanthum mexicanum presents 2C values (18.25 pg) similar to what would 

correspond to an hexaploid. Again, the lack of knowledge of the basic chromosome 

number in Ataxia makes this assignment less reliable. Hierochloë occidentalis presents 

DNA content values (2C = 21.84 pg) that are roughly consistent with its hexaploid 

nature (2x = 42; Smith, 2017). Hierochloë glabra and H. repens (2C = 8.36 pg and 2C = 8.57 

pg) present low DNA content values that would correspond to a diploid plant, but no 

diploid Hierochloë other than H. australis has been detected (e.g. Weimarck, 1971). Our 

H. australis samples seem to correspond to tetraploids, although only diploids have 

been detected to date (Krahulcová, 2003).  

Reticulation in the Anthoxanthinae: phylogenetic, morphological and karyological evidence 

The putatively hybrid nature of Anthoxanthum section Ataxia was recognised by 

Pimentel et al. (2013) based on its conflicting phylogenetic positions and intermediate 

spikelet structure (Schouten & Veldkamp, 1985). Our results using a bigger 

representation of the section support this idea (e.g. Figs. 15, 16, S7), but not all lineages 

display the same behaviour. The ataxiad (sensu Connor, 2012) A. mexicanum is 
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recovered as sister to Anthoxanthum section Anthoxanthum in both topologies and in the 

multilabelled species tree. Considering this position, it can be assumed that 

hybridization took place early in the diversification of the Anthoxanthinae, but after 

the split that originated the A. mexicanum lineage in the Early Miocene, which is 

roughly consistent with Pimentel et al. (2013). It is important to mention, however, that 

A. mexicanum presents paleate and staminate f1 florets (sensu Connor, 2012), which 

would suggest that it shares the hybrid nature of all Ataxia. The transition (or 

transitions) in the haploid chromosome number (sensu Mayrose et al., 2010) from 7 to 5 

is clearly linked to the divergence between genera Hierochloë and Anthoxanthum that 

took place between the Early Miocene (plastid data, Fig. 15) and the Late Oligocene 

(nuclear data, Fig. 16). Our lack of knowledge of the haploid chromosome number in 

section Ataxia (and, more specifically, A. mexicanum) prevents us from being more 

precise. Pohl (1972) indicates that the octoploid central American A. davidsei (2n = 56; x 

= 7) is closely related to A. mexicanum, but that species was not included in our 

analyses. Two clades including most Asian (+ A. mexicanum in the plastid data) and all 

African species, respectively, can be observed in section Ataxia. Assuming x = 7 in A. 

mexicanum would mean that the transition between x = 7 and x = 5 took place at least 

twice in the subfamily [one for section Anthoxanthum and another for the Ataxia species 

with x = 5, such as A. tongo (Spies & Voges, 1988)]. A similar conclusion is drawn if the 

nuclear topology of section Ataxia is considered (Fig. 16). Transitions in basic 

chromosome number are rare in the Pooideae (Pimentel et al., 2017), so two 

independent losses of single chromosomes in one lineage are remarkable. New 

analyses, including direct chromosome counts in Ataxia species (especially A. 

mexicanum and A. davidsei) and detailed cytogenetic studies should be conducted to 

further clarify this issue. The topological position of section Ataxia as sister to genus 

Hierochloë in the nuclear phylogeny (Fig. 16) is weakly supported (PPS 0.26), a clear 

contrast with results from Pimentel et al. (2013), who recovered a well supported 

relationship using fewer samples. The analysis of the posterior file of trees showed that 

three different topologies coexist with similar support (Fig. 18). Deep hybridisation 

events may be obscured by different evolutionary processes (e.g. García et al., 2017), 
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and concerted evolution is especially significant when using ribosomal nuclear DNA 

(Álvarez & Wendel, 2003; Small et al., 2004). Concerted evolution might erode the 

phylogenetic signal that highlights hybridization by eliminating copies inherited by 

one of the parents (Álvarez & Wendel, 2003). This might also explain the apparent 

inconsistency between the topological positions of A. mexicanum and its ataxiad 

spikelet structure. Morphological analyses indicate that, despite the intermediate 

nature of the spikelet structure in section Ataxia, this group is closer to Hierochloë in a 

morphological space (eg. Figs. 4A, 4B, 7, 9, 11). Given that both taxa commonly grow in 

high tropical mountains, convergent evolution might be behind their morphological 

similarity. Two section Anthoxanthum species that also inhabit tropical-alpine 

environments, A. nivale and A. aethiopicum, also cluster with Hierochloë in 

morphological analyses (Figs. 4B, 7, 9, 11). This reinforces the idea that convergent 

evolution is producing morphological similarity among genetically distant groups (e.g. 

Fuller et al., 2014). The putative involvement of section Ataxia species in the origin of at 

least some polyploid groups within A. nivale (Tusiime et al., 2017) might also have a 

role in this observation. 

In his detailed reviews, Connor (2008, 2012) highlights the stability of the spikelet 

structure in Anthoxanthum section Anthoxanthum and genus Hierochloë. In the former, a 

complete loss of floral expression happens in the lower florets (f1, f2 sensu Connor, 

2008), whereas in the latter the lower florets are invariably tristaminate and it is the 

upper floret (f3 sensu Connor, 2012) that shows variability. Uniquely in the genus, 

South American Hierochloë section Monoecia displays a loss of male floral expression in 

the f3 floret; a trait shared by some New Zealand species according to Zotov (1973), 

although Edgar & Connor (2010) and Connor (2012) describe all New Zealand taxa as 

andromonoecious. Our phylogenies (Figs. 15, 16, S7) show two main transitions in 

floral structure throughout the evolution of the tribe: (i) the loss of male floral 

expression in the lower florets between Hierochloë and Anthoxanthum section 

Anthoxanthum (20.7 Mya, split between H. australis and Anthoxanthum in the plastid 

topology, and 24.2 Mya, split between Hierochloë + Ataxia in the nuclear phylogeny, 

respectively); (ii) the loss of male floral expression in the upper floret in the split 
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between Hierochloë section Monoecia [+ H. redolens (pro parte) and H. fusca in the nuclear 

topology and the multilabelled species tree, the latter species not included in plastid 

analyses] and the remaining species of the genus (19.5 Mya in the plastid phylogeny; 

nuclear topology unresolved). Introgressive hybridization originating section Ataxia 

has probably disrupted the genetic control of floral expression in the lower florets, 

generating a new range of spikelet diversity in the section (Schouten and Veldkamp, 

1985; Connor, 2012). The role of hybridisation in generating new floral diversity has 

been detected in different groups of plants (e.g. Stankowski & Streisfeld, 2015). 

Transitions in floral sex expression have occurred repeatedly and frequently in grasses 

(Malcomber & Kellogg, 2006). Even among closely related species, gains and losses of 

unisexuality (and genetically-controlled sterility) are common, and more than 6 

independent transitions have been detected in some genera (e.g. Kinney et al., 2003). 

All studies conducted to date indicate that there is not a single sex-determining 

pathway in the grasses, but they often are lineage-specific (e.g. Zaitchik et al., 2000). In 

addition to this, male and female organs usually are controlled by different pathways, 

and multiple gene groups are involved in sex expression (Malcomber & Kellogg, 2004, 

2006; Reinheimer et al., 2006). Little is known about sex determination in multiple-

flowered taxa in the Pooideae such as the Anthoxanthinae, but anatomical and 

transcriptome studies in this group clearly look promising. 

Other reticulation events were detected in shallower levels of the phylogeny, especially 

in the group with the highest resolution, Anthoxanthum section Anthoxanthum. Our 

topology was entirely consistent with Chumová et al. (2017) and Tusiime et al. (2017) 

when specimens with different positions in the plastid and nuclear topologies were 

removed (Fig. S2, S5). In this paper, the “perennial diploid taxon” referred to in 

Chumová et al. (2017), and characterised using exclusively karyological traits, is 

included in Anthoxanthum ovatum Lag. The evolutionary and taxonomic structure in 

section Anthoxanthum has been thoroughly discussed elsewhere (e.g. Pimentel et al., 

2007; Pimentel et al., 2013; Chumová et al., 2015, 2017). We will just add that our results 

confirm the several origins of the tetraploid Anthoxanthum odoratum L. (Pimentel et al., 

2013) and they also indicate an autopolyploid origin for the high polyploid Iberian 
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Anthoxanthum amarum Brot.  

The lower resolution and number of specimens used prevents us from observing clear 

cases of reticulation in section Ataxia and genus Hierochloë. In Ataxia, only one sample 

(A. hookeri MMR H22, Appendix 1) is recovered in a different supported position in the 

plastid and nuclear topologies (Figs. 15, 16, S3, S6). As regards Hierochloë, only H. 

redolens from New Zealand North Island (H. redolens NZL CHR1) is placed differently 

in both topologies (Figs. 15, 16, S1, S4). This sample shows affinity with South 

American Hierochloë in the nuclear topology and with other Hierochloë from New 

Guinea specimens in the plastid tree.  In the multilabelled species tree has the same 

position that in the nuclear topology, accompanied by H. fusca (Fig. S7). The 

biogeographical affinities of the different groups of Anthoxanthinae are discussed in 

the next section.  

Biogeographic patterns in subtribe Anthoxanthinae 

Biogeographical patterns in the Anthoxanthinae are obscured by low statistical support 

in some parts of the phylogeny and by the differing plastid and nuclear topologies. 

This fact discourage the use of most phylogenetic biogeogeography methods, which 

assume trees that are completely bifurcating, without unsupported nodes or 

polytomies (e.g. Yu et al., 2015). For this reason, we infer biogeographic patterns from 

the direct observation of the obtained trees and we compare our results to published 

data about the origin and the relationships among different Floras of which subtrine 

Anthoxanthinae is part.  

Different processes probably explain the current distribution of the subtribe in the 

northern and southern Hemispheres. Distribution areas (Fig. 3 of the general 

introduction of this thesis) and phylogenetic relationships (Figs. 15, 16) indicate that 

long distance dispersal has been prevalent among the Anthoxanthinae taxa growing in 

the Southern Hemisphere and tropical mountains, whereas other processes are 

responsible for the current distribution of the subtribe in temperate areas. Similar 

patterns have been observed for many other plant groups (e.g. Sanmartín & Ronquist, 
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2004; Merckx et al., 2015). Long distance dispersal is seldom necessary to explain the 

current distribution of species from temperate-cold areas of the Northern Hemisphere 

[e.g. Anthoxanthum section Anthoxanthum (Figs. S2, S5) and genus Hierochloë (Figs. S1, 

S4)]. Contiguous (or overlapping) distribution areas (Appendix 1) generally 

correspond to phylogenetically closely related taxa (e.g. Eurosiberian Hierochloë, Figs. 

S1, S4, and Mediterranean Anthoxanthum section Anthoxanthum, Figs. S2, S5). The 

observed pattern is consistent with post-glacial colonization, which shapes the 

distribution of many boreal plants (e.g. Taberlet et al., 1998) and was already detected 

in Anthoxanthum (Pimentel & Sahuquillo, 2007). Young age and lack of phylogenetic 

and morphological (Figs. 3, 4A, 4B, 7, 9, 11; Pimentel et al., 2007) differentiation (most 

taxa are unresolved or not monophyletic) are compatible with recent dispersal within 

well differentiated geographic units in the Anthoxanthinae (Figs. 15, 16). 

As regards the origin of the three main taxonomic groups analysed, our plastid 

phylogeny (Fig. 15) suggests that Anthoxanthum was formed from Hierochloë-like 

ancestors through the loss of male floral expression in florets f1 and f2 (sensu Connor, 

2012) in the Early Miocene (20.9 Mya, HPD 15–26.9 Mya). The sister relationship 

between Anthoxanthum and H. australis, the only diploid species of the genus (but see 

Appendix 4), together with the high diversity of Anthoxanthum section Anthoxanthum in 

and around the Mediterranean Basin suggests that these ancestors probably grew in 

western Eurosiberia. Hierochloë australis currently grows from Italy, the Balkans and 

Romania to the South northwards to Finland and European Russia (e.g. Tutin, 1980). 

The position of this taxon in the nuclear phylogeny is unsupported. The diversification 

and spread of Anthoxanthum in the Mediterranean Basin has been thoroughly studied 

in the past (e.g. Chumová et al., 2017) but it is important to mention that our results 

confirm the close relationship between western Mediterranean and Macaronesian 

samples (Figs. S2, S5), common to many plant groups (e.g. Díaz-Pérez et al., 2012). The 

diversification of Anthoxanthum from the Late Miocene to the Pleistocene is consistent 

with what has been observed in other grasses (Strömberg, 2005; Hoffmann et al., 2013; 

Minaya et al., 2017). This fast diversification in the family has been attributed to the 

climatic transformations of the Late Miocene onwards (Bruch et al., 2007). 
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Although the position of section Ataxia is unclear especially in the nuclear topology, a 

few general patterns can be observed. Regardless of whether the hypothesis of a hybrid 

origin for Section Ataxia is correct, an event of long distance dispersal to Central or 

northern South America has to be inferred. The source and age of such migration is 

unclear. In the plastid lineage (Figs. 15, S3), A. mexicanum is nested with E Asian Ataxia 

species, which would suggest a connexion between both areas. The high-altitude 

northern Andean flora (A. mexicanum is a tropical-alpine plant; Pohl, 1972) is a mosaic 

of elements with different geographic affinities (e.g. Luebert & Weigend, 2014), but 

connections with Oceania and E Asia are scarce (Luebert & Weigend, 2014). When they 

exist they are older (Paleocene-Eocene; Biffin et al., 2011; Knopf et al., 2012; Sauquet et 

al., 2012) than our estimated age for A. mexicanum. The nuclear topology recovers an 

older A. mexicanum (19 Mya; HPD 13.1–25.7 Mya), sister to the Eurasian + East African 

section Anthoxanthum. Direct connexions between the western Palearctic and the high 

altitude northern Andean Floras have not been discovered yet; however, the Atlantic 

Land Bridge communicated the Palearctic and the Nearctic during the Early Cenozoic 

and (discontinuously) up to the late Miocene (Denk et al., 2010). Nearctic elements are 

especially common in Andean high altitude floras (Luebert & Weigend, 2014); but no 

section Anthoxanthum or Ataxia taxa currently grow in North America (Allred & 

Barworth, 2007). Four Hierochloë species present a partially or totally North American 

distribution (Allred & Barworth, 2007), but they are unrelated to A. mexicanum. New 

studies including cytogenetic and molecular analyses are needed to clarify the 

evolutionary history of this intriguing American species.  

Section Ataxia is better resolved in the nuclear (Fig. S6) than in the plastid phylogeny 

(Fig. S3). In both cases the basic structure is similar, with well separated African (+ 

Asian) and E Asian clades. The split between both groups was dated back to the Late 

Miocene in all analyses. The plastid topology recovers a well supported sister 

relationship between an E Asian Anthoxanthum hookeri Rendle sample (A. hookeri MMR 

H22; Appendix 1) and all African taxa (unsupported in the nuclear analyses). An East 

Asian origin had already been suggested for the African Ataxia (Pimentel et al., 2013). 

The better supported nuclear phylogenetic tree (Fig. S6) shows a close relationship 
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between A. ecklonii (growing from the Eastern Cape in South Africa to Malawi) and A. 

madagascariense (Madagascar endemism). A triple connexion between East Asia, 

Madagascar and South Africa has been discovered for different plant genera (Warren 

et al., 2010). Anthoxanthum ecklonii is not monophyletic in the topologies, which may be 

related to the high variation this taxon presents as regards DNA content (Appendix 4). 

Some A. nivale specimens (section Anthoxanthum) cluster with section Ataxia in the 

plastid data. This particular reticulation event was thoroughly discussed in Tusiime et 

al. (2017). All species in the “Asian” clade of Ataxia but Anthoxanthum horsfieldii 

(Kunth.) Mez. are monophyletic (Fig. S6). Splits within this group of samples are 

relatively old, even if they belong to the same taxon (e.g. split between Chinese and 

Burmese samples of A. hookeri, crown age 4.5 Mya; HPD 1.5–7.4 Mya; nuclear topology, 

Fig S6). A Pliocene origin for eastern Himalayas subnival species such as A. hookeri is 

consistent to what has been observed for other taxa with similar distribution (Luo et 

al., 2016). 

Inferring biogeographic patterns for genus Hierochloë is hampered by the low 

resolution recovered in most clades, especially in the nuclear phylogenetic tree. 

Different monophyletic, highly supported geographic groups can be established in 

both topologies, although the composition is not always identical (Figs. 15, 16, S1, S4): 

the southern American section Monoecia (Figs. S1A, S4A), an East Asian + Australian 

and New Zealand clade (Figs. S1B, S4B), an East Asian group (Figs. S1C, S4C), a large 

Holarctic clade (Figs. S1D, S4D) and a poorly supported (PPS 0.83) North American + 

New Guinea + New Zealand group (Figs. S1E, S4E). The relationships among the 

groups in the nuclear tree are completely unresolved, so the plastid topology will be 

mostly used to discuss their affinities. An old origin is recovered for the Andean 

section Monoecia (stem age Early Miocene, 20.9 Mya; HPD 13.9–27.8; crown age Mid-

Miocene, 12 Mya; HPD 5.9–19.3). This group is typically characterised by its 

monoecious inflorescence, although the inclusion of some New Zealand samples in the 

section in the nuclear phylogeny (Fig. 16, S4) would indicate a (possibly secondary) 

transition to andromonoecism (Edgar & Connor, 2010; Connor, 2012; but see Zotov, 

1973). The first species to diverge within this group is the Fuegian H. pusilla, which is 
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consistent with a generally older origin for southern Andean species as compared to 

central or northern Andean taxa (Doan, 2003; Luebert & Weigend, 2014). Northwards 

colonization of the Andes took place, according to our nuclear data (Fig. S4), between 

the Late Miocene (crown age of the central to northern Andean section Monoecia 

species; 6.4 Mya; HPD 2.9–10.2) and the Pleistocene. Our dating analyses of Monoecia 

species are consistent with current knowledge on the uplift of the Andes system, a 

complex process that displays a remarkable regional heterogeneity (e.g. Blisniuk et al., 

2005; Bayona et al., 2008). Thus, the uplift of the southern Andes was finished by the 

Mid-Miocene (16.5 Mya; Blisniuk et al., 2005), whereas that of the central and northern 

Andes is younger and had different pulses in the Late Miocene and the Pleistocene 

(Luebert & Weigend, 2014). The taxonomy and evolution of section Monoecia is 

thoroughly studied in Lema-Suárez et al. (2017a). 

The split between South American H. redolens (H. redolens ARG H177; Appendix 1) and 

New Zealand H. redolens + H. fusca (nuclear data; Fig. S4) is dated back to the Late 

Pliocene - Early Pleistocene. The plastid tree failed to detect any connection between 

New Zealand and South America. Our nuclear phylogeny indicates that these New 

Zealand accessions probably have an Andean origin, whereas other Hierochloë taxa 

from New Zealand show different affinities based on nuclear (H. equiseta, H. novae-

zelandiae) or plastid (H. redolens; H. redolens NZL CHR3, H. redolens NZL CHR2, not 

represented in our nuclear tree) data, with variable support. Hierochloë fusca and H. 

redolens grow in low to mid-altitude areas near the coast, whereas H. equiseta and H. 

novae-zelandiae are alpine plants (Edgar & Connor, 2010). Different researchers have 

highlighted the “southern connection” between the South American and New Zealand 

Floras (e.g. Darwin, 1859; Sanmartín & Ronquist, 2004). This similarity however, is not 

homogeneous and it is highest in coastal plants, whereas alpine and forest plants 

usually present other, mostly Asian and Palearctic, geographic affinities (Ezcurra et al., 

2008); Hierochloë seems to follow that pattern. Our results also suggest several entries at 

different times for Hierochloë into New Zealand. The South American-related samples 

(H. fusca and H. redolens H. redolens NZL CHR1; Appendix 1) are much younger than 

the other taxa represented in our nuclear phylogeny (Late Pliocene-Pleistocene vs. Late 
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Miocene; Fig. S1D). Interestingly, plastid topologies (Fig. S1E) recover an old (Late 

Miocene) origin for H. redolens as well (H. fusca is not represented in the plastid tree). 

Ezcurra et al. (2008) suggest a recent transoceanic dispersal for many coastal species in 

New Zealand, which again is consistent with our (nuclear) results. Hierochloë (mostly 

H. redolens) currently grows in numerous Subantarctic Islands including Tierra de 

Fuego, Malvinas, Auckland and Campbell Islands (e.g. De Paula, 1975; Johnson & 

Campbell, 1975; Edgar & Connor, 2010). Little can be said about the vectors for 

dispersal, but Zotov (1973) suggested that birds were involved in the dispersal of H. 

fusca.   

The case of H. redolens in New Zealand is particularly interesting, although the low 

support recovered in our nuclear topologies renders it difficult to examine. Only one 

sample was included in both the plastid and the nuclear tests (H. redolens NZL CHR1; 

Appendix 1) and the (supported) affinities recovered were different, with Papuan 

samples in the plastid topology and with section Monoecia accessions in the nuclear tree 

(Fig. S4D). Other New Zealand H. redolens samples (from the South Island and the 

Chatham Islands; Appendix 1) included in the plastid phylogenetic tree clustered with 

Australian (H. rariflora) and East Asian (H. flexuosa) species, but these samples could 

not be used in the nuclear analyses. It is interesting that the crown age of these samples 

(Late Miocene; 6.2 Mya; HPD 0.3–9.5 Mya) is similar to the one obtained for the H. 

equiseta and H. novae-zelandiae clade in the nuclear tree (5.7 Mya; HPD 1.3–9.2), whereas 

H. fusca and H redolens (H. redolens NZL CHR1) have a much more recent divergence. A 

connection between the H. redolens samples (H. redolens NZL CHR3 and H. redolens 

NZL CHR2) and section Monoecia in the nuclear phylogeny would indicate a putative 

event of reticulation for H. redolens in New Zealand, but we could not amplify nuclear 

regions from these accessions. However, this hypothesis would explain some 

observations on H. redolens. A hybrid background could explain the different floral 

structure observed in H. redolens in South America and New Zealand. It could also 

account for the different ages obtained for the plastid and nuclear lineages (if the 

introgression event took place between an old, Asia-related New Zealand lineage and a 

recently arrived South American lineage). Finally, this secondary contact would 
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contribute to explain the high morphological diversity found for H. redolens in the 

tropics and the Southern Hemisphere (Schouten & Veldkamp, 1985; Edgar & Connor, 

2012). Secondary contacts between genetically differentiated lineages in the 

Anthoxanthinae have already been hypothesized for other groups (Tusiime et al., 2017; 

Lema-Suárez et al., 2017a). New molecular analyses including more markers and more 

specimens should be conducted to check the merits of this hypothesis. The hexaploid 

nature of all H. redolens specimens studied do far (e.g. Murray et al., 2005; Appendix 4), 

together with their protogynous, duodichogamous character (Edgar & Connor, 2010) 

makes hybridisation likely. 

The Holarctic clade observed in the plastid and (to a large extent) in the nuclear 

topologies (Figs. S1, S4) includes several morphologically similar, often non 

monophyletic species (especially the widely distributed alpine-boreal H. odorata and H. 

repens). The sister relationship recovered between this clade and an East Asian one 

including H. flexuosa and H. laxa from the temperate Himalayas (N India and 

Afghanistan) is consistent with Kadereit et al. (2008) and Hou et al. (2015). These 

authors observed a direct link between the Himalayas and boreal and alpine areas of 

Eurasia. The split between the clades (plastid data) took place in the Late Miocene (11.8 

Mya; HPD 6.4–17.1 Mya), a time of active diversification in many Himalayan plant 

groups (e.g. Zhang et al., 2014). The two clades described above are sister to a third one 

including H. flexuosa from Nepal, H. redolens from New Zealand (discussed above) and 

the Australian H. rariflora (distributed in Victoria, New South Wales and Tasmania), 

but the low support of the relationship prevents us from drawing clear conclusions. An 

intriguing but poorly supported group (PPS 0.83) encompassing the North American 

endemism H. occidentalis sister to a clade with New Zealand and New Guinea 

accessions of H. redolens and H. angustifolia is also found in the phylogeny, but its 

position is uncertain. 

Taxonomic assessment of the Anthoxanthinae 

The taxonomic status of genera Anthoxanthum and Hierochloë has been thoroughly 

discussed throughout the last decades (e.g. Schouten & Veldkamp, 1985; Connor, 2008, 
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2012), but remains an open question due to the different interpretations of 

morphological variability in the Anthoxanthinae (e.g. Schouten & Veldkamp, 1985). 

Different sources of information must be combined in order to decide the right 

taxonomic arrangement for a group (Stuessy, 2009), although each data type has its 

own drawbacks, which at times become evident in this subtribe. It is also important to 

stress the dynamic nature of taxonomy, since new information needs to be 

incorporated as it is generated in order to have useful natural classification systems 

(Stuessy, 2009). The main element obscuring taxonomic relationships in the 

Anthoxanthinae is reticulation affecting not just different elements within a genus (e.g. 

Weimarck, 1971; Pimentel et al., 2013; Chumová et al., 2017; this work), but also across 

genera (e.g. Pimentel et al., 2013; Tusiime et al., 2017, this work). These introgression 

events, which took place in different lineages and in distant geographic areas, had 

morphological consequences that can still be detected. The intermediate floral structure 

in Ataxia is the most conspicuous case, but our analyses also detect a morphological 

affinity between A. aethiopicum and A. nivale (section Anthoxanthum) samples with a 

double hybrid background (Tusiime et al., 2017) and Hierochloë (Figs. 4B, 7, 9). 

Karyological variability (Appendix 4) is also problematic from a taxonomic perspective 

[especially the existence of different basic chromosome number sensu Mayrose et al. 

(2010) in the subtribe]. The lack of karyological information in section Ataxia hampers 

the analysis of the chromosomic evolution in the Anthoxanthinae. Recent divergence in 

different clades (e.g. Figs. S1–6) and the likely effect of convergent evolution in 

different distantly related groups of taxa (e.g. H. pusilla and H. pauciflora; Fig. 6) further 

complicates making taxonomic decisions in the subtribe. 

Morphological analyses (e.g. Figs. 4A, 4B, 7, 9, 11) reveal clear differences between 

Anthoxanthum section Anthoxanthum and Hierochloë, with all section Ataxia specimens 

clustering with the latter (also some E African section Anthoxanthum specimens, see 

above). Molecular data reveal different placements for section Ataxia (Figs. 15, 16), but 

only the plastid-based sister relationship between sections Ataxia and Anthoxanthum is 

supported, whereas three topologies with similar support are revealed in nuclear tests 

(Figs. 16, 17). Our molecular results are in conflict with our morphological tests, but 
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they are consistent with the observations by Connor (2008, 2012), who conducted a 

much more thorough study on the floral structure of Hierochloë and Anthoxanthum. 

According to Connor (2012), aspects such as the presence of lodicules, the opening of 

the anthoecium and the relative size of the different floral pieces characterise the 

genera. Hierochloë presents a constant andromonoecism broken by the dioecious section 

Monoecia, whereas Anthoxanthum has a more variable floral structure. The difference 

between our morphological analyses and Connor (2012) might be explained by 

decoupling between floral and vegetative traits in plants (Armbruster et al., 1999; 

Ashman & Majetic, 2006). Higher selective pressure in floral organs often leads to a 

lack of covariance between floral and vegetative traits, which are allowed to vary more 

randomly (Ashman & Majetic, 2006). Considering all the above, we support Connor’s 

(2008, 2012) view that the two genera should be kept separate and should be 

characterized using floral structure traits. In our view, occasional hybridization across 

the generic line does not justify their merging. More karyological studies including 

Ataxia specimens are needed to ascertain our conclusion. 

The taxonomy of Anthoxanthum section Anthoxanthum and Hierochloë section Monoecia 

species have been discussed elsewhere (e.g. Pimentel et al., 2007, 2010; Chumová et al., 

2017; Lema-Suárez et al., 2017a, b), and our results concerning those groups are 

completely consistent. As regards species within genus Hierochloë section Hierochloë 

and Anthoxanthum section Ataxia, our results reveal a scenario of incomplete 

morphological differentiation combined with the potential effect of convergent 

evolution. This is in agreement with the findings of different researchers who studied 

particular groups within the sections (Stapf, 1898-1900; Weimarck, 1971; Allred & 

Barkworth, 2007). Figures 5, 6, 8 and 10 show that the complete isolation in the 

morphological space called for by the phenetic species concept (sensu Soltis et al., 2007) 

is not achieved using macromorphological data. Despite this, different groups can be 

observed in some of the plots (Figs. 6, 10). A group including H. pauciflora and H. 

pusilla can be distinguished based on macromorphological quantitative data, as can 

groups including H. alpina, H. glabra and H. occidentalis. The remaining species overlap 

in the morphological space generated. When species of section Ataxia are included 
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(Figs. 4A, 4B, 7, 9, 11) they are completely intermingled with Hierochloë. 

Macromorphological qualitative traits (Fig. 7) offer less resolution than the quantitative 

analyses. Correspondence between our morphological analyses and phylogenetic trees 

is quite high, since the above-mentioned species mentioned above tend to constitute 

well supported clades in the topologies (e.g. Figs. 15, 16), whereas the remaining taxa 

are not generally monophyletic. The morphological affinity between H. pauciflora and 

H. pusilla is probably due to convergent evolution, since they present entirely different 

molecular affinities but inhabit similar environments. Molecular and 

micromorphological results (Figs. 12, 13, 14, 15, 16) clearly support their taxonomical 

status (Weimarck, 1971; De Paula, 1975). Hierochloë, alpina, H. australis, H. glabra and H. 

occidentalis are also supported as species based on macro- and micromorphological 

traits (Figs. 10, 12, 13). As regards the remaining taxa, new analyses, molecular and 

morphological, should be conducted to ascertain their status. However, our results 

indicate that the specific rank is often untenable (H. odorata - hirta complex, H. altissima 

- gunckelii - spicata - utriculata i.e. H. redolens complex sensu Lema-Suárez et al., 2017). 

Micromorphological data (Figs. 11, 12, 13) look promising for Hierochloë (and Ataxia) 

taxonomy (Villalobos & Finot, 2016; Lema-Suárez et al., 2017a), and new analyses 

assessing the influence of environmental data on leaf morphology should be 

conducted. Different studies in the Anthoxanthinae and other groups of grasses 

suggest that that may well be the case (e.g. Pimentel et al., 2010). 

 

CONCLUSIONS 

Cytometry analyses reveal a subtribe with high karyological variability linked to a high 

frequency of reticulation in different lineages. Direct inference of ploidy levels from 

DNA content values is feasible in some groups where a lot of karyological information 

is available. Direct chromosome counts are needed especially in groups that are less 

well understood and with an ambiguous haploid base number, such as Anthoxanthum 

section Ataxia. 
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Reticulation and hybridization are common in subtribe Anthoxanthinae, both within 

and between genera. New examples are presented in this work and the morphological 

consequences of some reticulation events are discussed. Reticulation event obscures 

the taxonomic signal in both morphological and molecular data. 

Long distance migration is dominant in tropical areas and the southern Hemisphere, 

whereas migration among adjacent region seems to be prevalent in the northern 

Hemisphere. 

Different clades in the phylogeny of the Anthoxanthinae have origins that are 

consistent with the uplifting of different mountain areas, particularly the Himalayas 

and the Andes. Hierochloë seems to follow the common pattern of New Zealand plants, 

whereby coastal species often have younger origins linked to long distance dispersal 

from South America, whereas alpine plants usually have older northern Hemisphere 

affinities. New analyses are needed to ascertain this last hypothesis. 

Our results support keeping Anthoxanthum and Hierochloë as different entities, 

although numerical taxonomy tests indicate a closer morphological similarity between 

Anthoxanthum section Ataxia and Hierochloë. Few Hierochloë species as currently defined 

are consistent with the phenetic species concept.  

Low resolution in our phylogenetic trees is a major hindrance to analyse the evolution 

and biogeography of this group, and it has prevented us from applying statistical 

biogeography methods. New molecular markers should be used in order to build on 

this study. 
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Figure S1. Maximum clade credibility tree inferred from Bayesian analysis of plastid (trnT-L and trnL-F) 

DNA sequences constructed with BEAST enhancing genus Hierochloë. Dashed lines represent branches 

with PPS < 0.8. Node ages are represented on the right of the branches. Colours represent the three groups 

in the subtribe: green, Anthoxanthum; red, Ataxia; blue, Hierochloë. For clade letters see discussion. 
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Figure S2. Maximum clade credibility tree inferred from Bayesian analysis of plastid (trnT-L and trnL-F) 

DNA sequences constructed with BEAST enhancing genus Anthoxanthum. Dashed lines represent branches 

with PPS < 0.8. Node ages are represented on the right of the branches. Colours represent the three groups 

in the subtribe: green, Anthoxanthum; red, Ataxia; blue, Hierochloë. 
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Figure S3. Maximum clade credibility tree inferred from Bayesian analysis of plastid (trnT-L and trnL-F) 

DNA sequences constructed with BEAST enhancing section Ataxia. Dashed lines represent branches with 

PPS < 0.8. Node ages are represented on the right of the branches. Colours represent the three groups in 

the subtribe: green, Anthoxanthum; red, Ataxia; blue, Hierochloë. 
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Figure S4. Maximum clade credibility tree inferred from Bayesian analysis of nuclear (ETS and ITS) DNA 

sequences constructed with BEAST enhancing genus Hierochloë. Dashed lines represent branches with PPS 

< 0.8. Node ages are represented on the right of the branches. Colours represent the three groups in the 

subtribe: green, Anthoxanthum; red, Ataxia; blue, Hierochloë. For clade letters see discussion. 
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Figure S5. Maximum clade credibility tree inferred from Bayesian analysis of nuclear (ETS and ITS) DNA 

sequences constructed with BEAST enhancing genus Anthoxanthum. Dashed lines represent branches with 

PPS < 0.8. Node ages are represented on the right of the branches. Colours represent the three groups in 

the subtribe: green, Anthoxanthum; red, Ataxia; blue, Hierochloë. 
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Figure S6. Maximum clade credibility tree inferred from Bayesian analysis of nuclear (ETS and ITS) DNA 

sequences constructed with BEAST enhancing section Ataxia. Dashed lines represent branches with PPS < 

0.8. Node ages are represented on the right of the branches. Colours represent the three groups in the 

subtribe: green, Anthoxanthum; red, Ataxia; blue, Hierochloë. 
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Figure S7. Maximum clade credibility tree inferred from Bayesian analysis of nuclear (ETS and ITS) and 

plastid (trnT-L and trnL-F) DNA sequences constructed with *BEAST. Dashed lines represent branches 

with PPS < 0.8. Node ages are represented on the right of the branches. The symbol // denotes branches 

that were shortened to simplify presentation. 
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Appendix 2. Morphological characters used in this study. Micromorphological characters were selected 
and described according to Devesa (1992). Characters in grey were excluded from final analyses (see 
Discussion). 

Macromorphological characters. Quantitative: 1. Plant height (mm) (PH). 2. Leaf length (mm) (LL) 
measured in the second leaf from the base of the plant. 3. Leaf width (mm) (LW) measured in the second 
leaf from the base of the plant. 4. Inflorescence length (mm) (IL). 5. Inflorescence width at 1/3 of its 
length (mm) (IW1). 6. Inflorescence width at 2/3 of its length (mm) (IW2). 7. Spike lower branch length 
(mm) (SLBL). 8. Spike lower branch angle (º) (SLBA). The next three characters were measured in the 
second spikelet from the base of the inflorescence. 9. Spikelet length (mm) (SL). 10. Flower length (mm) 
(FL). 11. Lower glume length (mm) (LGL). 12. Upper glume length (mm) (UGL). 13. Lower male floret 
awn length (mm) (LGAL). 14. Upper male floret awn length (mm) (UGAL). Qualitative. Binary: 15. Life 
cycle (CL): perennial (0), annual (1). 16. Convolute leaves (CL): planar (0), convolute (1). 17. Notched 
leaves (NL): pointed (0), notched (1). 18. Lower glume pubescence (LGP): absence (0), presence (1). 19. 
Upper glume pubescence (UGP): absence (0), presence (1). 20. Apical floret pubescence (FFP): absence 
(0), presence (1). 21. Awn in male florets (AW): absence (0), presence (1). 22. Lower floret (LF): empty (0), 
male (1). 23. Intermediate floret (MF): empty (0), male (1). Multi-estate: 24-I. Lower male floret awn 
inserted in the lower part (LGAI): yes (1), no (0). 24-II. Lower male floret awn inserted in the middle 
part (LGAM): yes (1), no (0). 24-III. Lower male floret awn inserted in the upper part (LGAS): yes (1), no 
(0). 25-I. Upper male floret awn inserted in the lower part (UGAI): yes (1), no (0). 25-II. Upper male floret 
awn inserted in the middle part (UGAM): yes (1), no (0). 25-III. Upper male floret awn inserted in the 
upper part (UGAS): yes (1), no (0). 26-I. Apical floret empty (FE): yes (1), no (0). 26-II. Apical floret 
hermaphrodite (FH): yes (1), no (0). 26-III. Apical floret female (FF): yes (1), no (0). 26-IV. Apical floret 
with staminodes (FFE): yes (1), no (0). 

Micromorphological characters. Quantitative: 1. Long cells length (µm) (LlcL). 2. Stomata size (µm) 
(StS). 3. Number of ribs (NRi). Qualitative. Binary: 4. Short cells (ShP): absence (0), presence (1). 5. Short 
cells type (ShT): siliceous S (0), suberous Z (1). 6. Companion cells type (CoC): round S5 (0), ax S2 (1). 7. 
Cilia (C): absence (0), presence (1). 8. Median vascular bundle sheath type (MVBT): single (0), complete 
(1). 9. Median nerve (MN): similar to the other nerves (0), bigger (1). 10. Furrows depth (FD): <3/4 of the 
total width (0), >3/4 of the total width (1). Multi-estate: 11-I. Long cell walls flat (I2): no (0), yes (1). 11-II. 
Long cell walls intermediate between I2 and I3 (I2/3): no (0), yes (1). 11–III. Long cell walls smooth 
(I3N): no (0), yes (1). 11–IV. Long cell walls moderately undulating (I3P): no (0), yes (1). 11–V. Long cell 
walls deeply undulating (I3R): yes (1), no (0). 12–I. Bulliform cells (CB): absence (0), presence (1). 12–II: 
Bulliform cells very abundant (CBM): no (0), yes (1). 13–I. Low density of hooks (HoF): absence (0), 
presence (1). 13–II. Intermediate density of hooks (HoN): absence (0), presence (1). 13–III. High density 
of hooks (HoM): absence (0), presence (1). 14–I. Stomata in adaxial surface (StAd): absence (0), presence 
(1). 14–II. Stomata in abaxial surface (StAb): absence (0), presence (1). 14–III. Stomata in both surfaces 
(StBo): absence (0), presence (1). 15–I. Subepidermal sclerenchyma discontinuous (SScD): no (0), yes (1). 
15–II. Subepidermal sclerenchyma continuous (SScC): no (0), yes (1). 15–III. Subepidermal 
sclerenchyma continuous and abundant (SScCA): no (0), yes (1). 16–I. Vascular bundles without 
sclerenchyma associated (PBS): no (0), yes (1). 16–II. Vascular bundles with sclerenchyma associated in 
the abaxial surface (PBAb): no (0), yes (1). 16–III. Vascular bundles with sclerenchyma associated only 
in the margin of the leave (PBEx): no (0), yes (1). 17–I. Ribs shape (RS): presence of ribs (0), absence of ribs 
(1). 17–II. Ribs round-flattened (RSD): no (0), yes (1). 17–III. Ribs round (RSR): no (0), yes (1). 17–IV. Ribs 
quadrangular (RSQ): no (0), yes (1). 17–V. Ribs polygonal (RSP): no (0), yes (1). 17–VI. Ribs triangular 
(RST): no (0), yes (1). 18–I. Leaf section planar (LSP): no (0), yes (1). 18–II. Leaf section open (LSO): no (0), 
yes (1). 18–III. Leaf section closed (LSC): no (0), yes (1). 
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Appendix 3. Mean value, standard deviation (SD) and number of specimens (N) for each quantitative 
morphological character used in this study. For character codes see Appendix 2. 

Character Species Mean                      SD N 

PH 

A. aethiopicum 333.27 101.36 11 
A. alpinum 351.47 123.86 55 
A. amarum  829.88 228.93 76 
A. aristatum  171.55 77.22 105 
A. ecklonii  342.50 28.99 2 
A. gracile  257.63 46.77 30 
A. hookeri  762.00 214.27 4 
A. horsfieldii  384.00 42.43 2 
A. japonicum  421.00 28.28 2 
A. maderense  306.67 64.64 30 
A. mexicanum  808.00 303.02 6 
A. nivale  520.80 209.05 5 
A. odoratum  431.22 151.51 130 
A. ovatum  290.45 141.21 298 
H. alpina  247.69 65.51 16 
H. altissima  1419.44 332.11 16 
H. australis  416.29 151.27 7 
H. flexuosa  345.33 64.75 3 
H. fraseri  287.00 18.57 4 
H. glabra  311.00 68.28 8 
H. gunckelii  1245.00 216.85 4 
H. juncifolia  545.00 89.86 6 
H. laxa  511.57 135.08 7 
H. occidentalis  707.55 166.87 11 
H. odorata   336.75 94.59 4 
H. pauciflora  145.00 63.62 11 
H. pusilla  55.77 10.19 22 
H. redolens  747.90 289.73 21 
H. repens  582.50 80.61 4 
H. utriculata  1364.60 361.19 5 
Total 397.04 293.46 905 

LL 

A. aethiopicum 73.09 32.75 11 
A. alpinum 28.66 11.00 55 
A. amarum  154.84 37.87 76 
A. aristatum  34.01 18.06 105 
A. ecklonii  59.00 4.24 2 
A. gracile  61.60 16.45 30 
A. hookeri  165.25 53.15 4 
A. horsfieldii  94.50 34.65 2 
A. japonicum  128.00 28.28 2 
A. maderense  58.57 16.11 30 
A. mexicanum  139.50 32.12 6 
A. nivale  117.00 42.02 5 
A. odoratum  54.80 20.52 130 
A. ovatum  51.18 25.66 298 
H. alpina  50.75 24.18 16 
H. altissima  454.00 152.57 16 
H. australis  106.86 53.00 7 
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H. flexuosa  92.33 19.50 3 
H. fraseri  94.25 35.08 4 
H. glabra  31.25 11.51 8 
H. gunckelii  355.50 77.53 4 
H. juncifolia  244.00 82.70 6 
H. laxa  84.07 22.96 7 
H. occidentalis  252.91 61.39 11 
H. odorata   28.50 19.07 4 
H. pauciflora  24.55 19.77 11 
H. pusilla  10.84 3.75 22 
H. redolens  340.05 145.69 21 
H. repens  32.50 12.71 4 
H. utriculata  444.20 112.17 5 
Total 80.05 93.62 905 

LW 

A. aethiopicum 3.68 1.06 11 
A. alpinum 2.68 0.76 55 
A. amarum  13.27 4.17 76 
A. aristatum  2.60 1.05 105 
A. ecklonii  4.00 0.00 2 
A. gracile  4.19 0.79 30 
A. hookeri  4.50 0.58 4 
A. horsfieldii  3.50 0.71 2 
A. japonicum  6.00 0.00 2 
A. maderense  5.70 1.15 30 
A. mexicanum  6.00 2.83 6 
A. nivale  5.40 1.14 5 
A. odoratum  2.91 1.09 130 
A. ovatum  3.25 1.35 298 
H. alpina  2.50 0.48 16 
H. altissima  9.47 1.59 16 
H. australis  4.43 1.40 7 
H. flexuosa  6.67 2.52 3 
H. fraseri  4.00 1.15 4 
H. glabra  3.13 1.13 8 
H. gunckelii  7.50 2.52 4 
H. juncifolia  3.67 1.51 6 
H. laxa  8.71 1.60 7 
H. occidentalis  9.09 1.92 11 
H. odorata   4.50 2.38 4 
H. pauciflora  1.59 0.44 11 
H. pusilla  2.35 0.47 22 
H. redolens  6.93 2.41 21 
H. repens  4.25 1.19 4 
H. utriculata  8.80 0.45 5 
Total 4.43 3.51 905 

IL 

A. aethiopicum 53.09 19.15 11 
A. alpinum 30.60 5.66 55 
A. amarum  83.28 16.41 76 
A. aristatum  23.95 6.98 105 
A. ecklonii  46.50 13.44 2 
A. gracile  32.00 5.96 30 
A. hookeri  68.00 10.89 4 



Irene Lema Suárez 

                                                         Taxonomy and evolution of Anthoxanthum L. and Hierochloë R.Br. 135 

A. horsfieldii  65.00 4.24 2 
A. japonicum  78.50 19.09 2 
A. maderense  36.23 6.43 30 
A. mexicanum  108.50 37.02 6 
A. nivale  84.20 14.65 5 
A. odoratum  42.29 9.91 130 
A. ovatum  28.93 7.83 298 
H. alpina  30.78 5.61 16 
H. altissima  213.31 30.47 16 
H. australis  47.14 12.99 7 
H. flexuosa  64.67 17.62 3 
H. fraseri  74.00 11.05 4 
H. glabra  56.00 12.26 8 
H. gunckelii  210.50 43.59 4 
H. juncifolia  84.83 19.43 6 
H. laxa  97.00 25.72 7 
H. occidentalis  109.00 22.41 11 
H. odorata   71.75 21.72 4 
H. pauciflora  20.55 5.99 11 
H. pusilla  12.86 2.80 22 
H. redolens  134.62 56.76 21 
H. repens  90.75 22.62 4 
H. utriculata  181.20 58.17 5 
Total 46.73 39.70 905 

SLBL 

A. aethiopicum 22.55 8.65 11 
A. alpinum 11.04 2.64 55 
A. amarum  22.83 4.46 76 
A. aristatum  8.76 1.86 105 
A. ecklonii  17.50 0.71 2 
A. gracile  13.43 1.99 30 
A. hookeri  21.75 4.99 4 
A. horsfieldii  26.50 2.12 2 
A. japonicum  30.00 4.24 2 
A. maderense  12.60 2.36 30 
A. mexicanum  45.17 18.39 6 
A. nivale  24.60 6.47 5 
A. odoratum  12.65 3.02 130 
A. ovatum  9.63 1.97 298 
H. alpina  17.38 4.08 16 
H. altissima  57.63 21.12 16 
H. australis  24.86 5.27 7 
H. flexuosa  42.67 3.51 3 
H. fraseri  42.50 8.10 4 
H. glabra  23.63 4.00 8 
H. gunckelii  75.25 27.29 4 
H. juncifolia  21.00 6.66 6 
H. laxa  51.00 19.35 7 
H. occidentalis  47.09 13.56 11 
H. odorata   30.25 12.74 4 
H. pauciflora  9.82 3.52 11 
H. pusilla  6.41 1.51 22 
H. redolens  58.76 21.73 21 
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H. repens  43.25 5.74 4 
H. utriculata  36.80 11.76 5 
Total 16.08 14.01 905 

SL 

A. aethiopicum 14.23 12.26 11 
A. alpinum 35.32 3.52 55 
A. amarum  46.87 4.88 76 
A. aristatum  25.00 3.91 105 
A. ecklonii  9.00 2.83 2 
A. gracile  72.17 2.79 30 
A. hookeri  8.50 1.68 4 
A. horsfieldii  9.25 0.35 2 
A. japonicum  6.50 0.71 2 
A. maderense  30.60 1.45 30 
A. mexicanum  7.33 0.88 6 
A. nivale  27.50 18.05 5 
A. odoratum  30.01 3.16 130 
A. ovatum  22.34 4.21 298 
H. alpina  8.34 1.00 16 
H. altissima  7.66 0.94 16 
H. australis  4.50 0.58 7 
H. flexuosa  8.17 0.76 3 
H. fraseri  7.00 0.41 4 
H. glabra  3.25 0.53 8 
H. gunckelii  6.13 0.48 4 
H. juncifolia  12.27 6.28 6 
H. laxa  7.21 1.35 7 
H. occidentalis  5.09 0.44 11 
H. odorata   4.88 0.48 4 
H. pauciflora  4.32 0.84 11 
H. pusilla  4.16 0.32 22 
H. redolens  8.50 1.46 21 
H. repens  5.00 0.58 4 
H. utriculata  5.90 1.02 5 
Total 25.58 14.38 905 

FL 

A. aethiopicum 6.04 2.00 11 
A. alpinum 3.53 0.35 55 
A. amarum  4.69 0.49 76 
A. aristatum  2.50 0.39 105 
A. ecklonii  9.00 2.83 2 
A. gracile  7.22 0.28 30 
A. hookeri  8.50 1.68 4 
A. horsfieldii  8.75 0.35 2 
A. japonicum  6.25 0.35 2 
A. maderense  3.06 0.15 30 
A. mexicanum  7.17 0.82 6 
A. nivale  5.54 2.03 5 
A. odoratum  3.00 0.32 130 
A. ovatum  2.23 0.42 298 
H. alpina  7.88 1.12 16 
H. altissima  7.22 0.80 16 
H. australis  4.36 0.56 7 
H. flexuosa  7.17 1.26 3 
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H. fraseri  6.50 0.41 4 
H. glabra  3.00 0.46 8 
H. gunckelii  5.88 0.63 4 
H. juncifolia  4.83 1.21 6 
H. laxa  6.71 1.19 7 
H. occidentalis  4.50 0.74 11 
H. odorata   4.50 0.71 4 
H. pauciflora  4.23 0.90 11 
H. pusilla  3.89 0.26 22 
H. redolens  8.05 1.35 21 
H. repens  4.38 0.48 4 
H. utriculata  5.60 1.39 5 
Total 3.59 1.83 905 

GL 

A. aethiopicum 5.37 0.74 11 

A. alpinum 3.60 0.40 55 

A. amarum  5.79 0.67 76 

A. aristatum  3.58 0.53 105 

A. ecklonii  4.75 0.35 2 

A. gracile  5.51 0.44 30 

A. hookeri  3.63 0.95 4 

A. horsfieldii  5.75 0.35 2 

A. japonicum  3.50 0.00 2 

A. maderense  4.94 0.36 30 

A. mexicanum  4.83 0.41 6 

A. nivale  4.84 0.26 5 

A. odoratum  4.14 0.47 130 

A. ovatum  3.88 0.48 298 

H. alpina  5.25 0.68 16 

H. altissima  5.88 0.72 16 

H. australis  3.93 0.45 7 

H. flexuosa  6.00 1.00 3 

H. fraseri  4.25 0.50 4 

H. glabra  2.81 0.70 8 

H. gunckelii  4.50 0.41 4 

H. juncifolia  5.53 1.03 6 

H. laxa  5.36 1.25 7 

H. occidentalis  4.09 0.58 11 

H. odorata   4.13 0.25 4 

H. pauciflora  3.14 0.32 11 

H. pusilla  3.59 0.37 22 

H. redolens  6.74 1.75 21 

H. repens  3.88 0.85 4 

H. utriculata  5.30 1.40 5 

Total 4.30 1.02 905 

StS 

A. aethiopicum 46.00 4.18 5 
A. ecklonii  45.00 0.00 2 
A. hookeri  45.00 0.00 2 
A. horsfieldii  40.00 - 1 
A. japonicum  52.50 3.54 2 
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A. mexicanum  60.00 - 1 
A. nivale  42.50 3.54 2 
H. alpina  58.00 9.08 5 
H. altissima  44.30 2.16 10 
H. australis  35.75 1.50 4 
H. flexuosa  52.50 3.54 2 
H. fraseri  43.75 2.50 4 
H. glabra  42.50 2.74 6 
H. laxa  50.00 0.00 4 
H. occidentalis  35.00 7.07 2 
H. odorata   50.00 - 1 
H. pauciflora  31.67 7.91 9 
H. redolens  41.90 11.99 10 
H. repens  35.00 7.07 2 
Total 43.31 9.20 74 

LlcL 

A. aethiopicum 348.60 119.82 5 
A. ecklonii  451.00 5.66 2 
A. hookeri  516.50 57.28 2 
A. horsfieldii  405.00 - 1 
A. japonicum  366.00 39.60 2 
A. mexicanum  458.00 - 1 
A. nivale  240.50 43.13 2 
H. alpina  431.80 159.55 5 
H. altissima  269.00 37.43 10 
H. australis  429.00 115.22 4 
H. flexuosa  464.50 273.65 2 
H. fraseri  442.00 88.88 4 
H. glabra  288.50 48.38 6 
H. laxa  387.50 91.53 4 
H. occidentalis  346.50 61.52 2 
H. odorata   279.00 - 1 
H. pauciflora  301.67 74.05 9 
H. redolens  231.00 47.94 10 
H. repens  153.50 0.71 2 
Total 332.45 115.38 74 

NRi 

A. aethiopicum 12.20 2.28 5 
A. ecklonii  15.00 2.83 2 
A. hookeri  23.00 4.24 2 
A. horsfieldii  19.00 - 1 
A. japonicum  28.00 9.90 2 
A. mexicanum  14.00 - 1 
A. nivale  31.00 18.38 2 
H. alpina  8.20 2.28 5 
H. altissima  41.60 4.74 10 
H. australis  16.50 4.73 4 
H. flexuosa  20.00 7.07 2 
H. fraseri  14.00 2.16 4 
H. glabra  24.33 2.80 6 
H. laxa  32.00 11.63 4 
H. occidentalis  37.50 3.54 2 
H. odorata   21.00 - 1 
H. pauciflora  5.89 2.03 9 
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H. redolens  25.70 4.57 10 
H. repens  27.00 0.00 2 
Total 22.18 12.28 74 
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ABSTRACT 

An integrative approach combining morphological, molecular and cytological 

information was used to assess the taxonomy and biogeography of Hierochloë section 

Monoecia. More specifically, we aimed to evaluate (i) if the morphological and 

molecular data are in concert with the current taxonomy of the group, and, (ii) if 

speciation in this exclusively South American group could be linked to the formation 

of the Andes. Our analysis of 33 macro- and micromorphological characters, four 

plastid and nuclear DNA regions and nuclear DNA content suggests that the 

taxonomic status of several of the species in the section is not justified based on either 

the phylogenetic (apomorphic) or the phenetic species concepts. We propose that only 

four out of the eight species in the section (Hierochloë pusilla, H. juncifolia, H. quebrada 

and H. redolens) should be recognised, whereas the remaining taxa (H. altissima, H. 

gunckelii, H. spicata and H. utriculata) should be reduced to varieties of the widespread 

H. redolens. In addition to this, we recover a biogeographic scenario for section 

Monoecia including genetic exchange between the southern and the central Andes, 

recent and incomplete diversification in the southern Andes, and longer isolation 

history for those species in the section with restricted ecological and/or geographical 

ranges. 

Keywords: biogeography – nuclear DNA content – molecular phylogenetic analysis – 

morphometric analysis – South America – taxonomy. 
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INTRODUCTION 

All South American species of Hierochloë present monoecious spikelets, which are 

unique in the genus. This trait has led different authors to recognise their close 

relationships (Parodi, 1941; De Paula, 1975; Connor & Renvoize, 2009) and to propose 

their inclusion in section Monoecia Connor (Connor, 2012). Here, we use micro- and 

macromorphological, molecular and karyological data in order to clarify the taxonomy 

within the section, as well as to discuss the biogeography and evolution of Hierochloë in 

the southern New World. 

Floral structure is key to the taxonomy of the closely related genera Hierochloë and 

Anthoxanthum (e.g. Connor, 2012; Pimentel et al., 2013), the two only components of 

subtribe Anthoxanthinae (Poaceae). They present laterally compressed spikelets 

bearing three florets, the two lower being male or neuter in Anthoxanthum and 

invariably tristaminate in Hierochloë; whereas the apical floret is usually bisexual, 

bistaminate and protogynous in both genera. Schouten & Veldkamp (1985) proposed 

merging the two genera based on the existence of intermediate forms, the putatively 

hybrid Anthoxanthum section Ataxia (Pimentel et al., 2013). However, Connor (2012) 

indicated that “both genera should be maintained...because of their distinctive floral biology 

and of their separate pathways to individual floral expression”. Andromonoecism (i.e., 

perfect apical floret and male lower florets) is dominant in boreal New World, Old 

World and Australasian Hierochloë (Weimark, 1971; Connor, 2008), with only the South 

American taxa (section Monoecia) escaping this pattern by presenting monoecism (i.e. 

the apical floret is functionally female, whilst the lower florets are male; Parodi, 1941). 

The number of species comprised in section Monoecia is difficult to establish since no 

recent taxonomic review is available (Parodi 1941, De Paula, 1975). In his 2012 study on 

floral biology, Connor (2012) included seven species in section Monoecia: Hierochloë 

juncifolia (Hack.) Parodi, H. quebrada Connor & Renvoize, H. utriculata (Ruiz & Pav.) 

Kunth, H. altissima Steud., H. redolens (Vahl) Roem. & Schult., H. gunckelii Parodi and H. 

pusilla Hack. All these species but the recently described H. quebrada from the Central 

Andes of Peru (Connor & Renvoize, 2009) were also recognised by De Paula (1975) and 
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Parodi (1941) in their taxonomic reviews of the genus in Chile and Argentina and 

South America, respectively. Parodi (1941) included one additional taxon in his study, 

H. spicata Parodi, a species also accepted by De Paula (1975) who described it as a 

South Chile endemism. In her review, De Paula (1975) added two more taxa, H. sorianoi 

De Paula and H. moorei De Paula, currently considered extreme forms of the 

widespread H. redolens (e.g. Anton & Zuloaga, 2012; but see Villalobos & Finot, 2016). 

Taxa in the exclusively South American Hierochloë section Monoecia grow from 

Venezuela to Tierra del Fuego (De Paula, 1975; Anton & Zuloaga, 2012; Connor, 2008) 

and are restricted to temperate to cold environments in the Andes, defined in this 

paper following Nagy & Grabherr (2009) and Körner et al. (2011). An inverse 

relationship between altitude and latitude common to most C3 grass groups (Still et al., 

2003) can be observed in the distribution of the section. The central Andean H. quebrada 

from Peru is restricted to tropicalpine areas more than 4000 m.a.s.l. (Connor & 

Renvoize, 2009), whereas H. redolens presents a disjunct distribution, growing in 

tropicalpine areas from Venezuela to Peru (up to 3850 m.a.s.l.) and in moist areas in 

southern South America (central to southern Chile and Argentina) at lower altitudes. 

Some doubt has been cast on the identity of the plants from both regions (e.g. Parodi, 

1941; Connor, 2012). This taxon has also been recorded in New Zealand, Australia and 

New Guinea, but populations from these areas show fundamental differences in floral 

constitution and development and should be considered a different species (Zotov, 

1973; De Paula, 1975; Connor, 2012). Hierochloë utriculata, H. altissima, H. spicata and H. 

gunckelii present overlapping ranges at different latitudes in central to southern South 

America, either in one or both sides of the Andes (De Paula, 1975), whereas Hierochloë 

juncifolia grows in volcanic or sandy soils in mountains up to 1750 m.a.s.l. in central 

Chile and central-west Argentina, showing a discontinuous distribution. Finally, H. 

pusilla is restricted to moist areas between 100 and 1000 m.a.s.l. at high latitudes in 

Argentina (Santa Cruz and Tierra del Fuego provinces) and Chile (Magallanes 

province; De Paula, 1975). 
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Morphological differentiation within section Monoecia is complicated, casting doubts 

on the taxonomical status of some of its members (Villalobos & Finot, 2016). Hierochloë 

juncifolia and H. pusilla are the only species showing a clear-cut differentiation, based 

on awn insertion in the male floret and leaf shape, and plant size and lack of awned 

male florets, respectively (De Paula, 1975). With regard to the remaining taxa, artificial 

limits in inflorescence shape, an otherwise continuous trait, are used to differentiate 

between H. altissima, H. quebrada, H. spicata and H. utriculata [spiciform panicles] and H. 

gunckelii and H. redolens [lax to somewhat contracted panicles]. The use of 

micromorphological traits for species differentiation is promising (Connor, 2008; 

Villalobos & Finot, 2016); however, more complete analyses including more 

individuals and populations are needed to assess their usefulness.  

The genus Hierochloë (basic chromosome number, x = 7) also displays a high variation 

of ploidy levels, with diploids, tetraploids, hexaploids and duodecaploids having been 

identified (e.g., Weimark, 1971). Still, to the best of our knowledge, chromosome 

numbers or genome size estimations are unknown in section Monoecia. These 

cytogenetic characters have proven to be essential in the clarification of taxonomic 

problems in reticulated groups with high variation in chromosome numbers, a feature 

common to many sections in the Anthoxanthinae (Chumová et al., 2015). 

Overlapping morphologies and distribution ranges associated to climatic conditions 

highlight the need for a reappraisal of the taxonomy of Hierochloë section Monoecia, a 

possible model for C3 taxa diversification in the Andes due to its distribution 

encompassing the whole mountain range. Combined analyses using data from 

different sources have been deemed especially useful in solving taxonomic problems 

(Ruhfel et al., 2013; Besse, 2014; Szlachetko et al., 2017). Here, we follow this approach 

in order to clarify the taxonomy of the section and to discuss the evolution and 

biogeography of this group of South American grasses. First, nuclear DNA content 

values were assessed for the different species in the section through flow cytometry 

(e.g. Doležel et al., 2007). Second, we conducted multivariate analyses of macro- and 

micromorphological data to assess the boundaries among taxa and the reliability of the 
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traits traditionally used in the taxonomy of section Monoecia. This methodology has 

been successfully applied to other complex groups of plants (e.g. Repka, 2003; Ospina 

et al., 2016), including those within the Anthoxanthinae (Pimentel et al., 2007, 2010). 

Thirdly, we sequenced several commonly used plastid and ribosomal nuclear DNA 

markers (e.g. Pimentel et al., 2013) to determine whether the taxonomy of the section is 

in concert with its phylogenetic tree. Given the multicopy nature of the nuclear regions 

used, a cloning strategy was devised in order to detect possible instances of reticulate 

evolution (Díaz-Pérez et al., 2014; Wan et al., 2014). Molecular data were also analysed 

in the light of what is known about the evolution and biogeography of Andean plants 

(reviewed in Luebert & Weigend, 2014).  

 

MATERIALS AND METHODS 

Plant material 

A total of 96 field-collected or herbarium specimens were used in this study (Appendix 

1); 94 plants were included in the morphometric analyses, whereas a subset of 

specimens were considered in the anatomical (66 samples), molecular (39 samples, 31 

used for cloning) and flow cytometry (83 samples) analyses. In Hierochloë section 

Monoecia, between 4 and 22 specimens were sampled per species (Appendix 1), with the 

exception of H. quebrada and H. spicata, for which only one plant was included due to 

the difficulty in differentiating them in the field and their poor representation in the 

analysed herbaria. Sixty-seven of the analysed specimens were directly collected in the 

field (15 populations, 5 specimens per population on average; for population details 

see Appendix 1). In each population we collected specimens in anthesis that were at 

least 3 m apart to avoid sampling clones. Collected plants were pressed, leaves were 

taken and preserved in silica gel for DNA extraction and, when available, seeds were 

stored for cytometry studies. The selection of localities was based in De Paula (1975) 

and vouchers were deposited in SANT and CONC (Holmgren et al., 1990). For the 

geographical location of populations see Fig. 1. Twenty-nine herbarium specimens 
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were added to the database in order to: (i) complete the representation of section 

Monoecia and (ii) include samples of two of the three other exclusively American 

Anthoxanthum or non-Monoecia Hierochloë species, i.e., Anthoxanthum mexicanum Mez 

and Hierochloë occidentalis Buckley and populations of H. redolens from SE Asia. All 

plants used in the study were tentatively identified (or, for herbarium samples, their 

identity was confirmed) following De Paula (1975). Herbarium specimens were 

obtained from CONC, K, M, MA, PH, SANT, UPS and US (Holmgren et al., 1990). 

 

Figure 1. Sampled Hierochloë section Monoecia and Anthoxanthum odoratum populations in South America 
(population names follow Appendix 1). 

Genome size estimation by flow cytometry 

Nuclear DNA content was estimated through flow cytometry (FCM) following 

Galbraith et al. (1983) and Loureiro et al. (2007). The obtained values were expressed in 

picograms (pg) and in mega base pairs (Mbp) using the formula by Doležel et al. (2003) 

(1 pg = 978 Mbp). At least five individuals were assessed per species. A univariate 

analysis of variance (ANOVA) and a Tukey’s test were used in order to characterize 

the groups with similar measures of nuclear DNA content (2C values; sensu Greilhuber 

et al., 2005). For a full description of the procedure see Appendix S1.  
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Macro- and micromorphological analyses 

A set of 15 macromorphological (8 quantitative and 7 qualitative) and 16 

micromorphologi-cal (3 quantitative and 13 qualitative; 11 from the leaf epidermis and 

5 from the leaf transverse section) characters were measured. The characters were 

selected because: (i) they are commonly used in the taxonomy of subtribe 

Anthoxanthinae and (ii) we observed a high variability among the samples included in 

the analyses. To standardize data collection, leaf and spikelet data were gathered in the 

second leaf of the plant from the base and the basal spikelet, respectively. 

Micromorphological data were obtained following Devesa (1992) and Pimentel & 

Sahuquillo (2003), with minor modifications. All quantitative macromorphological 

traits and one quantitative micromorphological character (long cells length; LlcL) were 

logarithmically transformed to limit the influence of allometry on the results (Dufrene 

et al., 1991; Almeida-Pinheiro de Carvalho et al., 2004), and quantitative 

micromorphological data were obtained by calculating the mean value of 12 

measurements. Qualitative characters were scored as binary variables 

(presence/absence). Those qualitative characters that presented more than 2 states (3 

macro- and 8 micromorphological) were transformed into binary traits. All macro- and 

micromorphological characters used are listed in Appendix 2.  

Each specimen measured was treated as an independent operational taxonomic unit 

(OTU) for all statistical tests. Macro- and micromorphological databases were built and 

analysed separately due to the different number of samples, but the same statistical 

techniques were used. Qualitative and quantitative data were analysed jointly and 

separately. All statistical analyses were performed using IBM SPSS Statistics for Mac v. 

20.0 (IBM Corp., 2011) and R v. 3.3.2 (R Core Team, 2016a) as implemented in RStudio 

v. 1.0.136 (RStudio Team, 2016) and Rcmdr v. 2.3-1 (Fox, 2005, 2017; Fox & Bouchet-

Valat, 2016). The packages ‘RcmdrMisc’ (Fox, 2016) and ‘foreign’ (R Core Team, 2016b) 

were used to translate our Excel- and SPSS-built databases into a R-readable format. 

Plots were built using the packages ‘lattice’ (Sarkar, 2008) and ‘rgl’ (Adler et al., 2016). 

A detailed description of the methods applied can be found in Appendix S2. 
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DNA isolation, amplification, cloning and sequencing 

DNA from silica-gel dried, field-collected leaves and herbarium samples was extracted 

using the NORGEN Plant/Fungi DNA isolation kit (Norgen Biotek Corporation, 

Thorold, Ontario) and the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), 

respectively. We followed the manufacturer’s protocols, with modifications in the 

latter case following Bendiksby (2011). 

The selected plastid and nuclear regions were chosen based on results from Pimentel et 

al. (2013) and Tusiime et al. (2017). The plastid trnT-L and trnL-F (including the trnL 

intron plus the trnL-F intergenic spacer; Taberlet et al., 1991) regions were amplified 

and sequenced using primers a and b (trnT-L intergenic spacer; Taberlet et al., 1991) 

and primers c and f. Amplification of the trnT-L region followed Galley and Linder 

(2007), whereas for the trnL-F PCR conditions followed Torrecilla et al. (2003). 

Amplification of the ribosomal nuclear ITS (ITS1-5.8S-ITS2) and ETS regions followed 

Hsiao et al. (1995) and Gillespie et al. (2009), respectively. Although these regions have 

produced useful results when comparing closely related taxa (e.g. Consaul et al., 2010; 

Pimentel et al., 2013), homology issues connected to concerted evolution have been 

raised (Alvarez & Wendel, 2003). Considering the above, and in view that multiple 

bands were registered in the ETS of several specimens, this region was cloned in 31 

plants belonging to all species in section Monoecia plus A. mexicanum and SE Asian H. 

redolens populations (cloning failed for the northern American H. occidentalis). Between 

6 and 19 clones were sequenced for each plant (Appendix 1). Clones were analysed 

separately and were only added to the general DNA matrix when direct sequencing of 

non-cloned ETS amplicons failed. Cloning and plasmid extractions were performed 

using the StrataClone PCR cloning kit (Agilent Technologies, Santa Clara, CA, USA) 

and the QIAprep kit (Qiagen, Hilden, Germany), respectively, following the 

manufacturer’s protocols. An ETS sequence from Anthoxanthum odoratum L. was used 

as an outgroup (Appendix 1). 

Non-cloned products were purified using ExoSap-IT PCR cleanup reagent (Affymetrix, 

Santa Clara, CA, USA), and all products were sequenced using the BigDye Terminator 
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Cycle Sequencing Ready Reaction v3.1 kit (Applied Biosystems, Paisley, UK) on an 

Applied Biosystem 3710 automated sequencer at the Universidade da Coruña 

Sequencing Service. Amplification primers were used for all sequencing but for the 

clones, for which the M13/T7 primer pair was used. Conservative approaches are 

recommended to reduce the impact of PCR artefacts on the phylogenetic 

reconstruction based on clones (Popp & Oxelman, 2007). Here, we followed a mixed 

approach based on Popp & Oxelman (2007) and Díaz-Pérez et al. (2014). A maximum 

parsimony analysis based only on parsimony informative characters (see Sequence 

alignment and phylogenetic analyses) was run in order to detect putative chimeric 

sequences (long terminal branches due to homoplasy; Popp & Oxelman 2007). These 

sequences were excluded from all subsequent analyses. Monophyletic groups of clones 

differing only by autopomorphic substitutions were considered as a single sequence 

(Popp & Oxelman 2007). For the remaining clones, whose position in the parsimony 

tree was polytomic we followed Díaz-Pérez et al. (2014). A p-distance matrix was built 

using MEGA v. 6.0 (Tamura et al., 2013). All sequences with a p-distance lower than 

0.01 base substitutions per site were collapsed into a single type. Consensus sequences 

were built using SeaView v4 (Gouy et al., 2010).  

Sequence alignment and phylogenetic analysis 

The forward and reverse sequences were edited and assembled using CodonCode 

Aligner v. 4.0 (CodonCode Corp., Dedham, MA, USA). All DNA regions were 

independently aligned using the MUSCLE algorithm (Edgar, 2004) as implemented in 

SeaView v. 4 (Gouy et al., 2010) and manually adjusted upon the detection of errors. 

555 new sequences were generated for this study: 409 ETS (363 clones), 41 ITS, 48 trnL-

F and 41 trnT-L (Appendix 1). Independent databases were built per each region (plus a 

fifth database including all clones). Plastid and nuclear sequences from four Eurasian 

Hierochloë species were also obtained and added to the different databases in order to 

clarify the phylogenetic position of section Monoecia in the genus. Two additional 

sequences belonging to the closely related but separate Anthoxanthum section 

Anthoxanthum were also added and used as outgroups (Appendix 1). 
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Separate plastid, nuclear and nuclear-clones matrices were built and analysed 

independently. Sequences missing due to PCR and/or sequencing problems were 

coded as missing data in the concatenated data sets. Plastid and nuclear datasets were 

also concatenated and jointly analysed once conflicting samples were removed (see 

Results). Maximum Parsimony (MP) or Bayesian Inference (BI) analyses were run 

depending on the data set; MP was used to detect putative chimeric sequences in the 

clones data base, whereas BI was applied to the inference of phylogenetic relationships 

in all matrices (plastid, nuclear, combined and clones). Maximum parsimony and 

Bayesian analyses followed Torrecilla et al. (2003) and Pimentel et al. (2013); and are 

described in Appendix S3. Gaps were treated as missing data in all analyses, except in 

the combined plastid + nuclear tests, for which all gapped positions were excluded. 

Phylogenetic networks  

Phylogenetic networks were computed in order to represent groupings in the data and 

evolutionary distances among taxa simultaneously (López-Pujol et al., 2012). Statistical 

parsimony analyses as implemented in the software TCS v. 1.21 (Clement et al., 2002) 

and PopArt v. 1.7 (http://popart.otago.ac.nz) were applied to the plastid, nuclear and 

ETS-clones databases. Gaps were ignored and the remaining parameters were set by 

default. This method was chosen due to: (i) its simplicity of representation; (ii) it allows 

for the detection of haplotypes that are candidates for being products of recombination 

(Templeton et al., 1992; Posada & Crandall, 2001) and (iii) it has been proven useful in 

the definition of species under the phylogenetic species concept (Hart & Sunday, 2007).  

 

RESULTS 

Genome size estimations 

Holoploid genome sizes (2C) ranged between 2C = 12.82 pg in H. pusilla and 2C = 27.43 

pg in H. altissima and are listed in Table 1 and Fig. S1. Coefficient of variation (CV) of 

genome size values was lower than 3% for all populations represented by more than 
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one specimen but for one H. utriculata population (U1; CV = 4.77%; for population 

codes see Appendix 1). Hierochloë altissima is the only species showing significant 

genome size variation across its populations.  

According to the ANOVA and Tukey’s test conducted, there are five groups based on 

2C nuclear DNA content (Table 1; Fig. S1). Groups G1 (H. pusilla, 2C = 12.63–13.12 pg), 

G2 (H. juncifolia, 2C = 13.86–14.98 pg) and G5 (H. altissima populations A2, A3, A4; 2C = 

27.04–27.43 pg) are clearly differentiated, whereas groups G3 (H. altissima population 

A1, H. redolens population R4 and H. utriculata; 2C = 16.89–19.60 pg) and G4 (H. 

gunckelii and H. redolens populations R1, R2 and R3; 2C = 18.76–20.42 pg) are partially 

overlapping. Anthoxanthum mexicanum, H. occidentalis, H. quebrada and H. spicata were 

represented by only one sample and were excluded from the statistical tests. 

Table 1. Nuclear DNA content in the South American Hierochloë section Monoecia species analysed in this 
study. Pop., population; SD, standard deviation; Min., minimum value; Max., maximum value; CV, 
coefficient of variation; G, DNA content group; n. spec., number of specimens measured. For population 
codes see Appendix 1. 

Species Pop. Genome size (2C, pg) G*. n. spec. 

Mean SD Min. Max. CV (%) 

H. altissima A1 18.58 0.36 18.19 19.08 1.94 G3 5 

H. altissima A2 27.43 0.37 27.02 27.91 1.34 G5 5 

H. altissima A3 27.04 0.40 26.65 27.58 1.48 G5 5 

H. altissima A4 27.30 0.25 27.04 27.55 0.90 G5 5 

H. gunkelii G1 19.43 0.32 19.06 19.84 1.64 G4 5 

H. juncifolia J1 14.75 0.24 14.36 14.98 1.66 G2 5 

H. juncifolia J1 14.09 0.21 13.86 14.38 1.47 G2 5 

A. mexicanum M1 18.89 - - - -  1 

A. mexicanum M2 17.62 - - - -  1 

H. occidentalis O1 21.84 - - - -  1 

H. pusilla P1 12.82 0.21 12.63 13.12 1.61 G1 5 

H. quebrada Q1 18.87 - - - -  1 

H. redolens R1 19.65 0.25 19.37 19.94 1.26 G4 5 

H. redolens R2 19.46 0.42 18.86 19.99 2.17 G4 5 

H. redolens R3 19.84 0.58 18.76 20.42 2.92 G4 6 

H. redolens R4 19.02 0.51 18.34 19.60 2.66 G3 5 

H. spicata S1 13.28 - - - -  1 

H. utriculata U1 18.54 0.88 16.89 19.34 4.77 G3 6 

H. utriculata U2 18.27 0.26 17.90 18.47 1.45 G3 5 

H. utriculata U3 18.46 0.27 18.10 18.84 1.47 G3 5 
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Figure S1. Nuclear DNA content (pg/2C) in 82 plants of Hierochloë section Monoecia estimated using flow 
cytometric analysis. Specimens sorted according to increasing 2C-values. Putative DNA ploidy levels (see 
Discussion) were also included. Group G1 corresponds to H. pusilla [4x]; G2 to H. juncifolia [4x]; G3 and G4 
to H. altissima population A1, H. redolens, H. utriculata and H. gunckelii [all 6x]; G5 to H. altissima 
populations A2, A3 and A4 [12x]. 

Macromorphological analyses: quantitative characters 

Descriptive statistics (not shown) indicate that all characters overlap among most 

species with plant height (PH) and spikelet length (SL) showing the highest 

differentiation. Despite this, the ANOVA and the Tukey’s test revealed significant 

differentiation among species for all characters. The KMO analysis performed 

indicated that our data were adequate for multivariate analyses (Fig. 2AB). In the PCA 

analysis, the three first principal components (C1, C2 and C3) accounted for 94.50% of 

the variability and the characters were grouped as in Table 2. Our accessions clustered 
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into three groups: (i) H. pusilla, (ii) H. juncifolia and (iii) the other six species (Fig. 2B). 

Vegetative characters differentiated H. pusilla from the rest while floral characters were 

responsible for the differentiation of H. juncifolia. A linear discriminant test (LDA) was 

performed based on the PCA results. Discriminant function 1 (F1) corresponded with 

the first component (C1; vegetative characters); F2 was composed by the three 

components of the PCA and F3 corresponded to C2 and C3 (spikelet length, SL; flower 

length, FL and lower glume length, LGL; all floral characters). The three functions are 

significant according to Wilks’s Lambda. The plot representing F1 and F3 (Fig. 2A) 

reveals a clear separation of H. pusilla and H. juncifolia, while the rest of the species are 

intermingled. Discriminant functions correctly classified 74.7% of the specimens, 

although this percentage was very different across species (not shown). The 

hierarchical cluster analysis (not shown) offered results that were consistent with the 

LDA. 

Table 2. Matrix of rotated components (Varimax rotation) of the PCA performed using 
macromorphological quantitative data. In bold are highlighted the morphological characters showing 
highest factor loadings on the first three principal components. For character codes, see Appendix 2. 

Component loadings 

Characters Component 1 Component 2 Component 3 

PH_ln 0.874 0.285 0.357 

LL_ln 0.861 0.242 0.399 

LW_ln 0.899 0.331 -0.017 

IL_ln 0.863 0.322 0.349 

SLSB_ln 0.826 0.378 0.300 

SL_ln 0.283 0.387 0.860 

FL_ln 0.418 0.838 0.250 

LGL_ln 0.319 0.754 0.495 

% variability 78.65 11.08 4.75 
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Figure 2. Scatterplots of macromorphological quantitative data. (A). Two-dimensional scatterplot of the 
linear discriminant analysis (LDA), classification functions 1 and 3. (B). Two-dimensional scatterplot of the 
PCA, components 1 and 3. The percentage of variability explained by each component and the 
contributions of single characters are indicated in Table 2. 
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Macromorphological analyses: qualitative characters and combined analyses 

The Chi-Square test of independence revealed that qualitative characters differed 

among species. The permutational MANOVA using distance matrix test (ADONIS, 

Appendix S2) showed that the most similar species are H. gunkelii and H. utriculata 

(94.2% similarity; p-value = 0.942), while all other species showed a higher 

differentiation (less than 30% similarity). The principal coordinate analysis (PCoA; not 

shown) and the non-metric multidimensional scaling test (NMDS; Fig. S2A) using the 

Jaccard index for three axes (stress = 0.07) separate the species in two groups: i) H. 

altissima, H. gunckelii, H. redolens and H. utriculata and ii) A. mexicanum, H. juncifolia, H. 

occidentalis and H. pusilla. The hierarchical cluster analysis (not shown) revealed the 

existence of two clear groupings in the data that did not follow the taxonomy of the 

section. Increasing the number of groups did not improve species discrimination, 

highlighting data dispersion. Hierochloë pusilla, H. redolens and, to a lesser extent, H. 

juncifolia are the taxa with a less ambiguous adscription into one of the groups. 

The NMDS (three axes, stress = 0.09; Fig. 3A) and the PCoA (not shown) performed 

with combined data using Gower’s similarity coefficient clustered the species in three 

groups: i) H. altissima, H. gunckelii, H. redolens, H. utriculata (highly overlapped); ii) A. 

mexicanum, H. juncifolia, H. occidentalis (slightly overlapped); iii) H. pusilla (clearly 

differentiated). The multiple correspondence analysis (MCA; not shown) yielded the 

same results than the NMDS. 

Micromorphological analyses: quantitative characters 

Descriptive statistics showed that all variables overlap among species (not shown; for 

character names see Appendix 2). The ANOVA indicates that stomata size (StS) does 

not differentiate among species (p-value = 0.176), whereas long cells length (LlcL) and 

number of ribs (NRi) showed significant differences across taxa. Only these variables 

(LlcL and NRi) were included in the discriminant functions obtained in the linear 

discriminant test (LDA) using the stepwise method. The LDA plot (not shown) 

indicated that only H. juncifolia and H. pusilla are clearly different from the rest of the 
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taxa. Hierochloë juncifolia presents low values for the two characters, while H. pusilla has 

low values for number of ribs (NRi) but intermediate ones for long cells length (LlcL). 

The other five species are grouped together, especially H. altissima, H. gunckelii and H. 

occidentalis, presenting higher values for number of ribs (NRi), whereas H. redolens and 

H. utriculata presented intermediate values. 

Micromorphological analyses: qualitative characters and combined analysis 

The Chi-Square test of independence results showed that only two traits, furrows 

depth (FD) and vascular bundles with sclerenchyma associated only in the margin of 

the leaf (PBEx) (for character names see Appendix 2) were not significantly different 

among taxa. The ADONIS analysis indicated that A. mexicanum, H. occidentalis and H. 

pusilla showed the highest consistency (100% internal similarity; p-value = 1.000) 

followed by H. redolens and H. utriculata (30.4% similarity; p-value = 0.304). The NMDS 

based on the Jaccard index for three axes (stress = 0.1, Fig. S2B) separated the species in 

four groups: i) H. altissima, H. gunckelii, H. pusilla, H. redolens and H. utriculata; ii) H. 

juncifolia; iii) A. mexicanum; iv) H. occidentalis. The hierarchical cluster analysis (not 

shown) revealed low differentiating power for micromorphological qualitative data.  

Qualitative and quantitative characteristics that did not have discriminating power 

according to the exploratory tests (StS, FD and PBEx; for character names see Appendix 

2) were excluded from the combined analyses. The PCoA, MCA (not shown) and the 

NMDS plots performed using Gower’s similarity coefficient for three axes (stress = 0.1; 

Fig. 3B) offered similar results and showed differentiation among the taxa. Consistent 

results were obtained in the hierarchical cluster analysis when the number of groups 

chosen equals the number of taxa. These analyses revealed that hook density (low 

density, HoF; intermediate density, HoN; high density, HoM), presence and shape of 

ribs (presence, RS; round-flattened, RSD; round, RSR; quadrangular, RSQ; polygonal, 

RSP), and leaf section shape (planar, LSP; open, LSO; closed, LSC) were the most 

differentiating traits. 



Irene Lema Suárez 

       A taxonomic and evolutionary review of the South American Hierochloë section Monoecia Connor 175 

 

Figure S2. Plots of the non-metric multidimensional scaling (NMDS) analysis. (A). Qualitative 
macromorphological data. (B). Qualitative micromorphological data. Data combination was conducted 
using the Gower’s similarity coefficient. 
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Figure 3. Plots of the non-metric multidimensional scaling (NMDS) analysis. (A). Combined 
macromorphological quantitative and qualitative data. (B). Combined micromorphological quantitative 
and qualitative data. Data combination was conducted using the Gower’s similarity coefficient. 
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Phylogenetic reconstruction 

The independent analyses of the nrDNA markers produced congruent topologies and 

the ITS and ETS regions were combined. Tree comparison indicated that the 

combination of the complete plastid and nuclear data was untenable due to topological 

conflict (Pirie et al., 2009). A joint plastid + nuclear analysis was conducted after 

removing conflicting samples.  

The aligned plastid and nuclear matrices included 48 and 47 terminals, respectively (37 

and 36 in section Monoecia). They represented 16 species (14 Hierochloë + 1 South 

American Anthoxanthum + 1 Eurasian Anthoxanthum, outgroup) and 1788 (plastid; trnL-

F, 1-1084; trnT-L, 1085-1788) and 1288 (nuclear; ETS, 1-626; ITS, 627-1288) characters. 

The Bayesian consensus plastid and nuclear trees are represented in Figures 4 and 5. 

Both topologies were largely congruent (better general resolution in the plastid tree) 

and only the different position of H. quebrada was supported. The results of the 

concatenated analysis (H. quebrada removed from the matrices) are presented in Fig. S3. 

In all trees, A. mexicanum is clearly differentiated from Hierochloë species (regardless of 

their geographical origin), constituting a highly supported clade. The plastid and 

concatenated topologies showed a well-supported and monophyletic Hierochloë section 

Monoecia as sister to the Eurasian and northern American species. The nuclear tree 

failed to recover this structure, and section Monoecia resulted as paraphyletic with H. 

quebrada as sister to all the other Hierochloë. A large polytomy including seven 

independent clades can be observed in the nuclear topology (H. redolens from SE Asia; 

H. alpina; H. odorata + H. hirta + H. glabra; H. occidentalis; Hierochloë section Monoecia but 

H. quebrada and H. pusilla; Fig. 5). The plastid tree recovered a weakly supported 

position for the SE Asian H. redolens in the Eurasian + North American clade as the 

earliest diverging group, whereas the concatenated tree strongly supports H. 

occidentalis as sister to all other non Monoecia Hierochloë. With regard to Hierochloë 

section Monoecia, H. pusilla is well-supported as the first diverging group (Figures 4 

and S3) followed by H. quebrada (not represented in the concatenated tree). The 

position of H. juncifolia is not well resolved in the plastid tree (Fig. 4), but the nuclear 
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and concatenated topologies (Figs. 5 and S3) clearly place it as sister to all other 

Monoecia, except H. pusilla and H. quebrada. The phylogenetic resolution of the H. 

redolens species complex, including H. redolens (central and southern Andean), 

Hierochloë altissima, H. gunckelii, H. utriculata and H. spicata (also H. juncifolia in the 

plastid tree; Fig. 4) is very poor (Figs. 4, 5 and S3). The nuclear and concatenated 

topologies (Figs. 5 and S3) recover a well-supported position for an Argentinian H. 

redolens sample (H177, Appendix 1), positioning it as sister to all other specimens in the 

clade. In the plastid topology (Fig. 4) this position is occupied by a central Andean H. 

redolens (H129, Appendix 1), with low support. No structure could be obtained for H. 

altissima, H. gunckelii, H. spicata and H. utriculata.  

The final aligned ETS-clones matrix included 34 consensus sequences and 851 

characters representing eight South American Hierochloë species + A. mexicanum and A. 

odoratum (outgroup). Consensus sequences were generated from a total of 363 ETS 

clones. Only H. quebrada, H. pusilla and H. redolens (Indonesia) were represented by one 

monospecific consensus sequence including 9, 10 and 9 clones, respectively. Hierochloë 

juncifolia (77 clones) was represented by 12 consensus sequences, 11 of which were 

monospecific. Hierochloë altissima (80 clones) and H. utriculata (52 clones) were 

represented by 6 and 8 consensus sequences, 3 and 5 of which included only one taxon, 

respectively. South American H. redolens (78 clones) and H. spicata (10 clones) 

participated in 7 (4 monospecific) and 2 consensus sequences, respectively, and all H. 

gunckelii (20 clones) were included in one non-monospecific consensus sequence 

(Appendix 1, Fig. S4). The number of clones represented per each consensus sequence 

was highly variable. Fifteen of them (4.13%) were constituted by one clone, whereas 

one consensus sequence accounted for 264 (72.7%) of the clones. This latter sequence 

represented a high percentage of the clones of all Hierochloë section Monoecia species 

except H. juncifolia and H. pusilla.  

The Bayesian consensus tree based on the ETS-clones matrix is represented in Fig. S4 

and it is largely consistent with the phylogenetic tree based on nuclear data (Fig. 5). 

Resolution in the tree is generally low and only few relationships are strongly 
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supported. Hierochloë section Monoecia is recovered as monophyletic with respect to A. 

mexicanum, whereas H. quebrada is sister to the remaining taxa in the section with high 

support. Hierochloë altissima, H. utriculata, H. juncifolia, H. pusilla, H. gunckelii, H. spicata 

and H. redolens (all populations) are grouped (low support) in a large polytomy with 

three moderate- to strongly supported clades: a highly supported group of two 

consensus sequences representing two clones of H. utriculata and H. altissima; a 

moderately supported clade grouping all but two H. juncifolia consensus sequences and 

one H. redolens from the Central Andes, and a third group including 3 consensus 

sequences of H. redolens, H. juncifolia and H utriculata (6 clones).  

Phylogenetic networks were built to represent ambiguities in the phylogenetic 

reconstructions that can be caused by reticulate evolution. The lack of resolution in the 

phylogenetic trees for Hierochloë section Monoecia (Figs. 4, 5) renders this approach 

useful even if it has been traditionally used at an intraspecific level (Clement et al., 

2000). The statistical parsimony networks produced with plastid (Fig. S5) and nuclear 

sequences (not shown) were largely consistent with the plastid and nuclear Bayesian 

topologies (Figs. 4, 5). Hierochloë section Monoecia samples except H. juncifolia, H. pusilla 

and H. quebrada are grouped in one haplotype, with these three latter species closely 

related to it. Eurasian and northern American species (+ SE Asian H. redolens) occupy 

more distant positions in the network. Two missing intermediaries were created 

(Clement et al., 2000) and one cycle was observed in the plastid network affecting 

Eurasian, N American, S American and SE Asian samples (Fig. S5). No cycle is defined 

in the nuclear network and 8 missing intermediaries were inferred. The statistical 

parsimony network based on clone data (Fig. 6) groups 264 out of 352 clones (75%) in 

one ribotype. Twenty-four additional ribotypes were defined in the network: H. 

juncifolia (9), H. juncifolia + H. altissima (1), H. altissima (2), H. altissima + H. redolens (1), 

H. redolens (6 including the SE Asian populations), H. utriculata (4) and H. quebrada (1). 

Two cycles were defined in this network and 10 missing intermediaries were inferred. 
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Figure 4. Majority rule consensus tree inferred from Bayesian analysis (MrBayes) of plastid DNA 
sequences (trnT-L and trnL-F). Forty-eight samples representing seventeen Hierochloë and Anthoxanthum 
section Ataxia taxa and one outgroup (Anthoxanthum odoratum) are represented in the tree. The symbol // 
denotes branches that were shortened to simplify presentation. Posterior probability support values are 
represented above the branches. For each terminal, the species name is followed by country of origin [IDN, 
Indonesia; GRL, Greenland; USA, United States of America; NOR, Norway; CHN, China; IND, India; 
AFG, Afghanistan; PER, Peru; CHI, Chile; ARG, Argentina; VEN, Venezuela; MEX, Mexico]. 
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Figure 5. Majority rule consensus tree inferred from Bayesian analysis (MrBayes) of nuclear DNA 
sequences (ETS and ITS). Forty-seven samples representing sixteen Hierochloë and Anthoxanthum section 
Ataxia taxa and one outgroup (Anthoxanthum odoratum) are represented in the tree. The symbol // denotes 
branches that were shortened to simplify presentation. Posterior probability support values are 
represented above the branches. For each terminal, the species name is followed by country of origin [IDN, 
Indonesia; GRL, Greenland; USA, United States of America; NOR, Norway; CHN, China; IND, India; 
AFG, Afghanistan; PER, Peru; CHI, Chile; ARG, Argentina; VEN, Venezuela; MEX, Mexico]. 
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Figure S3. Majority rule consensus tree inferred from Bayesian analysis (MrBayes) of concatenated nuclear 
(ETS and ITS) and plastid (trnT-L and trnL-F) DNA sequences. Forty-eight samples representing seventeen 
Hierochloë and Anthoxanthum section Ataxia taxa and one outgroup (Anthoxanthum odoratum) are 
represented in the tree. The symbol // denotes branches that were shortened to simplify presentation. 
Posterior probability support values are represented above the branches. For each terminal, the species 
name is followed by country of origin [IDN, Indonesia; GRL, Greenland; USA, United States of America; 
NOR, Norway; CHN, China; IND, India; AFG, Afghanistan; PER, Peru; CHI, Chile; ARG, Argentina; VEN, 
Venezuela; MEX, Mexico]. 
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Figure S4. Majority rule consensus tree inferred from Bayesian analysis (MrBayes) of the ETS-clones DNA 
matrix. 352 samples representing seventeen Hierochloë and Anthoxanthum section Ataxia taxa and one 
outgroup (Anthoxanthum odoratum) are represented in the tree. The symbol // denotes branches that were 
shortened to simplify presentation. Posterior probability support values are represented above the 
branches. S. Am.; South America. Numbers between parentheses represent the number of clones included 
in each ribotype (for more information see Materials and Methods section). 
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Figure 6. Statistical Parsimony Network based on the ETS-clones data matrix and conducted using the 
software TCS v. 1.21 and PopArt v. 1.7. S. Am., South America. 
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Figure S5. Statistical Parsimony Network based on plastid data and conducted using the software TCS v. 
1.21 and PopArt v. 1.7. 

 

DISCUSSION 

Integrative approaches offer the best results in exploring biodiversity (e.g. Hörandl, 

2007; Schlick-Steiner et al., 2010). Here, we combine macro-, micromorphological, 

molecular and cytological information to assess the taxonomy of Hierochloë section 

Monoecia. We conclude that the taxonomic status of several of the species in the section 

is not justified based on either the phylogenetic (apomorphic) or the phenetic species 

concepts (for a discussion on the application of different species concepts in plants see 
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Soltis et al., 2007). In addition to this, we recover a scenario of recent and incomplete 

diversification in the southern Andes for section Monoecia, as well as a longer isolation 

history for those species with restricted ecological and/or geographical ranges. 

Inference of DNA ploidy levels in Hierochloë section Monoecia 

Genus Hierochloë displays a high variation of ploidy levels, and diploids, tetraploids, 

hexaploids and duodecaploids have been identified (e.g., Weimarck, 1971). As a 

reference for the tentative translation of our nuclear DNA content values into DNA 

ploidy levels we used the measurements performed by Murray et al. (2005) in New 

Zealand Hierochloë. These authors found duodecaploids: H. redolens, Hierochloë fusca 

Zotov and Hierochloë brunonis Hook [12x; 2n = 84; 2C = 27.55–29.97 pg]; hexaploids: 

Hierochloë equiseta Zotov [6x; 2n = 42; 2C = 18.10 pg] and tetraploids: Hierochloë novae-

zelandiae Gand [4x; 2n = 28; 2C = 12.54 pg]. Considering this, our groups G1 and G2 [2C 

= 12.82–14.45 pg; Table 1, Fig. S1], including H. pusilla and H. juncifolia, correspond to 

DNA tetraploids; groups G3 (H. altissima population A1, H. redolens population R4 and 

H. utriculata) and G4 (H. gunckelii and H. redolens populations R1, R2 and R3) are 

putative DNA hexaploids [2C = 18.27–19.84 pg] and group G5 [H. altissima populations 

A2, A3, A4; 2C = 27.04–27.43 pg] most probably correspond to DNA duodecaploids (for 

population codes see Appendix 1 or Fig. 1). Hierochloë quebrada and H. spicata are very 

likely a DNA hexaploid (2C = 18.87 pg) and a DNA tetraploid (2C = 13.28 pg), 

respectively, but only one measurement could be attained for these taxa (Table 1). 

Genome size variation and the number of chromosomes are not always positively 

correlated (e.g. Chumová et al., 2016), and the likelihood of chromosome 

rearrangements increases with evolutionary distance (Bhutkar et al., 2008). New 

Zealand Hierochloë taxa do not belong to section Monoecia based on morphology; 

however, recent phylogenies of the Anthoxanthinae based on nuclear data (Lema-

Suárez et al., unpubl. data) indicate that H. fusca is nested within the Monoecia clade 

and close to the South American H. redolens complex. This evolutionary proximity 

gives consistency to our results; still, the inferred ploidy levels must be interpreted 
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with caution. B-chromosomes have been found in the Anthoxanthinae (Chumová et al., 

2016), including in some Hierochloë Weimarck (1978). However, according to Chumová 

et al. (2015), the contribution of B-chromosomes is small in plants with large genomes, 

and, in different Anthoxanthinae groups, a high degree of intraspecific genome size 

variability has been found to be caused by A-chromosomes, only (Chumová et al., 

2015). 

Evolution and Biogeography of Hierochloë section Monoecia 

Phylogenetic analyses (e.g. Figs. 4, 5, S3) recover a well-defined and monophyletic 

section Monoecia that is clearly separated from other South American Anthoxanthinae 

groups. This result is consistent with Connor & Renvoize (2009) who established that 

spikelet monoecism is a good indicator of evolutionary isolation in the genus. 

Andromonoecious spikelets are dominant in Hierochloë (Connor, 2012) and only one 

transition to monoecism has been detected. Reversals in this transition have not been 

yet reported, although recent phylogenetic results (Lema-Suárez et al., unpubl. data) 

indicate that some andromonoecious taxa are nested in the Monoecia clade (e.g. H. fusca, 

a New Zealand endemism). 

All analyses recover the split of A. mexicanum (A. davidsei is not represented in the tree) 

prior to the divergence of section Monoecia and the development of monoecism in 

genus Hierochloë. Connor & Renvoize (2009) suggested that monoecious Hierochloë 

section Monoecia species evolved from non-South American andromonoecious 

ancestors through the development and fixation of male sterility genes in the apical 

floret. According to these authors, “the Ataxia system could not give rise to Monoecism” 

and therefore the central to northern South American Ataxia species A. mexicanum and 

A. davidsei can be excluded as ancestors of section Monoecia (Connor & Renvoize, 2009). 

Our molecular phylogenetic trees and networks support this view. The putative 

andromonoecious ancestors of the section must be found among the Eurasian-

Australasian or the Nearctic groups of Hierochloë. Our limited sampling and 

phylogenies do not allow us to indicate with certainty where these ancestors grew or 
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when the section diverged from the remaining Hierochloë, but Nearctic (and Central 

American) colonizers are among the main components of the Andean flora since the 

Mid-Miocene (e.g. Simpson, 1983). A Nearctic origin has been detected for other 

groups of high altitude Andean grasses such as Festuca (Inda et al., 2008), and long 

distance colonization of high mountain environments by cold adapted lineages has 

been observed in different tropical alpine areas of the world (e.g. Gehrke & Linder, 

2014; Luebert & Weigend, 2014; Merckx et al., 2015), including in the Anthoxanthinae 

(Tusiime et al., 2017). Our well-supported plastid and concatenated phylogenetic trees 

(Figs. 4, S3) do not seem to support this scenario, as it recovers an old divergence for 

section Monoecia and it does not show a close association between South American and 

Nearctic or Holarctic Hierochloë. 

Taxa in section Monoecia represent a mixture of well-defined species and other species 

not yet well differentiated based on morphology or molecular data (e.g. Figs. 2, 3A, 4, 

5). A clear correlation can be observed between morphological and phylogenetic 

differentiation and ecological, geographical and/or cytological isolation. The central 

Andean hexaploid H. quebrada and the southern Andean tetraploid H. pusilla are the 

first groups to diverge in section Monoecia (Figs. 4, 5, S3). Only the plastid phylogenetic 

tree did not recover a strongly supported position for H. quebrada (Fig. 4), and all the 

analyses based on ETS clones (Fig, 6, S4) failed to produce a well-differentiated H. 

pusilla. This latter species, well characterised regarding macromorphological vegetative 

characters, especially plant size (Figs. 2; e.g. Parodi, 1941) is ecologically restricted to 

moist meadows in the Patagonian and Tierra del Fuego floristic provinces (De Paula, 

1975). Only the hexaploid H. redolens grows in similar areas, but both taxa seem to be 

completely isolated (Figs. 4, 5). Hierochloë pusilla shows very low levels of macro- and 

micromorphological variation (Figs. 3). This might reflect its small distribution area 

and the general pattern of low morphological diversity for cold-adapted (ant)arctic 

species (Grundt et al., 2006), although the number of analysed specimens was too low 

to draw final conclusions. The ETS clones obtained from H. pusilla were reduced to 

one, monospecific consensus sequence indicating isolation, but the ETS clones-based 



Irene Lema Suárez 

       A taxonomic and evolutionary review of the South American Hierochloë section Monoecia Connor 189 

network (Fig. 6) and phylogenetic tree (Fig. S4) failed to recover a well-supported 

position for this taxon. The high differentiation observed is consistent with an old 

relative age for H. pusilla, a species restricted to the southern-most tip of the Andes 

(sensu Nagy & Grabherr, 2009; Körner et al., 2011). Mountain southern species are 

generally older than those from the central or northern Andes (Doan, 2003; Luebert & 

Weigend, 2014) due to earlier uplift (Blisniuk et al., 2005).  

The central Andean putative hexaploid H. quebrada occupies different positions in the 

plastid and nuclear trees (Fig. 4, 5). Discordance in topologies is common in plants and 

can be due to different causes, most commonly hybridisation and incomplete lineage 

sorting (Renoult et al., 2009). The frequency of reticulate evolution in Hierochloë and the 

wider Anthoxanthinae (Pimentel et al., 2010, 2013; Chumová et al., 2017; Tusiime et al., 

2017), together with the variation of ploidy level found in the section makes 

hybridisation a likely phenomenon. Nevertheless, specific tests using more samples 

should be made to confirm this hypothesis for H. quebrada. With regard to the possible 

parents in a putative reticulation event, a plant from section Monoecia is the most likely 

chloroplast donor (Fig. 4), whereas the paternal plant must be outside the section. 

Hierochloë quebrada is restricted to high altitude (4000–4600 m.a.s.l.), arid areas in the 

western slopes of the central Andes (Connor & Renvoize, 2009). Two other Monoecia 

species currently grow at lower altitudes in the central Andes: the hexaploid H. redolens 

and the tetraploid H. juncifolia (Tovar, 1993). The presence of the latter species has been 

questioned due to the description of H. quebrada based on materials identified as H. 

juncifolia (Connor & Renvoize, 2009). An analysis of a H. juncifolia specimen collected in 

Ancash, Peru (US2882401, Appendix 1) seems to indicate that H. juncifolia does grow in 

the central Andes. Our network based in ETS clones (Fig. 6) shows a close proximity 

between H. juncifolia and H. quebrada, pointing to H. juncifolia as the most likely 

chloroplast donor. Only two non Monoecia Anthoxanthinae species grow in the 

northern to central Andes, A. mexicanum and A. davidsei. The ploidy level of these 

species, as well as their phylogenetic position within the wider Anthoxanthinae, 

remains poorly known; still their lineages are clear candidates to be involved in the 
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putative hybridization. With regard to the age of this reticulation event, the fact that all 

H. quebrada clones cluster in one consensus sequence points to an old origin and the 

effect of concerted evolution (Okuyama et al., 2005). 

Nuclear and concatenated phylogenies recover the tetraploid H. juncifolia as sister to 

the H. redolens complex (Figs. 5, S3), whereas its position is not well supported in the 

plastid topology (Fig. 4). All analyses reveal H. juncifolia as a consistent group within 

section Monoecia, highly distinct based on morphology or molecules (e.g. Figs. 3, 4, S3). 

A high variation is also detected within the species. Hierochloë juncifolia samples occupy 

a large morphological space in the NMDS analyses based on the combined macro- or 

micromorphological data (Fig. 3A and B). A similar pattern is observed in the ETS-

clones analyses. The phylogenetic tree (Fig. S5) recovered some (poorly supported) 

structure for the species, which was consistent with the clones-based network (Fig. 6). 

In addition to this, the 77 Hierochloë juncifolia clones were collapsed into 12 mostly 

monospecific consensus sequences, a number much higher than that obtained for the 

other Monoecia species with a similar number of specimens sampled (Appendix 1). This 

scenario of high consistency combined with high interpopulational diversity can be 

due to the current ecology and distribution of the species. Hierochloë juncifolia grows in 

sandy or volcanic soils up to 1750 m.a.s.l. in mountains of the Andean areas of the 

Argentine provinces of Río Negro, Neuquén and Chubut, as well as in the Chilean 

adjacent regions (also in the central Andes of Peru, although no Peruvian sample could 

be used in the molecular analyses). Hierochloë juncifolia populations show a complete 

ecological and (to a lesser extent) cytological and geographical isolation from the H. 

redolens complex (De Paula, 1975). They also present isolation from each other, since H. 

juncifolia has a highly discontinuous distribution area due to its ecological 

requirements (De Paula, 1975; Anton & Zuloaga, 2012). This isolation is probably 

related to the emerging genetic structure in the species.  

The H. redolens complex, including also H. altissima, H. gunckelii, H. spicata and H. 

utriculata, is the only group in the section that grows from the northern to the southern 

Andes. The phylogenetic analyses conducted recovered an almost complete lack of 
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resolution for this group (e.g. Figs. 4, 5, S3, S5), which might reflect its very recent 

evolutionary origin and lack of reproductive isolation. The main exception to this 

pattern is the position of the H. redolens accessions from Indonesia, which are clearly 

differentiated from the South American samples in all molecular analyses. Different 

authors have highlighted the need for a taxonomical reappraisal of H. redolens and 

have called for the separation of the Asian-Australian and South American 

andromonoecious populations of this taxon (Zotov, 1973; De Paula, 1975; Connor, 

2012). It is important to note that although most of the ETS clones obtained from the 

Indonesian H. redolens sample clustered together in one exclusive consensus sequence, 

one Indonesian ETS clone clustered to the consensus sequence including most South 

American H. redolens complex clones. More research is needed to assess a possible 

relationship between the SE Asian and the South American populations. 

The distribution range of the Hierochloë redolens complex in South America is clearly 

disjunct. It grows at low altitudes in temperate to subantarctic areas of Chile and 

Argentina and at mid- to high altitudes (up to 3850 m.a.s.l.; Connor & Renvoize, 2009) 

in the tropical central and northern Andes. The plastid phylogenetic tree (Fig. 4) shows 

a well-supported sister relationship between the central and the southern Andean 

populations that is not recovered in the nuclear or concatenated trees (Figs. 5, S3). 

Analyses based on clones recover a scenario of very low differentiation between central 

and southern Andean populations. All clones obtained from the Peruvian specimen 

collapsed in a consensus sequence that also comprised most clones in the southern 

South American H. redolens complex (Figs. 6, S4). The biogeographical limit between 

the central and the southern Andes is the southern limit of the dry Puna (Luebert & 

Pliscoff, 2006), a high aridity area that acts as a filter to Andean elements, North and 

South of it (Arroyo et al., 1998). This barrier formed in the Miocene-Pliocene (e.g. 

Sepulchre et al., 2009; Heibl & Renner, 2012) as a result of the Andean uplift together 

with the combined effect of the Humboldt Current and the Pacific anticyclone (Luebert 

& Weigend, 2014). It currently precludes the possibility of gene flow between the 

southern temperate and the northern tropical-alpine H. redolens, but the lack of 
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differentiation observed suggests that gene flow occurred at least for some time after 

the formation of the barrier.  

The H. redolens complex taxa in southern South America present distribution and 

ecological ranges that are partially overlapping in a North-South gradient (De Paula, 

1975; Anton & Zuloaga, 2012), and the obtained results must be interpreted in light 

with this. These groups, but H. spicata (tetraploid) and some H. altissima populations 

(duodecaploid), are putative hexaploids (Table 1), but differences in ploidy are not 

reflected in our phylogenetic analyses (e.g. Figs. 4, 5). Differentiation among the species 

is minimal regardless of the analysis conducted, morphological or otherwise (e.g. Figs. 

2A, 4, 5, S2A), and only micromorphological data can separate all taxa (Fig. 3B, S2B), 

except H. spicata. This species was not included in the analysis, but Villalobos & Finot 

(2016) indicated that it cannot be well defined based on leaf anatomy. The use of foliar 

micromorphological characters in grass taxonomy has been hindered by the effect of 

environmental parameters in leaf anatomy (Aiken et al., 1984; Dubé & Moriset, 1996), 

including within the Anthoxanthinae (Pimentel & Sahuquillo, 2008). Given the North-

South distribution ranges of the species, new analyses based more populations are 

necessary to assess this point. 

Analyses based on ETS clones revealed that: (i) almost no structure exist in the data as 

regards the H. redolens complex (Figs. 6, S4) and (ii) most clones obtained from 

specimens of the complex collapse into one consensus sequence (between 80 and 100% 

of clones for H. altissima, H. gunckelii, H. redolens, H. spicata and H. utriculata; Fig. S4). 

Lack of phylogenetic resolution (Fig. S4) prevents us from making inferences about 

reticulation in this group; however, the general lack of differentiation observed, 

together with the abundance of multispecific consensus sequences (~50%) leads us to 

believe that gene flow does exist in this group. The similar DNA content values 

obtained for most taxa also support this idea. 
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Taxonomic assessment of Hierochloë section Monoecia 

Different species concepts have been applied in plants, especially in groups where 

polyploidization is common (e.g., Soltis et al., 2007). Here, we combined the 

morphologically based phenetic species concept (Sokal & Crovello, 1970) with the 

DNA focused apomorphic species concept (Judd et al., 2002). The first approach is 

practical for taxonomic purposes (e.g., Soltis et al., 2007) and assumes that species are 

separated by a gap in morphological variation (Sokal & Crovello, 1970), whilst the 

second approach reduces subjectivity by recognising only monophyletic groups that 

share a number of apomorphies, morphological or otherwise (Mishler & Theriot, 2000).  

Our analyses have shown that the macromorphological traits used by Parodi (1941) 

and De Paula (1975) to underpin their classification of section Monoecia (plant size, 

inflorescence structure, awn insertion) are not useful to unambiguously differentiate 

among the species. Based on the two above-mentioned concepts and considering our 

results, only four species should be recognised in Hierochloë section Monoecia: H. 

juncifolia, H. pusilla, H. quebrada and H. redolens pro parte. This latter name should be 

restricted to South American specimens following De Paula (1975, but see Zotov, 1973) 

and it would also comprise H. altissima, H. gunckelii, H. spicata and H. utriculata, as 

varieties. We consider that they should be recognised taxonomically despite their lack 

of isolation given their micro-morphological differences. Although the limits between 

varieties and subspecies are far from clear-cut (e.g. McNeill et al., 2012), in our view the 

overlapping ecological and geographical ranges of these taxa would render the varietal 

rank more appropriate. Hierochloë sorianoi and H. moorei, not considered in our study, 

have already been transferred to H. redolens by other authors (e.g. Anton & Zuloaga, 

2012), but recent results on H. moorei (Villalobos & Finot, 2016) call for a reassessment 

of this species. 
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CONCLUSIONS 

Only four out of the eight Monoecia species (H. pusilla, H. juncifolia, H. quebrada and H. 

redolens) should be maintained based on morphological and molecular data. The 

remaining taxa (H. altissima, H. gunckelii, H. spicata and H. utriculata) should be reduced 

to varieties within H. redolens. The inclusion of SE Asian and South American H. 

redolens populations in the same species is untenable according to our data. 

Our results support the hypothesis proposed by Connor & Renvoize (2009), who 

suggested that Hierochloë section Monoecia species evolved from non-South American 

andromonoecious ancestors, and not from other South American Anthoxanthinae. 

Our phylogenetic trees reveal a likely hybrid origin for the central Andean H. quebrada, 

although further studies are needed to confirm this hypothesis. The highly ecologically 

differentiated H. pusilla and H. juncifolia revealed to be the oldest species of the group. 

Extensive gene flow due to ecological, chorological and cytological similarities 

probably exists within the H. redolens complex. 

New studies using a higher number of specimens and hypervariable nuclear markers 

are needed to clarify the structure within the H. redolens complex. Conducting 

chromosome counts in the different species is also necessary to confirm ploidy levels 

across the section. 
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Appendix 2. Morphological characters used in this study. Micromorphological characters were selected 
and described according to Devesa (1992). 

Macromorphological characters. Quantitative: 1. Plant height (mm) (PH). 2. Leaf length (mm) (LL) 
measured in the second leaf from the base of the plant. 3. Leaf width (mm) (LW) measured in the second 
leaf from the base of the plant. 4. Inflorescence length (mm) (IL). 5. Spike lower branch length (mm) 
(SLBL). The next three characters were measured in the second spikelet from the base of the inflorescence. 
6. Spikelet length (mm) (SL). 7. Flower length (mm) (FL). 8. Lower glume length (mm) (LGL). 
Qualitative. Binary: 9. Convolute leaves (CL): planar (0), convolute (1). 10. Awn in masculine florets 
(AW): absence (0), presence (1). 11. Lower floret (LF): empty (0), male (1). 12. Intermediate floret (MF): 
empty (0), male (1). Multi-estate: 12-I. Lower male floret awn inserted in the middle part (LGAM): yes (1), 
no (0). 12-II. Lower male floret awn inserted in the upper part (LGAS): yes (1), no (0). 13-I. Upper male 
floret awn inserted in the middle part (UGAM): yes (1), no (0). 13-II. Upper male floret awn inserted in 
the upper part (UGAS): yes (1), no (0). 14-I. Apical floret empty (FE): yes (1), no (0). 14-II. Apical floret 
hermaphrodite (FH): yes (1), no (0). 14-III. Apical floret female (FF): yes (1), no (0). 14-IV. Apical floret 
with staminodes (FFE): yes (1), no (0). 

Micromorphological characters. Quantitative: 1. Long cells length (µm) (LlcL). 2. Stomata size (µm) 
(StS). 3. Number of ribs (NRi). Qualitative. Binary: 4. Companion cells type (CoC): round S5 (0), ax S2 (1). 
5. Cilia (C): absence (0), presence (1). 6. Median vascular bundle sheath type (MVBT): single (0), complete 
(1). 7. Median nerve (MN): similar to the other nerves (0), bigger (1). 8. Furrows depth (FD): <3/4 of the 
total width (0), >3/4 of the total width (1). Multi-estate: 9-I. Long cell walls smooth (I3) (I3N): no (0), yes (1). 
9-II. Long cell walls moderately undulating (I3P): no (0), yes (1). 9-III. Long cell deeply undulating (I3R): 
yes (1), no (0). 10-I. Bulliform cells (CB): absence (0), presence (1). 10-II: Bulliform cells very abundant 
(CBM): no (0), yes (1). 11-I. Low density of hooks (HoF): absence (0), presence (1). 11-II. Intermediate 
density of hooks (HoN): absence (0), presence (1). 11-III. High density of hooks (HoM): absence (0), 
presence (1). 12-I. Stomata in adaxial surface (StAd): absence (0), presence (1). 12-II. Stomata in abaxial 
surface (StAb): absence (0), presence (1). 12-III. Stomata in both surfaces (StBo): absence (0), presence (1). 
13-I. Subepidermal sclerenchyma discontinuous (SScD): no (0), yes (1). 13-II. Subepidermal 
sclerenchyma continuous (SScC): no (0), yes (1). 13-III. Subepidermal sclerenchyma continuous and 
abundant (SScCA): no (0), yes (1). 14-I. Vascular bundles without sclerenchyma associated (PBS): no (0), 
yes (1). 14-II. Vascular bundles with sclerenchyma associated in the abaxial surface (PBAb): no (0), yes 
(1). 14-III. Vascular bundles with sclerenchyma associated only in the margin of the leave (PBEx): no (0), 
yes (1). 15-I. Ribs shape (RS): presence of ribs (0), absence of ribs (1). 15-II. Ribs round-flattened (RSD): no 
(0), yes (1). 15-III. Ribs round (RSR): no (0), yes (1). 15-IV. Ribs quadrangular (RSQ): no (0), yes (1). 15-V. 
Ribs polygonal (RSP): no (0), yes (1). 16-I. Leaf section planar (LSP): no (0), yes (1). 16-II. Leaf section 
open (LSO): no (0), yes (1). 16-III. Leaf section closed (LSC): no (0), yes (1). 

Appendix S1 

Approximately 1.5 cm in length of leaf tissue was chopped with a razor blade together with 0.5–1 cm of 
fresh leaves of the internal reference standard in a glass Petri dish containing 1 mL of WPB isolation buffer 
(200 mM Tris HCl, 4 mM MgCl2 6 H2O, 2 mM EDTA Na2 2 H2O, 86 mM NaCl, 10 mM sodium 

metabisulfite, 1% PVP-10, 1% (v/v) Triton X-100, pH 7.5, stored at 4 ºC; Loureiro et al., 2007). Pisum sativum 
L. ‘Ctirad’ (2C = 9.09 pg of DNA, Dolezel et al., 1998) served as the primary internal reference standard. A 
secondary standard (Vicia faba L. ‘Inovec’, 2C = 26.60 pg) was used to analyse some specimens due to large 
genome size and/or similarity in C-values between the sample and the primary standard. The resulting 
suspension containing the released nuclei was then filtered through a 40 µm nylon mesh, and 50 µg·mL−1 
of propidium iodide (PI, Fluka, Buchs, Switzerland) and 50 µg·mL−1 of RNAse (Fluka, Buchs, Switzerland) 
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were added to the sample in order to stain nuclear DNA and prevent staining of double-stranded RNA, 
respectively. After a 5 min incubation period, samples were analysed in a Partec CyFlow Space flow 
cytometer (532 nm green solid-state laser, operating at 30 mW; Partec GmbH., Görlitz, Germany). Data 
were acquired using the Partec FloMax software v 2.4d (Partec GmbH, Münster, Germany). The holoploid 
genome size in pg (2C; sensu Greilhuber et al., 2005) of each individual was estimated using the formula: 
GSsample = (G1 sample/G1rs) * GSrs, where GSsample and GSrs are the genome size of sample and 
reference nuclei, respectively, and G1sample and G1rs are the mean fluorescence of G1 peak of the sample 
and reference nuclei, respectively. 

Appendix S2 

For all quantitative characters, exploratory analyses were performed, including the calculation of basic 
descriptive statistics (mean, standard deviation and coefficient of variation, cv) and the normality test of 
Kolmogorov-Smirnov-Lilliefors. Graphical techniques such as box plots were also applied in order to 
detect outliers. Univariate and multivariate analyses of variance (ANOVA and MANOVA, respectively) 
and Tukey’s post-hoc test were carried out to assess the reliability of quantitative characters separating the 
species. A Kaiser-Meyer-Olkin (KMO) test was performed to assess the suitability of our data for 
multivariate analyses (Almeida-Pinheiro de Carvalho et al., 2004) and a correlation-based principal 
components analysis (PCA) was conducted (Sargent et al., 2004). We did not apply this test for the 
quantitative micromorphological characters since only three variables were considered. The varimax 
rotation was used to maximize the variance of each factor (Legendre & Legendre, 1998). A linear 
discriminant test (LDA, cross-validation) was performed using the results obtained in the PCA to locate 
the set of characteristics that allows for the best differentiation between the species and determine the 
group each specimen belonged to with the highest probability (Legendre and Legendre, 1998). Finally, a 
cluster analysis was carried out using the quadratic Euclidean distance and Ward’s method. 

Contingency and frequency tables, bar graphs and colour plots were created to evaluate the predictive 
value of the different qualitative characters used. Nonparametric tests such as the Chi-Square Test of 
Independence and the permutational MANOVA using distance matrices (ADONIS; Anderson, 2001) were 
used to test whether the differences among species based on qualitative traits are significant. Ordination 
techniques such as principal coordinate analysis (PCoA) and non-metric multidimensional scaling 
(NMDS) were applied using ape 4.0 (Paradis et al., 2004) and vegan 2.4-2 (Oksanen et al., 2017). These 
methods map a distance or dissimilarity matrix onto an ordination space preserving the original distances 
or ranked differences, respectively (Shepard, 1966). The Jaccard and Bray-Curtis indices were used since 
they are appropriate for binary data (Legendre & Legendre, 1998). The same indices were used to conduct 
a hierarchical cluster analysis using the packages cluster 2.0.5 (Maechler et al., 2016) and flexclust (Leisch, 
2006).  

Combined quantitative and qualitative analyses were based on the Gower’s similarity coefficient for 
mixed data (Gower, 1971) as estimated in cluster 2.0.5 (Maechler et al., 2016). The same statistical analyses 
were applied to mixed data as for qualitative data. A multiple correspondence analysis (MCA) was 
performed using the package FactoMineR (Le et al., 2008). This test allows representing information from 
a large set of categorical variables as points in a low-dimensional Euclidean space. 

Appendix S3 

Maximum parsimony analyses were conducted through a heuristic search strategy with 1000 random trees 
as starting point and TBR (Tree Bisection Reconnection) branch swapping. Ten trees were saved in each 
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replicate. A bootstrap analysis was conducted with full heuristics, 1000 replicates, TBR branch swapping, 
MULTREES off and random addition of sequences (four replicates). 

Bayesian tests were carried out using MrBayes v. 3.2B4 (Huelsenbeck & Ronquist, 2001) and following 
Pimentel et al. (2013). Model selection was conducted using MrModelTest v2.3 (Nylander, 2004). A GTR + 
G substitution model was applied to all the analyses. Gaps were coded in the matrix as presence/absence 
following the simple method from Simmons & Ochoterena (2000) as implemented in SeqState (Müller, 
2005). They were assumed to follow the binary model of evolution (Ronquist et al., 2005) and were 
included in the analysis following Dwivedi & Gadagkar (2009). All Bayesian phylogenetic analyses were 
carried out with and without the gaps. 

Each independent data set was analysed as follows: (i) analyses were initiated with a random starting tree; 
(ii) 15000000 generations were run and (iii) sampling was conducted every 1000 generations. The program 
was allowed to estimate the likelihood parameters required. Convergence was assessed using the software 
TRACER v. 1.5 (Rambaut & Drummond, 2007) as well as using the “compare” function in the online 
application AWTY (Nylander et al., 2008). Results collected prior to stationarity were discardes as burn-in. 
Results were presented as the halfcompat posterior probability consensus tree built using MrBayes. 
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Hierochloë section Monoecia Connor: taxonomic structure 

Theoretical basis 

A study combining anatomical, molecular and cytological information was conducted 

to assess the taxonomy of Hierochloë section Monoecia Connor (Lema-Suárez et al., 2017; 

Chapter 2). These results suggest that the taxonomic status of several species in the 

section is not justified based on either the phylogenetic (apomorphic) or the phenetic 

species concepts (Sokal & Crovello, 1970; Judd et al., 2002; Soltis et al., 2007). 

Parodi (1941) and De Paula (1975) based their classification of section Monoecia mostly 

on macromorphological and leaf micro-morphological traits. Our results including 

these and others characters (see Appendix 2 in Lema-Suárez et al., 2017; Chapter 2) 

reveal that only a combination of micromorphological traits (Fig. 1) is useful to 

separate most species in the section, whilst macromorphological and molecular 

characters fail to unambiguously differentiate them (Lema-Suárez et al., 2017; Chapter 

2). Our results, together with the known impact of environmental variables on leaf 

micromorphological data (Aiken et al., 1984; Dubé & Moriset, 1996) call into question 

the traditional taxonomic structure of the section. 

Only Hierochloë pusilla and H. juncifolia are well differentiated based on the molecular 

tests conducted. Likewise, H. pusilla is well-characterised based on 

macromorphological vegetative characters. Hierochloë juncifolia, traditionally 

characterised by its dorsally inserted awn in the upper male floret (De Paula, 1975; 

Anton & Zuloaga, 2012), displays a large variation regarding macromorphological 

data, but it is clearly separated from the other section Monoecia species. 

Differentiation within the H. redolens complex, including H. altissima, H. gunckelii, H. 

redolens, H. spicata and H. utriculata is not justified based on morphological or 

molecular data. Hierochloë redolens from New Guinea are clearly differentiated from the 

southern American samples in all molecular analyses, supporting a separation between 

the Asian-Australian and South American populations of this taxon (Zotov, 1973; De 

Paula, 1975; Connor, 2012). The central Andean and high altitude taxon H. quebrada, is 
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well-supported and differentiated based on molecular (Lema-Suárez et al., 2017; 

Chapter 2) and morphological (Connor & Renvoize, 2009) data. Our results support the 

view that H. quebrada and H. juncifolia (also present in the Central Andes at lower 

altitudes) are clearly separated species and not synonymous taxa. 

Considering the above, the taxonomic status of several species in the section is not 

justified based on either the phylogenetic (apomorphic) or the phenetic species 

concepts (Sokal & Crovello, 1970; Soltis et al., 2007). Only four species should be 

differentiate: H. pusilla, H. juncifolia, H. quebrada and H. redolens pro parte. This latter 

name should be restricted to southern American specimens following De Paula (1975, 

but see Zotov, 1973) and it would also comprise H. altissima, H. gunckelii, H. spicata and 

H. utriculata as varieties. Although the limits between varieties and subspecies are far 

from clear-cut (e.g. McNeill et al., 2012), the overlapping ecological and geographical 

ranges of these taxa would render the varietal rank more appropriate. Hierochloë 

sorianoi and H. moorei, not considered in our study, have already been transferred to H. 

redolens by other authors (e.g. Anton & Zuloaga, 2012), but recent results on H. moorei 

(Villalobos & Finot, 2016) call for a reassessment of this species. 
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Hierochloë section Monoecia Connor 

Perennial grasses, culms erect. Leaf-blades planar or convolute. Ligules membranous. 

Inflorescence a panicle, spiciform or open, with solitary spikelets. Spikelets pedicelled, 

laterally compressed, formed by 2 basal male florets and 1 apical female, protogynous 

floret. Pedicels pubescent. Glumes persistent, subequal, membranous and transparent, 

generally 3-nerved. Basal male florets similar, paleate, tristaminate. Apical female 

floret composed by two staminodes and a glabrous ovary with two plumose stigmas, 

exserted during anthesis. Lemma of apical female floret with margins convolute, 

covering most of the palea, and apex acute or obtuse. Palea of apical female floret 

linear, 1-veined, unkeeled. Leaf epidermis with long cells type I3 (Ellis, 1979; Devesa, 

1992) and stomata in adaxial surface only or in both surfaces. 

 

1. Plant height shorter than 10 cm; lemmas of male florets muticous…………..H. pusilla 
- Plant height longer than 10 cm; lemmas of male florets awned……………………….2 

2. Awns dorsally inserted; panicle spiciform....……………………………..……………...3 
- Awns apically or subapically inserted; panicle open or spiciform…….…....H. redolens 

3. Awn of upper male floret shorter than 4 mm, lower male floret 
muticous………………………………………...…………….............................H. juncifolia 

- Awn of upper male floret 3–6.6 mm long, awn of lower male floret 0.2–1.5 mm 
long……………………….……………….…………………...…...…………….H. quebrada 

 

H. pusilla Hack. ex Dusén 

Synonyms: Anthoxanthum pusillum (Hack. ex Dusén) Veldkamp (Missouri Botanical 

Garden, 2017). 

Habit: Perennial grass, 4–10 cm tall. Leaf-sheaths pubescent, at least the superior ones. 

Ligules truncate, erose. Leaf-blades basal, growing from nodes very close to each other, 
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5–7, planar or conduplicate, stiff, 3.5–30 mm long and 1.5–3.0 mm wide, striate and 

pubescent adaxially, glabrous or scarcely pubescent abaxially. 

Inflorescence: Panicle spiciform, oblong, 7–20 mm long and 3–10 mm wide, bearing few 

spikelets. Rhachis glabrous. 

Spikelets: Ovate, 4–5 mm long. 

Glumes: Ovate, 3-nerved, completely covering the florets. Lower glume 3–5 mm long. 

Upper glume 4–5 mm long. 

Florets: Lemmas of male florets 3.5–5 mm long, mucronate, papyraceous, rough above, 

truncate or obtuse, muticous. Lemma of lower male floret elliptic, scaberulous, 1-

keeled, 5-veined. Lemma of upper male floret oblong, scabrous. Lemma of apical 

female floret ovate, 3–3.5 mm long, membranous, light brown, unkeeled, 5-veined. 

Leaf anatomy: Leaf surface with long cells type I3, rough, 170–290 µm long. Short cells 

S5 (round). Stomata in adaxial surface. Cilia present; hooks and bulliform cells absent. 

Leaf section open with 7–10 round ribs. Median vascular bundle sheath single (not 

complete), median bundle the largest; subepidermal sclerenchyma discontinuous, 

more abundant contiguous to the median nerve and the leaf margins. 

Distribution: Southern tip of the Andes (Santa Cruz and Tierra del Fuego in Argentina, 

Magallanes in Chile; De Paula, 1975; Anton & Zuloaga, 2012). 

Habitat: Damp meadows and wetlands, 100–1000 m.a.s.l. (De Paula, 1975; Anton & 

Zuloaga, 2012). 

H. juncifolia (Hack.) Parodi 

Synonyms: Anthoxanthum juncifolium (Hack.) Veldkamp; Hierochloe utriculata var. 

juncifolia Hack (Missouri Botanical Garden, 2017). 

Habit: Perennial grass, 30–80 cm tall. Leaf-sheaths longer than the internodes, glabrous 

or scabrid. Ligule ciliate. Leaf-blade filiform, convolute, stiff, 7–35(37) cm long and 
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(1)2–6 mm wide, striate, pubescent and scabrous adaxially and glabrous abaxially. 

Apex pungent. 

Inflorescence: Panicle spiciform, linear, 6–11(15) cm long and (0.6)1–1.5 cm wide. 

Rhachis and pedicels short and scabrous. 

Spikelets: Ovate, 6–7 mm long.  

Glumes: Ovate, 3-nerved, equal or shorter than the spikelet. Glumes 5–7 mm long.  

Florets: Lemmas of male florets 5–6.5 mm long, papyraceous, ciliolate on margins, 

obtuse. Lemma of lower male floret elliptic, mucronate, 1-keeled, 5-veined, muticous. 

Lemma of upper male floret oblong, awned. Awn of upper male floret dorsally 

inserted, shorther than 4 mm. Lemma of apical female floret ovate, 4–4.5 mm long, 

membranous, unkeeled, 5-veined, glabrous or scaberulous, scabrous in the upper third. 

Leaf anatomy: Leaf surface with long I3 cells 77–96 µm long. Short cells S2 (ax shaped). 

Stomata in adaxial surface. Presence of hooks, very abundant, and bulliform cells. Leaf 

section closed with 12–25 polygonal ribs. Median vascular bundle sheath single (not 

complete), median nerve not different from the other nerves. Subepidermal 

sclerenchyma continuous. 

Distribution: Central-South Chile and Argentina, discontinuous. Also recorded in the 

Central Andes in Peru (De Paula, 1975; Connor & Renvoize, 2009; Anton & Zuloaga, 

2012). 

Habitat: Volcanic, stony or sandy soils in mountain slopes, 0–1750 m.a.s.l. (De Paula, 

1975; Connor & Renvoize, 2009; Anton & Zuloaga, 2012). 

H. quebrada Connor & Renvoize 

Habit: Perennial grass, 60–100 cm tall. Caespitose, erect, densely clumped. Leaf-sheaths 

10–20 cm long, mostly shorter than internodes, ringed, scabrid. Ligules erose. Leaf-

blades erect, planar, coriaceous, stiff, 20–40 cm long, 5–10 mm wide, ribbed, scabrous, 
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with apex acute or acuminate. Culms erect, 2-noded, glabrous. Inflorescence internodes 

25–35(50) cm long.  

Inflorescence: Panicle spiciform, linear, continuous, 10–20 cm long, 1 cm wide. Rhachis 

scaberulous, branches puberulous. 

Spikelets: Linear to linear-ovate, 5–8.5 mm long, without rhachilla extension. 

Glumes: Ovate, scarious, 1–3-nerved, 1-keeled, glabrous, sometimes violet tinged, with 

apex acute. Lower glume 4.5–6.2 mm long. Upper glume 5–6.5 mm long. 

Florets: Lemmas of male florets elliptic, awned. Lemma of lower male floret 4.5–6.1 mm 

long. Lemma of upper male floret 4.2–5.9 mm long. Awns dorsally inserted. Awn of 

lower male floret 0.2–1.5 mm long, straight. Awn of upper male floret 3–6.6 mm long, 

geniculate. Lemma of apical female floret ovate, 3.4–4.5 mm long, membranous, 

brown, shiny, 1-keeled, 3-veined. Lemma midvein scaberulous. Lemma surface 

scaberulous and puberulous. Lemma surface ciliolate, pubescent in the upper part. 

Leaf anatomy: Leaf surface with long cells type I3, 110 µm long. Stomata 37.5 µm long, 

present only in the adaxial epidermis, in the lower sides of the grooves. Presence of 

bulliform cells in the adaxial epidermis. Leaf section with approximately 18 

quadrangular ribs. Median vascular bundle sheath complete and median nerve not 

differentiated. Subepidermal sclerenchyma continuous adaxially and abaxially. 

Distribution: Central Andes of Peru, in Áncash region (Connor & Renvoize, 2009). 

Habitat: Grassland on steep granitic and derived soils. 4000–4600 m.a.s.l. (Connor & 

Renvoize, 2009). 

H. redolens 

Habit: Perennial grass, (25)40–200(300) cm tall. Erect, 3–5-noded. Basal innovations 

extravaginal. Leaf-sheaths striate and scabrous. Ligules triangular or obtuse. Leaf-
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blades (10)15–55(75) cm long and (3)5–14 mm wide; planar or convolute; glabrous, 

pubescent, scaberulous or scabrous; with apex acuminate. 

Inflorescence: Panicle spiciform, slightly contracted or open; linear or lanceolate; 

interrupted or not; 5–26 cm long and 0.7–5 cm wide. 

Spikelets: 5–14 mm long, cuneate or oblong, without rhachilla extension. 

Glumes: Elliptic, lanceolate or ovate, 1-keeled, 1- or 3-veined, with apex acute or obtuse. 

Glumes shorter than the spikelet, reaching the apex of florets or longer. Lower glume 

4–12 mm long. Upper glume 4–14 mm long. 

Florets: Lemmas of male florets 4–10 mm long, awned, membranous. Lemma of lower 

male floret 5-veined. Awns of male florets apically or subapically inserted, 0.5–6 mm 

long. Lemma of apical female floret ovate, (3)4–5 mm long, unkeeled, 5-veined; 

muticous, mucronated or awned. 

Leaf anatomy: Leaf surface with long cells type I3, 150–250 µm long and short cells S5 

(round). Stomata in adaxial surface only or in both. Hooks present. Cilia absent. Leaf 

section open with 20–50 quadrangular ribs or alternate quadrangular and triangular 

ribs. Median vascular bundle sheath complete and median nerve not differentiated. 

Subepidermal sclerenchyma discontinuous adaxially and continuous or discontinuous 

abaxially, concurring with the vascular bundles. 
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Hierochloë redolens: infraspecific taxa 

4. Panicle open or slightly contracted..….…………………………………………….…….5 

- Panicle spiciform...……………………….…………………………………………………6 

5. Upper glume larger than the florets; glumes lanceolate; spikelet 6.5–14 mm 

long…….....…………………………….………………….……….H. redolens var. redolens 
- Upper glume smaller or equal than the florets; glumes ovate; spikelet 5.5–7 mm 

long..….……………………………………………….……...........H. redolens var. gunckelii 

6. Upper glume larger than the florets; spikelet 6.5 mm long; leaf-blade with alternate 

quadrangular and triangular ribs………………………………....H. redolens var. spicata 

- Upper glume smaller or equal than the florets; leaf-blade with subepidermal 

sclerenchyma continuous abaxially…………………………..………...…..……………..7 

7. Awn apically inserted; spikelet 5–7 mm long; leaf-blade with 28–30 

ribs……...……………..……………….…....…………………….H. redolens var. utriculata 
- Awn subapically inserted; spikelet 6–9 mm long; leaf-blade with 30–50 

ribs………………………………..…..……....……………………H. redolens var. altissima 

 

H. redolens var. altissima 

Synonyms: Anthoxanthum altissimum (Steud.) Veldkamp, Hierochloe altissima Steud. 

(Missouri Botanical Garden, 2017). 

Habit: Perennial grass, (60)100–150(220) cm tall. Robust, 3–5-noded. Nodes brown, 

glabrous. Ligules obtuse. Leaf-blades (20)30–75 cm long and 5–14 mm wide, planar, 

scabrous on both sides and striate adaxially. 

Inflorescence: Panicle spiciform, linear, interrupted, 15–25 cm long and 1–3 cm wide. 

Lower branches adpressed. Peduncle, rhachis and branches scabrous. Pedicels 

pubescent. 

Spikelets: Cuneate, (6)7–8(9) mm long. 
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Glumes: Lanceolate, 3-veined, central nerve scabrous; apex obtuse. Glumes shorter than 

or equal to the spikelet. Lower glume (5)6.5–7.5 mm long. Upper glume 6–8 mm long. 

Florets: Lemmas of male florets 6–8.5 mm long, awned, reddish brown, papyraceous, 

scabrous, ciliolate on midvein, obtuse. Lemma of lower male floret elliptic, 1-keeled, 5-

veined. Lemma of upper male floret oblong. Awns of male florets terminally inserted. 

Awn of lower male floret subapical, 1.5–2 mm long, straight. Awn of upper male floret 

2.3–3 mm long, straight. Lemma of apical female floret 4 mm long, membranous. 

Leaf anatomy: Leaf surface with long cells type I3 170–340 µm long. Stomata in adaxial 

surface or in both, 42–50 µm long. Bulliform cells absent. Leaf section open with 30-50 

quadrangular ribs. Subepidermal sclerenchyma continuous abaxially and 

discontinuous adaxially, concurring with the vascular bundles. 

Distribution: Present in Central-South Chile (from Biobío to Los Lagos, including Chiloé 

Island; De Paula, 1975; Anton & Zuloaga, 2012). 

Habitat: Big shrubs on sandy soils, 0–350 m.a.s.l. (De Paula, 1975; Anton & Zuloaga, 

2012). 

H. redolens var. gunckelii 

Synonyms: Anthoxanthum gunckelii (Parodi) Veldkamp, Hierochloe gunckelii Parodi 

(Missouri Botanical Garden, 2017). 

Habit: Perennial grass, (50)100–150 cm tall. Robust. Ligules obtuse. Leaf-blades (15)25–

35(50) cm long and 5–7(11) mm wide, convolute, scabrous adaxially and glabrous, 

scaberulous or scabrous abaxially. 

Inflorescence: Panicle open or slightly contracted, lanceolate, equilateral or nodding, 10–

25 cm long and 1.5–3 cm wide. Lower branches geminate, 5–7 cm long. Rhachis 

glabrous or scaberulous. Panicle branches pubescent, without spikelets in the lower 

third. Pedicels ciliate. 
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Spikelets: Cuneate, 5.5–7 mm long. 

Glumes: Ovate, 3-veined, primary vein smooth or scaberulous and lateral veins 

interrupted in the middle. Apex acute. Glumes shorter than or equal to the spikelet. 

Lower glume 4–6 mm long. Upper glume 5–7 mm long. 

Florets: Lemmas of male florets elliptic or oblong, 5–7 mm long, papyraceous, 5-veined, 

scabrous, eciliate or ciliolate on midvein and on margins, fringed below, obtuse, 

awned. Awn of lower male floret subterminally inserted, 0.3–1.5 mm long. Awn of 

upper male floret dorsally inserted, 1.5–2 mm long, straight. Lemma of apical female 

floret 4.3–4.8 mm long, membranous. Lemma midvein eciliate or ciliolate, surface 

scabrous. 

Leaf anatomy: Leaf surface with long cells type I3 180–250 µm long. Stomata in adaxial 

surface. Hooks present but scarce. Bulliform cells absent. Leaf section open with 30–45 

quadrangular ribs. Subepidermal sclerenchyma discontinuous abaxially and adaxially, 

concurring with the vascular bundles. 

Distribution: Present in Central-South Chile (from Biobío to Los Lagos, including Chiloé 

Island) and Central Argentina (Río Negro) (De Paula, 1975; Anton & Zuloaga, 2012). 

Habitat: Sandy or dry soils in coastal areas, at sea level (De Paula, 1975; Anton & 

Zuloaga, 2012). 

H. redolens var. redolens 

Synonyms: Anthoxanthum redolens (Vahl) P.Royen, Avena redolens (Vahl) Pers., Hierochloe 

antarctica var. redolens (Vahl) Brongn., Hierochloe arenaria Steud., Hierochloe 

magellanica (Desr.) Hook.f., Hierochloe moorei De Paula, Hierochloe redolens (Vahl) Roem. 

& Schult., Hierochloe redolens var. magellanica (Hook.f.) Macloskie, Hierochloe 

redolens var. typica Parodi, Hierochloe sorianoi De Paula, Holcus redolens Vahl, Melica 

magellanica Desr., Torresia redolens (Vahl) Roem. & Schult. (Missouri Botanical Garden, 

2017). 
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Habit: Perennial grass, (25)40–100(300) cm tall. Caespitose, 4–5-noded, nodes glabrous. 

Ligules triangular to obtuse. Leaf-blades 15–55 cm long and 5–12 mm wide, planar, 

stiff, deeply ribbed, scabrous adaxially and glabrous abaxially. 

Inflorescence: Panicle open, lanceolate, (5)7–20(25) cm long and 0.7–5 cm wide. Rhachis 

and branches glabrous or pubescent, without spikelets in the lower third. Pedicels 

shorter than the spikelets, pubescent. 

Spikelets: Cuneate, 6.5–14 mm long. 

Glumes: Lanceolate, with apex acute or obtuse. Glumes longer than the spikelet. Lower 

glume 5–12 mm long, 1-veined; upper glume 4–14 mm long, 3-veined. 

Florets: Lemmas of male florets elliptic or oblong, 5.5–10 mm long, membranous, 5-

veined, scaberulous, ciliolate on margins, obtuse, awned. Awns of male florets 

subterminally inserted. Awn of lower male floret 1–4.5 mm long. Awn of upper male 

floret 2–6 mm long. Lemma of apical female floret awned or muticous, glabrous in the 

lower part and scabrous in the upper part, with margin oblique or obtuse. Awn shorter 

than 1 mm. 

Leaf anatomy: Leaf surface with long cells type I3 150–250 µm long. Stomata in adaxial 

surface, 20–50 µm long. Bulliform cells absent. Leaf section closed with 20–40 

quadrangular ribs. Subepidermal sclerenchyma discontinuous abaxially and adaxially, 

concurring with the vascular bundles. 

Distribution: Disjunct distribution in South America. From Venezuela to Peru and from 

central Chile and Argentina to the Falkland Islands. Tropicalpine at low latitudes (De 

Paula, 1975; Anton & Zuloaga, 2012). 

Habitat: Wet meadows, 0–3850 m.a.s.l. (De Paula, 1975; Anton & Zuloaga, 2012). 
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H. redolens var. spicata 

Synonyms: Anthoxanthum spicata (Parodi) Veldkamp, Hierochloe spicata Parodi (Missouri 

Botanical Garden, 2017). 

Habit: Perennial grass, 100–130 cm tall, 3–4-noded. Leaf-sheaths shorter than the 

internodes. Ligules triangular. Leaf-blades 23–35 cm long and 8–10 mm wide, planar or 

convolute, glabrous. 

Inflorescence: Panicle spiciform, linear, continuous or interrupted, up to 15 cm long and 

1–1.5 cm wide. Lower branches adpressed, geminate. Rhachis glabrous.  

Spikelets: Cuneate, 6.5 mm long.  

Glumes: Lanceolate. Apex acute or obtuse. Lower glume elliptic, 5.5 mm long, reaching 

the apex of the florets, 1-veined. Upper glume ovate, 6.5 mm long, exceeding the apex 

of the florets, 3-veined, central nerve glabrous and lateral nerves interrupted in the 

middle. 

Florets: Lemmas of male florets oblong, 5 mm long, awned, papyraceous, truncate or 

obtuse. Lemma of lower male floret scaberulous, scabrous above, ciliate on midvein 

and ciliolate on margins, 1-keeled, 5-veined, dark brown. Lemma of upper male floret 

scabrous, ciliolate on margins. Awns of male florets subterminally inserted, 1–1.5 mm 

long. Lemma of apical female floret up to 4 mm long, membranous, pubescent. 

Leaf anatomy: Leaf surface with long cells type I3 up to 190 µm long. Stomata in adaxial 

surface, up to 45 µm long. Bulliform cells present. Leaf section with 40 alternate 

quadrangular and triangular ribs. Subepidermal sclerenchyma discontinuous abaxially 

and adaxially, concurring with the vascular bundles. 

Distribution: Present only in Chile (from Araucanía to Magallanes) (De Paula, 1975). 

Habitat: Sandy soils near the beach, 15–20 m.a.s.l. (De Paula, 1975). 
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H. redolens var. utriculata 

Synonyms: Anthoxanthum utriculatum (Ruiz & Pav.) Y.Schouten & Veldkamp, Hierochloe 

utriculata (Ruiz & Pav.) Kunth, Hierochloe utriculata var. minor Desvaux in Gay, Torresia 

utriculata Ruiz & Pav. (Missouri Botanical Garden, 2017). 

Habit: Perennial grass, 100–200 cm tall. Robust, 3–5-noded. Nodes brown, glabrous. 

Ligules obtuse. Leaf-blades 20–60 cm long and (5)8–9(14) mm wide, convolute, 

glabrous or scaberulous adaxially and scabrous abaxially. 

Inflorescence: Panicle spiciform, dense, linear, interrupted, narrowing toward the apex, 

9–26 cm long and 0.9–3.3 cm wide. Lower branches adpressed. Peduncle scabrous. 

Rhachis and branches scabrous and short. 

Spikelets: Oblong, 5–7 mm long.  

Glumes: Ovate, 3-veined, primary vein scabrous and lateral veins interrupted in the 

middle. Apex obtuse. Lower glume 4–7 mm long, shorter than the spikelet. Upper 

glume 4.5–7 mm long, shorter than the spikelet or reaching its apex. 

Florets: Lemmas of male florets 5–7 mm long, awned, membranous, scabrous, with 

margin oblique or obtuse. Lemma of lower male floret elliptic, 1-keeled, 5-veined. 

Lemma of upper male floret oblong. Awns of male florets terminally inserted, 0.5–1.5 

mm long. Lemma of apical female floret 4 mm long, muticous or mucronate. 

Leaf anatomy: Leaf surface with long cells type I3 190–240 µm long. Stomata in adaxial 

surface, 36–42 µm long. Bulliform cells present. Leaf section closed with 28–30 

quadrangular ribs. Subepidermal sclerenchyma continuous abaxially and 

discontinuous adaxially, concurring with the vascular bundles. 

Distribution: Central Chile (from Biobío to Los Ríos) and Argentina (Neuquén) (De 

Paula, 1975; Anton & Zuloaga, 2012). 

Habitat: Sandy soils in coastal areas and riverbanks, 0–1450 m.a.s.l. (De Paula, 1975; 

Anton & Zuloaga, 2012). 
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Figure 1. Hierochloë section Monoecia micromorphology details. A–C. Leaf transverse section. A. Hierochloë 

pusilla, leaf transverse section open with round ribs. B. Hierochloë juncifolia, leaf transverse section closed 
with polygonal ribs. C. Hierochloë redolens var. altissima, leaf transverse section open with quadrangular 
ribs. D–F. Leaf epidermis. D. Hierochloë redolens var. gunckelii, adaxial epidermis with long cells type I3 and 
stomata. E. Hierochloë pusilla, leaf epidermis with long cells type I3 and short cells S5 (round). F. Hierochloë 

juncifolia, leaf epidermis with long cells type I3 and short cells S2 (ax shaped). 
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Anthoxanthum L. 

Sp. Pl. 1: 28 
(1753) 

Hierbas perennes o anuales, laxa o densamente cespitosas, a menudo estoloníferas, con 

o sin pequeños tubérculos en la base de las cañas, glabras o pelosas. Tallos erectos o 

ascendentes, cilíndricos, con 2–16 nudos, glabros. Hojas basales en innovaciones 

extravaginales e intravaginales, las caulinares 3–7; vaina abierta casi hasta la base; 

lígula corta, de aguda a truncada, membranácea, glabra; aurículas ciliadas y a menudo 

coloreadas; limbo linear, plano, liso o ligeramente surcado en el haz, liso en el envés. 

Inflorescencia en panícula ± densa, cortamente ramificada, de base truncada o aguda, 

con ramas generalmente escábridas o pelosas. Espiguillas comprimidas lateralmente, 

con 2 glumas y 3 flores. Glumas desiguales, encerrando a las flores completamente, con 

márgenes ampliamente membranáceos, aquilladas, escábridas sobre el nervio medio 

desde la base o en la zona apical, con el ápice de agudo a mucronado, la inferior de 1/2 

a 2/3 de la longitud de la superior, con 1 nervio, la superior con 3 nervios. Flores 

inferiores reducidas a lemas estériles, la superior hermafrodita, casmógama. Lemas de 

las flores estériles de membranáceos a coriáceos, a menudo pelosos, con ápice de entero 

a bilobado, con lóbulos redondeados u oblongos, con arista dorsal, escábrida, la del 

lema estéril inferior recta e inserta en la mitad superior, la del lema estéril superior 

geniculada e inserta en la mitad inferior; lema de la flor fértil de dorso redondeado y 

ápice obtuso, sin arista, glabro —rara vez peloso en ejemplares no ibéricos—. Pálea 

elíptica, parecida al lema fértil en tamaño y consistencia, emarginada, membranácea, 

uninervada. Androceo formado por 2 estambres exertos apicalmente en antesis, 

habitualmente amarillos. Ovario ovoide, glabro; estigmas exertos apicalmente. Fruto 

oblongo o elíptico, con hilo linear, glabro y brillante. 

Observaciones.–El género en sentido estricto incluye unas 18 especies que se distribuyen por las zonas 
templadas y frías del hemisferio norte, principalmente en el Viejo Mundo, C y SE de Asia, N, E y S de 
África y América Central. Para la delimitación del género se sigue a Clayton et al. en GrassBase (Clayton et 
al., 2016). Las especies ibéricas se encuadran en la sección Anthoxanthum, que es monofilética, 
encontrándose próximas a los táxones de África Oriental y la Macaronesia (Pimentel et al., 2013). 
Conforman un complejo poliploide con numerosos eventos de evolución reticulada (cf. Hedberg, 1986) 
que se muestran como incongruencias entre su filogenia nuclear y cloroplástica (cf. Pimentel et al., 2013). 
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Citótipos de igual número cromosomático originados de forma independiente e indistinguibles 
morfológicamente se clasifican dentro de la misma especie, dificultando la definición de táxones naturales 
(cf. Felber, 1986). Se ha propuesto la fusión de Anthoxanthum con su género hermano Hierochloe R.Br. 
(Schouten & Veldkamp, 1985) en base a la existencia de formas intermedias asiáticas y africanas 
tradicionalmente incluidas en Anthoxanthum sect. Ataxia (R.Br.) Stapf (Stapf, 1899). Este criterio no ha sido 
seguido en el presente trabajo en base a lo expuesto por Connor (2008) y por la elevada coherencia 
morfológica y cromosomática de las especies europeas de Anthoxanthum frente a Hierochloë. Lo mismo se 
ha venido haciendo en diversas floras que han tratado el género, si bien no es un criterio seguido 
universalmente (revisado por Connor, 2008). 

Los limbos presentan generalmente en sección transversal una banda de células buliformes asociada a 
cada surco, en grupos de 4–7 en forma de abanico; haces vasculares mayores normalmente unidos a la 
epidermis abaxial por una banda de esclerénquima. 

Las plantas de este género se caracterizan por presentar un aroma peculiar debido a la acumulación de 
cumarina (2H-cromen-2-ona), compuesto con numerosos usos medicinales e industriales. 

1. Planta perenne, estolonífera y a menudo presentando pequeños tubérculos en la 
base de los tallos; hojas con limbo de 9–30(40) mm de anchura; espiguillas (9)10–17 
mm......................................................................................................................1. A. amarum 

– Plantas anuales o perennes, estoloníferas o no, sin tubérculos; hojas con limbo de 
0,8–9,5 mm de anchura; espiguillas 5–10 mm.. ................................................................. 2 

2. Planta perenne, estolonífera o no, con brotes estériles en antesis; primer entrenudo 
de la inflorescencia (0,3)0,4–1,7(2) cm..........................................................2. A. odoratum 

– Planta anual, no estolonífera, sin brotes estériles en antesis; primer entrenudo de la 
inflorescencia 0,1–0,4(0,5) cm...........................................................................3. A. ovatum 

1. A. amarum Brot., Phytogr. Lusit. Select. Fasc. I: 4 (1800) 

Sinónimos: 
Anthoxanthum avenaceum Retz., Observ. Bot. 3: 8 (1789) 
Anthoxanthum odoratum var. amarum (Brot.) Trin., Sp. Gram. 1 t. 15 (1826) 
Anthoxanthum odoratum var. majus Hack., Cat. Rais. Gramin. Portugal 8: 9 (1880) 

Ind. loc.: "Habitat in solo raro, subhumido, aut frigidiusculo vallium aut clivorunt Beirae altioris et 
Interamniae; etiam prope Conimbricam in Villafranca." 

Ic.: E. Paunero in Anales Inst. Bot. Cavanilles 12: 426 lám. V (1954); Trinius, Sp. Gram. 1(2): lám. 15 
(1828) 

Hierba perenne de (30)50–150 cm, estolonífera y a menudo presentando pequeños 

tubérculos en la base de los tallos. Tallos (30)38–150 cm, a menudo geniculados en la 

base, lisos, con 3–7 nudos visibles generalmente coloreados y glabros. Hojas con vaina 

cilíndrica, a menudo abierta, ± pelosa, sobre todo en el tercio superior; lígula hasta de 
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7 mm, membranácea, de truncada a oblonga con ápice obtuso, en general glabra; 

aurículas marcadas y a menudo coloreadas, habitualmente ciliadas; limbo 40–400 × 9–

30(40) mm, plano y liso, de verde a verde-azulado, a menudo pruinoso, ciliado en los 

bordes, rara vez algo áspero. Inflorescencia 4–15(20) cm, en panícula condensada, 

espiciforme, lanceolada, amarilla en la madurez; rama basal de la inflorescencia 1–3,5 

cm, erecta; entrenudo basal de la inflorescencia 0,7–4 cm, liso. Espiguillas (9)10–17 mm, 

comprimidas lateralmente, con 1 flor fértil apical y dos flores basales estériles 

reducidas a los lemas; pedúnculo a menudo peloso. Glumas desiguales, lanceolado-

acuminadas, con márgenes ampliamente membranáceos, aquilladas, escábridas sobre 

el nervio medio en la zona apical; la inferior 3–8 mm, 1/2 a 2/3 de la longitud de la 

superior, con 1 nervio; la superior de 9–17 mm, con 3 nervios. Lemas de las flores 

estériles subiguales, de (3)4,5–6 mm, aristados, con 5 nervios, con la porción terminal 

membranácea, quebradizos en la madurez, con abundantes pelos; ápices de los lemas 

estériles escotados, de escotadura poco profunda y lóbulos obtusos; arista del lema 

estéril inferior corta, recta e inserta en el tercio superior; arista del lema estéril superior 

(4)6–15 mm, de inserción basal, a menudo sobrepasando a la gluma superior, 

geniculada; lema de la flor fértil (1,5)2–4,5 mm, suborbicular, sin arista, liso y pardo-

brillante en la madurez. Pálea elíptica, algo más corta que el lema y de consistencia 

semejante a este. Fruto 2,2–2,75 × 1–1,2 mm, oblongo. 2n = 80, 86, 88, 90. 

Pastizales y bosques húmedos no muy densos, herbazales en márgenes de cursos de agua, bordes de 
caminos con humedad abundante, indiferente edáfica pero más abundante en zonas ácidas; 0–1000 
m. III– VI. • NW de España y N de Portugal. Esp.: C Lu O Or Po. Port.: BA BB BL DL Mi TM. N.v.: 
alesta, grama de olor, lesta; port.: feno de cheiro amargoso; gall.: balesta, lesta. 

Observaciones.—Especie poliploide de elevado número cromosomático localmente frecuente en su 
área de distribución (Fig. 1A). Se ha citado en zonas del E de la Península Ibérica (cf. Moreno-Saiz & 
Sainz-Ollero, 1992), si bien las plantas analizadas de esas zonas corresponden a especímenes de gran 
tamaño del muy variable A. odoratum. Presenta una elevada tasa de reproducción vegetativa que se 
observa en la estructura de las poblaciones (cf. Pimentel & Sahuquillo, 2007). Especie 
filogenéticamente próxima a los táxones ibéricos anuales diploides y a las poblaciones del NW ibérico 
del tetraploide A. odoratum (cf. Pimentel et al., 2013). 

  



Estudio taxonómico y evolutivo de la subtribu Anthoxanthinae 

   Capítulo 4 
 

228 

2. A. odoratum L. in Sp. Pl. 28 (1753) 

A. odoratum subsp. alpinum (Löve & Löve) Hultén in Kongl. Svenska Vetensk. Acad. Handl. n.s. 7: 9 
(1958) 

Sinónimos: 
Anthoxanthum alpinum Á. Löve & D. Löve in Rep. Univ. Inst. Appl. Sci., Reykjavik, Dept. Agric., 
Ser. B 3: 105 (1948) 
Anthoxanthum odoratum var. ciliatum Opiz in Sezn. Rostl. Ceske 16 (1852) 
Anthoxanthum odoratum var. barbatum Opiz in Sezn. Rostl. Ceske 16 (1852) 
Anthoxanthum odoratum var. brevifolium Opiz in Sezn. Rostl. Ceske 16 (1852) 
Anthoxanthum odoratum var. glabrescens Celak., Prod. Fl. Böhm. 39 (1867) 
Anthoxanthum odoratum var. montanum Pancic in Vehr. Zoo.–Bot. Ges. Wien 6: 595 (1856) 
Anthoxanthum odoratum var. pilosum Celak., Prod. Fl. Böhm. 39 (1867) 
Anthoxanthum odoratum var. pubescens Gray in Nat. Arr. Brit. Pl. 2: 35 (1821) 
Anthoxanthum odoratum var. villosissimum Freyn in Vehr. Zoo.–Bot. Ges. Wien 6: 595 (1877) 

Ind. loc.: "Habitat in Europae pratis” [lectótipo designado por T.A. Cope in Regnum Veg. 127: 19 
(1993): LINN 46.1] 

Ic.: E. Paunero in Anales Inst. Bot. Cavanilles 12: 427 lám. VI; 428 lám. VII; 429 lám. VIII (1954); 
Pignatti, Flora d’Italia 3: 5179 (1982); Trinius, Sp. Gram. 1(2): lám. 14 (1828) 

Hierba perenne, laxamente cespitosa, estolonífera en ocasiones, pero siempre sin 

tubérculos en la base de los tallos. Tallos (8)10–90 cm, a menudo ascendentes y 

geniculados en la base, lisos, con 3–16 nudos visibles, en ocasiones coloreados, glabros. 

Hojas con vaina cilíndrica, a menudo abierta, ampliamente variable en indumento, 

pero habitualmente pelosa en su parte superior; aurículas claramente marcadas y a 

menudo coloreadas, habitualmente ciliadas; lígula hasta de 3 mm, cortamente ciliada, 

membranáceas y de ápice truncado más o menos laciniado; limbo (10)15–180 × (0,8)1,5–

8(9,5) mm, linear–lanceolado, habitualmente ciliado en los bordes y de pilosidad muy 

variable. Inflorescencia 1,4–9 cm, en panícula condensada, relativamente laxa o densa, 

variable en la forma, lanceolada, cilíndrica, oblonga u ovado-oblonga, de base truncada 

o aguda, amarilla en la madurez; rama basal de la inflorescencia 0,6–3,0 cm, erecta; 

entrenudo basal de la inflorescencia (0,3)0,4–1,7(2) cm, liso. Espiguillas 5–8(10) mm, 

comprimidas lateralmente, con una flor fértil apical y dos flores estériles basales 

reducidas a los lemas; pedúnculo a menudo peloso. Glumas desiguales, lanceolado-

acuminadas, con márgenes ampliamente membranáceos, aquilladas, escábridas o 

largamente ciliadas sobre el nervio medio, a menudo pelosas sobre toda su superficie; 

la inferior 3–6 mm, 1/2 a 2/3 de la longitud de la superior, con 1 nervio; la superior 5–
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8(9) mm, con 3 nervios. Lemas de las flores estériles 2–4 mm, subiguales, aristados, con 

5 nervios, con los bordes laterales paralelos, truncados, bilobados o irregularmente 

dentados, con la porción terminal levemente membranácea, quebradizos en la 

madurez, habitualmente con pelos abundantes; arista del lema estéril inferior corta, 

recta, inserta en el tercio superior; arista del lema estéril superior 4–11 mm, geniculada, 

de inserción basal y que supera normalmente a la gluma superior; lema de la flor fértil 

1–3 mm, suborbicular, glabro —o peloso en ejemplares no ibéricos—, liso y pardo- 

brillante en la madurez. Pálea elíptica, algo más corta o igualando al lema y de 

consistencia semejante a este. Fruto c. 2 x 1–1,2 mm (cf. Paunero, 1954), oblongo. 2n = 

10, 20. 

Prados, bosques, setos, bordes de camino; indiferente edáfica, creciendo en zonas de ácidas a 
ultrabásicas; 0–2200 m. III–VIII. Eurasia y NW de África; introducida en América. Presente en casi 
toda la Península Ibérica –con la excepción del SW– y en las Islas Baleares (Fig. 1B). And. Esp.: Al Av 
B Ba Bi Bu C Ca Cc Co CR Cs Cu Ge Gr Gu Hu J L Le Lo Lu M Ma Mu Na O Or P PM [Mll Mn] Po S 
Sa Se Sg So SS T Te To V Va Vi Z Za. Port.: AAl BA BB BL DL Mi TM. N.v.: alesta, grama de olor, 
lesta; port.: feno de cheiro; cat.: gram d'olor; eusk.: alestaz, alestraz; gall.: balesta, lesta. 

Observaciones.—Especie diploide y tetraploide de amplísima variabilidad morfológica que responde a 
su amplitud corológica y ecológica y a su posible origen polifilético (cf. Pimentel et al., 2007; Pimentel 
et al., 2013). Conforma un complejo poliploide junto a la especie de estatus dudoso A. alpinum Löve & 
Löve (citótipo diploide) al que no son ajenas las restantes especies ibéricas del género (cf. Felber, 
1986). Los citótipos diploides (no localizados hasta el momento en la Península Ibérica) se diferencian 
en base a su ecología, siendo propios de zonas de montaña, y por caracteres morfológicos, como la 
pubescencia, de utilidad taxonómica dudosa (cf. Hedberg, 1986; Pimentel & Sahuquillo, 2007). La 
diferenciación entre A. odoratum y los táxones ibéricos diploides es discutida por distintos autores 
(López–González, 1994). En este trabajo se ha seguido el criterio de mantenerlos separados por su 
diferenciación genética y morfológica (cf. Pimentel et al., 2007; Pimentel et al., 2013), así como por la 
separación geográfica en sus poblaciones. Sin embargo, el estatus taxonómico de estas especies no 
podrá aclararse de forma definitiva hasta que se estudien las poblaciones mediterráneas perennes de 
Anthoxanthum aún no bien caracterizadas. Se sospecha la existencia de varios orígenes independientes 
para el tetraploide A. odoratum, sin que se hayan detectado diferencias morfológicas entre los distintos 
linajes (cf. Pimentel et al., 2013). 

3. A. ovatum Lag., Gen. Sp. Nov.: 2 (1816) 

Sinónimos: 
– Anthoxanthum lasianthum Salzm. ex Ball in J. Linn. Soc. Bot. 16:709 (1878), pro. syn. 
≡ Anthoxanthum odoratum subsp. ovatum (Lag.) Trabut in Batt. & Trabutt, Fl. Algér. (Monocot.): 143 
(1985) 
≡ Anthoxanthum odoratum var. ovatum (Lag.) Cosson & Dur., Expl. Sci. Algér, 2:22 (1854) 
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Ind. loc.: "H. circa Gades" [lectótipo designado por B. Valdés in Lagascalia 3(1): 131 (1973): COI- 
Willkomm] 

Hierba anual, densamente cespitosa, pluricaule. Tallos (5)10–70(85) cm, con 3–6 nudos 

glabros. Hojas con vaina abierta hasta la base, coriácea, de pubescencia variable; 

aurículas bien definidas, cilidas en el margen; lígula 0,2–0,4 mm, membranácea, 

truncada u obtusa; limbo 80–140 × 0,8–9,5 mm, linear, aplanado, ligeramente surcado y 

escábrido en el haz, con pelos cortos dispersos en el envés. Inflorescencia 1,5–5,5 cm, en 

panícula densa o relativamente laxa, ovada, de base truncada o aguda, rama basal de la 

inflorescencia (0,2)0,6–1,4(1,9) cm, erecta u horizontal; entrenudo basal 0,1–0,5(0,6) cm, 

liso. Espiguillas 6–10 mm, con 3 flores, una fértil apical y dos estériles en la base. 

Glumas desiguales, lanceoladas, agudas, escariosas en los márgenes, glabras o pelosas, 

a veces algo teñidas de violeta; la inferior 3–6 mm, con 1 nervio; la superior (4,5)5–8(9) 

mm, con 3 nervios. Lemas de las flores estériles 1,5–4,6 mm, subiguales, aristados, con 

5 nervios, que pueden cubrir o no a la flor fértil en toda su longitud, enteros o 

bilobados, con el margen membranáceo de la parte apical variable, pelosos en la parte 

inferior; arista del lema estéril inferior corta, recta, inserta en el tercio superior; arista 

del lema estéril superior 5–14 mm, geniculada, de inserción dorsal, largamente exerta o 

no; lema de la flor fértil 1–3,2 mm, superando los 3/4 de la longitud de los lemas 

estériles, sin arista, glabro. Pálea elíptica, igualando al lema y de consistencia semejante 

a este. Fruto 1–1,75 × 1,5 mm, oblongo. 2n = 10. 

Pastizales terofíticos o en bosques abiertos de alcornoque o encina en suelos pobres, de carácter ácido 
preferentemente; 0–850(1400) m. IV–VI. Europa –principalmente en la zona atlántica y C y W del 
Mediterráneo– y NW de África; introducida en otras regiones del mundo. Presente en toda la Península 
Ibérica y en Menorca. Esp.: Al Av Ba Bu C Ca Cc CR Co Cu Ge Gu H J Le Lu M Ma O Or P PM[Mn] Po Sa 
Se Sg So Te To Va Z Za. Port.: AAl Ab Ag BA BAl BB BL DL E Mi R TM. 

Observaciones.—La caracterización taxonómica de los linajes diploides anuales ibéricos de 
Anthoxanthum ha sido fuente de discusiones, centradas especialmente en dos aspectos: su 
diferenciación con respecto al tetraploide perenne A. odoratum y el estatus taxonómico de sus 
variantes morfológicas (cf. López-González, 1994). En este trabajo hemos optado por mantener 
separados los grupos perennes y anuales por la diferenciación morfológica y genética observada 
entre ambos (cf. Pimentel et al., 2007; Pimentel et al., 2013). La aceptación de una única especie anual 
tiene en cuenta, en primer lugar, la difícil diferenciación de grupos morfológicos dentro de los linajes 
anuales diploides (cf. López- González, 1994) y en segundo lugar, la observación de que, a pesar de 
haberse detectado introgresión entre poblaciones atribuidas a A. ovatum subsp. aristatum y A. ovatum 
subsp. ovatum, ambas entidades mantienen una cierta, si bien incompleta, separación morfológica y 
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genética (Pimentel et al., 2010). Asimismo, siguiendo el criterio de la antigüedad para la atribución 
del nombre, corresponde al lagascano A. ovatum (Lagasca, 1816) ser la referencia para todos los linajes 
diploides anuales presentes en la Península, reduciéndose a A. aristatum a la categoría de subespecie 
siguiendo a Litardière (1937). Estudios morfométricos y genéticos desaconsejan, a nuestro parecer, la 
definición de otros táxones infraspecíficos dentro de A. ovatum, a excepción de la ya citada subsp. 
aristatum. Estudios genéticos parciales han mostrado que A. ovatum subsp. ovatum presenta una 
distribución más estrictamente mediterránea que A. ovatum subsp. aristatum (Pimentel et al., 2013). 

 

1. Lemas estériles de la misma anchura en toda su longitud, de bordes paralelos, sin 
márgenes papiráceos anchos en la parte superior; lema de la flor fértil claramente 
mayor que la mitad de los lemas estériles; panícula relativamente laxa o densa, 
truncada en la base; tallos hasta 70(85) cm………………………….....a. subsp. ovatum 

– Lemas estériles más anchos hacia el ápice, de bordes no paralelos, con márgenes 
papiráceos más anchos en la parte superior; lema de la flor fértil ligeramente mayor 
que la mitad de los lemas estériles; panícula relativamente laxa, estrechándose hacia 
la base; tallos hasta 45(51) cm……………..…………….....................b. subsp. aristatum 

a. subsp. ovatum 

A. aristatum subsp. macranthum Valdés in Lagascalia 3: 130 (1973) 

Sinónimos: 
– Anthoxanthum aristatum sensu Balansa, Pl. Algér: 273 (1852), non Boiss. (1842) 
= Anthoxanthum australe Boiss. & Reuter ex Huet de Pavillon, Pl. Sic.: 500 (1855) 
– Anthoxanthum carrenianum Parl., Pl. Nov.: 37 (1842), p.p. 
= Anthoxanthum odoratum f. macranthum (Valdés) G.López in Anales Jard. Bot. Madrid 51(2): 312 
(1994) 
= Anthoxanthum odoratum subvar. mamorae (Lindberg) Marie in Maire & Weiller, Fl. Afr. Nord., 2: 
28 (1953) 
= Anthoxanthum odoratum subvar. villiglume Maire et Weiller in Marie, Fl. Afr. Nord., 2: 28 (1953) 
= Anthoxanthum odoratum var. eu-ovatum Maire et Weller in Emberger et Maire, Cat. Pl. Maroc. 4: 
926 (1941), nom. illeg. 
= Anthoxanthum odoratum subvar. ciliatum (Emberger) Emberger et Maire, Cat. Pl. Maroc. 4: 926 
(1941) 
≡ Anthoxanthum odoratum var. ovatum (Boiss.) Fiori, Nuov. Fl. Anal. Ital. 1: 84 (1823) 
= Anthoxanthum ovatum f. scabrum (Emberger) Paunero, Anal. Inst. Bot. Cavanilles, 12(1): 409 
(1954) 
= Anthoxanthum ovatum subsp. macranthum (Valdés) Rivas Martínez in Lazaroa 2:159 (1980) 
= Anthoxanthum ovatum var. ciliatum Emberger in Bull. Soc. Hist. Nat. Afrique du Nord 21: 104 
(1930) 
= Anthoxanthum ovatum var. exertum H. Lindberg fil. in Acta. Soc. Sci. Fenn., nov. Ser., B 1(2): 11 
(1932) 
= Anthoxanthum ovatum var. genuinum Pérez Lara, Anal. Soc. Españ. Hist. Nat., 15:382 (1886), nom. 
illeg. 
= Anthoxanthum ovatum var. scabrum Emberger in Bull. Soc. Hist. Nat. Afrique du Nord 21: 104 
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(1930) 
– Anthoxanthum puelii sensu Huter, Porta & Rigo, Itinere It. 3, 31 (1877), non Lecoq & Lamotte 
(1847) 

Ic.: Valdés, Talavera & Galiano (eds.), Fl. Andalucía Occid. 3: 350–351 (1987) [sub A. aristatum subsp. 
macranthum y A. ovatum] 

Tallos (6)10–70(85) cm. Hojas basales con limbo de (8)15–120(130) × (0,5)1–7,0(1,1) mm, 

estrechamente ovado o linear. Panícula de (1)2–4,9 (5,7) cm, relativamente laxa o densa, 

truncada en la base, usualmente muy pelosa. Espiguillas (5,5)6–8(9,3) mm, con lemas 

estériles que envuelven, total o parcialmente, a la flor fértil. Gluma inferior (2,9)3–

5,5(5,7) mm, la superior 6–9 mm. Lemas estériles 1,5–4,0 mm, de la misma anchura en 

toda su longitud, de bordes paralelos, sin márgenes papiráceos anchos en la parte 

superior, cubriendo o no la flor fértil; lema de la flor fértil 1,2–2,2(3), claramente mayor 

que la mitad de los lemas estériles. Arista del lema estéril superior 4–14 mm, exerta o 

no. 2n = 10. 

Pastizales terofíticos o en bosques abiertos de alcornoque o encina, en suelos arenosos pobres; 0–550 
(1000) m. IV–V. Península Ibérica y países de la orla mediterránea de Europa y NW de África. SW de 
la Península Ibérica (Fig. 1C). Esp.: Ca Co H Ma Se. Port.: Ag. 

b. subsp. aristatum (Boiss.) R. Litard. in Candollea 7: 231 (1937) 

A. aristatum Boiss., Voy. Bot. Espagne 2: 638 (1842) [basión.] 

Sinónimos: 
= Anthoxanthum aristatum var. welwitschii Ricci in Nuovo Giorn. Bot. Ital. 13:143 (1881) 
= Anthoxanthum aristatum subsp. puelii (Lecoq & Lamotte) P. Silva in Agron. Lusit. 333(18): 1 (1971) 
– Anthoxanthum carrenianum Parl., Pl. Nov.: 37 (1842), p.p. 
≡ Anthoxanthum odoratum subsp. aristatum (Boiss.) Trabut in Batt. & Trabut, Fl. Algérie 2: 142 
(1895) 
= Anthoxanthum odoratum var. puelii (Lecoq & Lamotte) Coss. & Durieu, Expl. Sci. Algérie 2: 21 
(1854) 
≡ Anthoxanthum odoratum var. aristatum Cosson & Dur., Expl. Sci. Algér 2: 22 (1854) 
= Anthoxanthum ovatum var. aristatum (Boiss.) Pérez Lara in Anales Soc. Esp. Hist. Nat. 15: 382 
(1886) 
= Anthoxanthum puelii Lecoq & Lamotte, Cat. Pl. Vasc. Centr. Fr.: 385 (1847) 

Ind. loc.: "Hab. in Sardinia (Thomas), Hispania interiori propè Matritum (Carreño)" [lectótipo 
designado por B. Valdés in Lagascalia 3(1): 119 (1973): G-Boissier] 

Ic.: Valdés, Talavera & Galiano (eds.), Fl. Andalucía Occid. 3: 350 (1987) [sub A. aristatum subsp. 
aristatum] 
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Tallos 9–45(51) cm. Hojas basales con limbo de 15–110 × 1,5–5(6,5) mm, linear o 

estrechamente ovado. Panícula 1,5–4(5) cm, relativamente laxa, estrechándose hacia la 

base, que es aguda, generalmente glabra o poco pelosa. Espiguillas (4,5)5–7(8) mm. 

Gluma inferior (2,8)3–3,8(4) mm, la superior (4,5)5–7(8) mm. Lemas de las flores 

estériles 1,8–4,6 mm, más anchos hacia el ápice, de bordes no paralelos, con márgenes 

papiráceos más anchos en la parte superior, que dejan ver a la flor fértil; lema de la flor 

fértil 1–2,2 mm, ligeramente mayor que la mitad de los lemas estériles. Arista del lema 

estéril superior 3,5–14 mm, corta o largamente exerta. 2n = 10. 

Pastizales terofíticos en suelos pobres, de carácter ácido preferentemente; 0–850(1400) m. IV–VI. Zona 
atlántica de Europa y C y W del Mediterráneo; su presencia en otras regiones requiere confirmación. 
Presente en gran parte de la Península Ibérica y en Menorca (Fig. 1D). Esp.: Ab Al Av Ba Bu C Ca Cc CR 
Co Cu Ge Gu H J Le Lu M Ma O Or P PM[Mn] Po Sa Se Sg So Te To Va Z Za. Port.: AAl Ag BA (BAl) BB 
BL DL E Mi R TM. 

 

 

Figura 1. Distribución de las especies y subespecies del género Anthoxanthum en la Península Ibérica. 
A. A. amarum. B. A. odoratum. C. A. ovatum subsp. ovatum. D. A. ovatum subsp. aristatum. 

  



Estudio taxonómico y evolutivo de la subtribu Anthoxanthinae 

   Capítulo 4 
 

234 

Hierochloë R.Br. 

in Prodr. 208 (1810)  

Hierbas perennes, laxas o cespitosas, en ocasiones estoloníferas según las especies, 

glabras, o pelosas. Tallos erectos o ascendentes, cilíndricos, con 2–16 nudos, glabros. 

Hojas basales en innovaciones extravaginales e intravaginales, hojas caulinares de 

limbo corto; lígula corta de aguda a truncada, membranácea; limbo plano o convoluto, 

a veces cilíndrico, de superficie de lisa a profundamente surcada en el haz. 

Inflorescencia en panícula condensada, espiciforme o laxa, con ramas a menudo 

escábridas o pilosas. Espiguillas comprimidas lateralmente, con 2 glumas y 3 flores. 

Glumas subiguales, membranosas, ovadas, que cierran las flores completamente, 

trinervadas. Flor superior hermafrodita, casmógama; lema de la flor fértil con 5 

nervios, sin arista, brillante y dura en fruto, a menudo pilosa en su parte superior; 

flores inferiores masculinas o estériles, con lemas membranosos, obtusos, de 3 a 5-

nervados, mucronados o aristados; páleas más cortos que los lemas, uninervado el de 

la flor superior e binervados el de las flores inferiores. Androceo de las flores inferiores, 

cuando está presente, compuesto por tres estambres, el de las flores inferiores 

biestaminado.  

Observaciones.–El género incluye unas 33 especies conocidas que se distribuyen por las zonas templadas y 

frías del hemisferio norte, principalmente en el Viejo Mundo, C y SE de Asia, América y Oceanía. La 

delimitación del género es la de Clayton et al. en GrassBase (Clayton et al., 2016). Las especies europeas 

son monofiléticas y están claramente caracterizadas morfológicamente en base al carácter masculino de las 

flores inferiores (Schouten & Veldkamp, 1985). Existen, sin embargo, formas morfológicas intermedias 

entre Hierochloë y Anthoxanthum en otras zonas de su área de distribución (sección Ataxia: Stapf, 1899). En 

base a esto se ha propuesto la fusión ambos géneros (Schouten & Veldkamp, 1985). Este criterio no ha sido 

seguido en el presente trabajo en base a lo concluido por Connor (2008), así como por la clara 

diferenciación morfológica y cromosómica de las especies europeas de Anthoxanthum e Hierochloë. Lo 

mismo se ha venido haciendo en diversas Floras que han tratado el género, si bien no es un criterio 

seguido universalmente (Connor, 2008). Será necesario clarificar la filogenia del grupo para llegar a 

conclusiones definitivas.  
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ESPECIE QUE HA DE BUSCARSE 

1. H. odorata (L.) Beauv. in Agrost. 62: 164 (1812)  

Sinónimos: 
Holcus odoratus L., Sp. Pl. 2: 1048 (1753) [basión.] Poa nitens Weber in Prim. Fl. Holsat. 2: 6 (1787) 
Hierochloë borealis (Schrad.) Roem. & Schult., Syst. Veg. 2: 513 (1817) 
Anthoxanthum nitens (Weber) Y. Schouten & Veldkamp in Blumea 30: 319–351 (1985) 

Ind. loc.: "prope Ratisbonam legi: in den Schwabelweisbergen” [referido por Linneo a un pliego que 
incluye también la especie H. australis (Schrad.) Roem. & Schult. G. Weimarck in Bot. Notiser 124: 129–175 
(1971)] 

Ic.: S. Pignatti, Fl. Italia 3: 579 (1982); G. Weimarck in Bot. Notiser 124: 129–175 (1971); f. 4 

Hierba estolonífera perenne que puede alcanzar los 60(90) cm, estolones con escamas 

no persistentes en los nudos. Tallos glabros, sin hojas en la parte superior. Hojas en la 

parte inferior, de vaina abierta marrón-rojiza; lígula corta, (0,2)0,5–2,5(8) mm, truncada, 

obtusa o aguda, membranácea; limbo 0,5–11 x (0,3)0,4–0,6(0,8) cm, linear, con márgenes 

serrulados, glabro y brillante en el haz, piloso disperso en el envés; nervios en ambas 

superficies con aguijones dispersos. Inflorescencia (2,5)3,5–9,0(12,5) cm, en panícula 

laxa, de color marrón rojizo o blanco. Espiguillas 25–60(100) mm, con 3 flores, la 

superior hermafrodita con 2 estambres, las inferiores masculinas con 3 estambres, pelos 

en la base de las flores. Glumas iguales, ovadas, que cubren las flores, con quilla 

marcada y trinervadas, (2,5)3,5–5,5(7,5) mm, múticas, glabras, doradas en la madurez. 

Lema flores masculinas (2,5)3–4,5(5,5) mm, aguda, mucronada o ligeramente 

emarginada o bífida ápice, pilosa en margen y nervios. Lema flor hermafrodita 2,5–

3,8(4,0) mm, pilosa. Mútica o con arista muy corta que no supera 0,8 mm. Esta especie 

de la Europa Central y Septentrional ha sido citada en la vertiente norte de los Pirineos, 

concretamente en la Vall de Llo, Alta Cerdanya (Gaussen & Le Brun, 1961; Bolós & 

Vigo, 2001), podría encontrarse en el territorio de Flora Iberica. 
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ABSTRACT 

Non-plastid microsatellite primers were developed for the first time in the 

Eurosiberian complex of Anthoxanthum L., a genus of temperate grasses in which 

reticulate evolution is common. A microsatellite-enriched genomic DNA library 

allowed the detection of 500 fragments containing a microsatellite motif and for which 

primers were designed. Fifteen primer pairs were selected for an extended primer test. 

These markers were used in the preliminary analysis of the Eurasian diploid lineages 

of Anthoxanthum, with special emphasis on three populations of the Mediterranean A. 

aristatum/A. ovatum complex. A total of 102 alleles were recorded in the analysis. Most 

selected primers were successfully amplified in the perennial Eurasian polyploids A. 

odoratum L. and A. amarum Brot. These newly generated microsatellite markers will 

enable the analysis of evolution and phylogeography in both diploid and polyploid 

lineages of this important group of grasses.  

Keywords: Anthoxanthum – microsatellites – NGS – polyploidy – SSR – transferability 
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INTRODUCTION 

Next Generation Sequencing (NGS)-based methods have allowed the quick 

development of microsatellite primers specific to non model organisms (e.g. Duwe et 

al., 2015; González et al., 2015). We present microsatellite markers for the grass genus 

Anthoxanthum, a taxon comprising around 20 species often affected by reticulation and 

polyploidy (Pimentel et al., 2010, 2013). The phylogeny of Anthoxanthum defines a 

Eurosiberian (+ Macaronesian and Afroalpine) polyploid complex of species (Pimentel 

et al., 2013). It includes 4 diploid taxa: (i) the Mediterranean A. aristatum Boiss./A. 

ovatum Lag. complex (Pimentel et al., 2010), (ii) the Macaronesian A. maderense Teppner 

and (iii) the Arctic-alpine A. alpinum Löve & Löve (Pimentel et al., 2013). The clade also 

includes at least 3 polyploid lineages (Chumová et al., 2015): the Iberian endemism A. 

amarum (16x–18x), the East African A. nivale K. Schum. (4x, 6x) and the Eurasian A. 

odoratum (4x).  

We have isolated and characterized 15 microsatellite markers which can be applied to 

the Eurosiberian complex of Anthoxanthum. We aim at determining the geographic 

patterns of gene flow within and among the different diploid lineages in the complex, 

as well as unravelling the origin of its polyploid groups.  

 

METHODS AND RESULTS 

Microsatellite development 

A microsatellite-enriched genomic library (motifs AC, AG, ACC, AGG and ACG) was 

constructed at AllGenetics & Biology SL (A Coruña, Spain) from an equimolar mix of 

three DNA extracts from the diploid A. aristatum/A. ovatum and the tetraploid A. 

odoratum (Appendix 1). The Nextera XT DNA kit (Illumina, San Diego, California, 

USA) was used following the manufacturer’s protocol. The ploidy level of the samples 

used was assessed through flow cytometry following Galbraith et al. (1983). DNA was 

extracted from silica dried leaves using the DNAeasy Plant Minikit (Qiagen, Hilden, 



Irene Lema Suárez 

                   Polymorphic microsatellite markers in the Eurasian complex of the genus Anthoxanthum L. 293 

Germany). The enriched genomic library was sequenced in a fraction of an Illumina 

MiSeq PE300 run (Illumina, San Diego, USA) and the reads were processed using the 

software Geneious 7.1.5 (Biomatters, Auckland, New Zealand). We detected 500 loci 

containing a microsatellite and flanked by regions adequate to design PCR primers 

using Primer3 (Untergrasser et al., 2012).  

Forty microsatellite loci were selected for preliminary assessment of polymorphism. 

Six diploid and two tetraploid samples (Appendix 1) were chosen based on: (i) they 

belonged to the different Anthoxanthum lineages; (ii) they came from geographically 

distant populations. Primer pairs were multiplexed using the software Multiplex 

Manager 1.0 (Holleley & Geerts, 2009). Each reaction was performed with 3 

oligonucleotides (one of them fluorescently labelled using FAM or HEX). For a full 

description of the methodology see Schuelke (2000). PCR reactions were conducted in a 

final volume of 12.5 µl, containing 1 µl of DNA (10 ng/µl), 6.25 µl Type-it Microsatellite 

PCR kit (Qiagen, Hilden, Germany), 4 µl PCR-grade water and 1.25 µl of the primer 

mix (Schuelke, 2000). The optimal PCR protocol consisted in an initial denaturation 

step at 95 ºC for 5 min, followed by 30 cycles of 95 ºC for 30 s, 56 ºC for 90 s and 72 ºC 

for 30 s; 8 cycles of 95 ºC for 30 s, 52 ºC for 90 s and 72 ºC for 30 s; and a final extension 

step at 68 ºC for 30 min. Labelled PCR products were then subjected to fragment 

analysis in Macrogen Inc. (Seoul, South Korea). The resulting .fsa files were manually 

analyzed using Geneious 7.1.5. Fifteen primers were selected based on amplification 

success and the number of alleles generated. The selected primers, as well as their 

motif and the suggested combination of primers in multiplex reactions are indicated in 

Table 1. 

Polymorphism assessment. Amplification in Eurasian taxa 

Analyses were conducted on 61 individuals (3 populations, population size: 20-21; 

Appendix 1) belonging to the diploid A. aristatum/A. ovatum. Fragment amplification 

and analysis was conducted as explained above. Descriptive statistics (number of 

alleles, observed and expected heterozygosities and polymorphism information 
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content, PIC) and departure from Hardy-Weimberg equilibrium (HWE) were 

estimated per population using GenAlEx 6.5 (Peakall & Smouse, 2006) and Genepop 

(Raymond & Rousset, 1995). Twelve out of fifteen candidate microsatellite primers 

used in the test were polymorphic at least in two of the analysed populations (Table 2), 

whereas the remaining three primers resulted in monomorphic amplifications. Across 

these populations, mean observed and expected heterozygosity in polymorphic 

markers was 0.364 (between 0.117 and 0.692 per locus) and 0.359 (between 0.154 and 

0.705 per locus), respectively. Mean polymorphism information content (PIC) was 0,452 

(between 0.160 and 0.792 per locus), and the number of alleles per locus across 

populations ranged from 3 to 10. Detailed values per loci and population are included 

in Table 2. All polymorphic loci but four (AG_AX_01, AG_AX_39, AG_AX_159 and 

AG_AX_472; p-value 0.01) were in HWE in all surveyed populations (Table 2). 

An extended polymorphism test was conducted in eighty individuals (9 populations, 

Appendices 1, 2) belonging to the different diploid taxa included in the Eurosiberian 

clade of Anthoxanthum. We limited this extended analysis to diploids due to the 

uncertainty of allele dosage in polyploids (Servick et al., 2010). Thirteen out of fifteen 

microsatellite primers used in the extended test were polymorphic in A. aristatum/A. 

ovatum individuals (7 populations, 50 specimens; Table S1), whereas the remaining two 

primers resulted in monomorphic amplifications (locus AG_AX_472, monomorphic in 

the first test, was polymorphic in this extended analysis). The number of alleles ranged 

between 3 and 10. Observed and expected heterozygosity were 0.385 (between 0.063 

and 0.731 per locus) and 0.630 (between 0.363 and 0.815 per locus), respectively. The 

polymorphism information content (PIC) ranged between 0.331 and 0.8. Values per loci 

are included in Table S1. The number of alleles recovered in A. maderense (one 

population, 5 specimens) ranged between 2 and 3, with only 9 out of 15 primers 

showing polymorphism. Observed and expected heterozygosities were 0.41 and 0.407, 

respectively (0.1 to 0.6 per locus in both parameters; Table S1). PIC values oscillated 

between 0.160 and 0.470. In A. alpinum (5 populations, 25 specimens) the number of 

alleles per locus ranged between 2 and 11, with 11 out of 15 primers showing 

polymorphism. Overall observed and expected heterozygosity for A. alpinum was 0.27, 
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showing a great variation across loci (0.067 - 0.556, observed heterozygosity; 0.067 – 

0.849, expected heterozygosity). PIC values ranged between 0.062 and 0.672 (Table S1).  

Amplification was successfully conducted in two polyploid lineages in the complex 

(Table 1). Eighty specimens (10 populations) of the widespread tetraploid A. odoratum 

and 15 plants of the narrow endemic polyploid A. amarum (three populations) were 

used. Eleven and 14 primers out of 15 showed polymorphism in A. amarum (16x–18x) 

and A. odoratum (4x), respectively. The number of alleles obtained for each species 

ranged between 2 and 6 for A. amarum and between 3 and 12 in A. odoratum.  

 

CONCLUSIONS 

In this study, 15 novel microsatellite loci were developed for the diploid Mediterranean 

A. aristatum/A. ovatum lineage. Between nine and eleven microsatellite markers 

produced polymorphic amplification in the other Eurasian (+ Macaronesian) diploid 

lineages of Anthoxanthum, A. alpinum and A. maderense. Cross amplification in 

polyploid Anthoxanthum revealed high transferability to the highly invasive tetraploid 

A. odoratum and to the narrowly distributed high polyploid Iberian endemism A. 

amarum. These markers constitute a valuable tool for biogeographic and evolutionary 

studies in this important group of grasses.  
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CONCLUSIONES 

De este trabajo se pueden extraer las siguientes conclusiones sobre la evolución y 

taxonomía de la subtribu Anthoxanthinae: 

1. El origen de la subtribu Anthoxanthinae se sitúa en el Oligoceno Tardío, con 

una elevada diversificación posterior durante el Mioceno-Pleistoceno. Este 

resultado es coherente con lo que sucedió en la subfamilia Pooideae a nivel 

global. Anthoxanthum probablemente se originó a partir de ancestros de 

Hierochloë que perdieron los caracteres masculinos de las flores inferiores y las 

páleas, evento que tendría lugar durante el Mioceno Temprano (hace 20.7 Ma). 

Durante este período (hace 19.5 Ma) se produjo al menos otra transición en la 

estructura de la espiguilla, que supuso la pérdida de los caracteres masculinos 

de la flor apical dando lugar a la sección Monoecia. 

2. Los fenómenos de hibridación y reticulación son frecuentes en la subtribu, tanto 

dentro de los géneros como entre ellos, lo que dificulta la diferenciación 

taxonómica de las especies. Los géneros Anthoxanthum e Hierochloë se 

diferencian claramente en base a sus características morfológicas y moleculares, 

por lo que deberían mantenerse como géneros separados. 

3. La subtribu Anthoxanthinae presenta una elevada variabilidad cariológica, lo 

que coincide con una frecuencia elevada de reticulaciones. A partir de los 

resultados de cantidad de ADN nuclear se pudieron inferir los niveles de 

ploidía de algunas especies, pero es necesario disponer de más recuentos 

cromosómicos para confirmar estos datos. En Anthoxanthum, cuyo número 

básico de cromosomas es x = 5, se han encontrado diploides, tetraploides y 

poliploides altos (16–18x). En Hierochloë, con un número básico de cromosomas 

de x = 7, se obtuvieron tetraploides, hexaploides y dodecaploides. En la sección 

Ataxia todas las especies analizadas se corresponderían con tetraploides y el 

taxon sudafricano A. ecklonii presentaría además poblaciones diploides. 

4. Las áreas de distribución que ocupan las especies de la subtribu 
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Anthoxanthinae y sus relaciones filogenéticas indican que la dispersión a larga 

distancia ha sido importante para los táxones del Hemisferio Sur y las 

montañas tropicales, pero no tanto para las especies del Hemisferio Norte. En 

esta zona los grupos cercanos filogenéticamente ocupan áreas contiguas o 

solapadas y sus patrones de distribución son coherentes con una colonización 

postglacial. En el Hemisferio Sur, sus linajes muestran patrones biogeográficos 

coherentes con las orogenias en zonas tropicales. La ausencia de diferenciación 

filogenética y morfológica es compatible con una dispersión reciente y posterior 

diversificación. 

5. La sección Ataxia parece tener un origen híbrido entre los género Anthoxanthum 

e Hierochloë, y sus representantes de esta sección no se diferencian 

morfológicamente del género Hierochloë. En las filogenias apoyadas 

estadísticamente esta sección aparece siempre como clado hermano de la 

sección Anthoxanthum, si bien se han detectado distintas señales filogenéticas 

nucleares. La hibridación probablemente tuvo lugar en los comienzos de la 

separación de la subtribu y pudo estar asociada a la diversificación que se 

produjo en muchos linajes de gramíneas a partir del Mioceno (hace 23–5 Ma) 

debido al descenso de las temperaturas y el incremento de la aridez a nivel 

global. La evolución concertada puede explicar las incongruencias observadas 

entre las filogenias nucleares y plastídicas. 

6. El estudio taxonómico y evolutivo de la sección Monoecia del género Hierochloë 

en Sudamérica permite diferenciar como especies cuatro de los ocho táxones 

que integran la sección: (H. pusilla, H. juncifolia, H. quebrada y H. redolens) 

mientras que los cuatro restantes, (H. altissima, H. gunckelii, H. spicata y H. 

utriculata) pasarían a la categoría de variedad dentro de H. redolens. Dentro del 

complejo H. redolens es posible que exista flujo génico debido a las similitudes 

ecológicas, corológicas y citológicas de los táxones que lo conforman. Los 

resultados de este estudio apoyan la hipótesis que propone que la sección 

Monoecia evolucionó a partir de plantas andromonoicas no procedentes de 
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Sudamérica. H. juncifolia e H. pusilla, las especies mejor diferenciadas de la 

sección, parecen ser las más antiguas e H. quebrada, especie de los Andes 

peruanos, probablemente se originó por hibridación. 

7. La revisión taxonómica de las especies del género Anthoxanthum en la Península 

Ibérica utilizando datos filogenéticos y morfológicos recientes permitió 

proponer una organización taxonómica para los táxones presentes en este 

territorio y establecer su área de distribución. Como resultado se reconocen 

como especies A. amarum Brot., poliploide endémico del NO peninsular; A. 

odoratum L., tetraploide eurosiberiano, y el diploide mediterráneo A. ovatum 

Lag. Esta última especie se divide en dos subespecies, subsp. ovatum, del SO de 

la Península Ibérica, y subsp. aristatum, presente en la Europa atlántica y el 

Centro y Oeste del Mediterráneo. 

8. Los marcadores moleculares específicos (microsatélites) desarrollados 

detectaron polimorfismo en el complejo diploide mediterráneo A. aristatum/A. 

ovatum. La amplificación también tuvo éxito en A. odoratum (93% de loci 

polimórficos), A. amarum (73% de loci polimórficos), A. alpinum (73% de loci 

polimórficos) y A. maderense (60% de loci polimórficos). La amplificación en las 

dos especies poliploides reveló una alta transferibilidad, por lo que los 

marcadores generados podrán ser empleados para determinar los patrones 

geográficos de distribución de la diversidad genética en el género 

Anthoxanthum. 
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Futuras vías de trabajo 

A la vista de los resultados obtenidos parece necesario profundizar en algunos 

aspectos para completar la información sobre la evolución y taxonomía de la subtribu 

Anthoxanthinae. Un aspecto importante sería completar la representación de especies 

procedentes de Asia, Australia y Nueva Zelanda de las secciones Ataxia e Hierochloë. 

Durante este proyecto fue imposible conseguir una mejor representación de estas 

secciones debido a su distribución en zonas poco accesibles y lejanas y a la falta de 

financiación para hacer muestreos. De muchas especies solo se consiguieron secuencias 

procedentes de GenBank o ADN extraído de muestras de herbario, a veces muy 

antiguas. Otro problema fue la baja viabilidad de las pocas cariópsides obtenidas, con 

las que se intentó obtener material fresco para análisis cariológicos y moleculares. 

La baja resolución obtenida en los análisis filogenéticos de algunas secciones limita las 

conclusiones que se pueden sacar y ha impedido aplicar técnicas estadísticas 

biogeográficas. Este problema podría solucionarse utilizando marcadores 

hipervariables para estudiar algunas especies a nivel poblacional. Otro paso 

importante sería la realización de estudios cariológicos más completos en la sección 

Ataxia y el género Hierochloë para confirmar los niveles de ploidía y así poder aclarar 

los procesos evolutivos que tuvieron lugar en estos grupos. 
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CONCLUSIONS 

From this work the following conclusions can be drawn on the evolution and 

taxonomy of the subtribe Anthoxanthinae: 

1. The origin of the subtribe Anthoxanthinae dates back to the Late Oligocene, 

with a high diversification occurring during the Miocene-Pleistocene. This 

result is consistent with what happened in the subfamily Pooideae at a global 

level. Anthoxanthum probably originated from Hierochloë ancestors that lost the 

male elements of the lower florets as well as the paleas, an event that took place 

during the Early Miocene (20.7 Mya). During this period (19.5 Mya) there was 

at least one more transition in the structure of the spikelet, the loss of the male 

characters of the apical flower in section Monoecia. 

2. Hybridization and reticulation events are frequent in the subtribe, both within 

and between genera, which makes the taxonomic differentiation of species 

difficult. The genera Anthoxanthum and Hierochloë clearly differ according to 

their morphological and molecular characteristics and should therefore be 

maintained as separate genera. 

3. The subtribe Anthoxanthinae has high karyological variability, which is 

consistent with a high frequency of reticulation events. Ploidy levels of some 

species were inferred from the results of nuclear DNA content, but it is 

necessary to have more chromosome counts to confirm these data. In 

Anthoxanthum, whose basic number of chromosomes is x = 5, diploids, 

tetraploids and high polyploids (16-18x) have been found. In Hierochloë, with a 

basic number of chromosomes of x = 7, tetraploids, hexaploids and 

dodecaploids were obtained. In section Ataxia all the analysed species would 

correspond to tetraploids and the South African taxon A. ecklonii would also 

present diploid populations. 

4. Distribution areas of the species in subtribe Anthoxanthinae together with their 

phylogenetic relationships indicate that long-distance dispersal has been 
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important for taxa in the Southern Hemisphere and tropical mountains. In the 

Northern Hemisphere phylogenetically close groups occupy contiguous or 

overlapping areas, and their distribution patterns are consistent with 

postglacial colonization. Biogeographic patterns in the Southern Hemisphere 

are consistent with orogenies in tropical areas. The absence of phylogenetic and 

morphological differentiation is compatible with a scenario of recent dispersial 

and incomplete diversification. 

5. Section Ataxia appears to have a hybrid origin between genera Anthoxanthum 

and Hierochloë, and its species do not differ morphologically from the genus 

Hierochloë. In the statistically supported phylogenies, this section always 

appears as sister to section Anthoxanthum, although different phylogenetic 

signals have been detected in the nuclear data. Hybridization probably took 

place early in the split of the subtribe and may have been associated with the 

diversification that occurred in many grass lineages from the Miocene (23-5 

Mya) due to the decrease in temperatures and the increase in the aridity at a 

global level. Concerted evolution may explain the incongruences between the 

position of the section in the plastid and nuclear phylogenies. 

6. The taxonomic and evolutionary study of section Monoecia of genus Hierochloë 

in South America allows the differentiation of four species of the eight taxa that 

integrate the section: (H. pusilla, H. juncifolia, H. quebrada and H. redolens) while 

the remaining four (H. altissima, H. gunckelii, H. spicata and H. utriculata) would 

fall into the variety category within H. redolens. Within the H. redolens complex 

it is possible that there is gene flow due to the ecological, chorological and 

cytological similarities of the taxa that constitute this complex. We support the 

hypothesis that proposes that section Monoecia evolved from andromonoecious 

plants originating from out of South America. Hierochloë juncifolia and H. pusilla 

are the best differentiated species of the section and appear to be the oldest. We 

infer a putatively hybrid origin for H. quebrada. 

7. We propose a partially new taxonomic organization for the taxa growing in the 
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Iberian Peninsula. As a result, three species are recognised: A. amarum Brot., a 

polyploid endemic to NW Iberian Peninsula; A. odoratum L., Eurosiberian 

tetraploid, and the Mediterranean diploid A. ovatum Lag. The latter species is 

divided into two subspecies, subsp. ovatum, from SW Iberian Peninsula, and 

subsp. aristatum, present in Atlantic Europe and in the Central and western 

parts of the Mediterranean basin. 

8. Microsatellites markers were developed that detect polymorphism in the 

Mediterranean diploid complex A. aristatum/A. ovatum. Amplification was also 

successful in A. odoratum (93% polymorphic loci), A. amarum (73% polymorphic 

loci), A. alpinum (73% polymorphic loci) and A. maderense (60% polymorphic 

loci). Amplification in the two polyploid species revealed high transferability, 

and the generated markers can be used to determine the geographic patterns of 

genetic diversity distribution in genus Anthoxanthum. 
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Future lines of work 

More work is needed to obtain a more complete picture of the evolution and taxonomy 

of subtribe Anthoxanthinae. It would be important to complete the representation of 

species from Asia, Australia and New Zealand in sections Ataxia and Hierochloë. A 

better representation of the subtribe could not be obtained due to their distribution in 

distant and hard to access areas. For many species we only got sequences from 

GenBank or DNA obtained from herbarium specimens. The low viability of the few 

caryopsis collected in the field was another problem, especially regarding chromosome 

counts or DNA sequencing. 

The low resolution obtained in the phylogenetic analyses of some sections limits the 

conclusions that can be drawn and has prevented us to apply statistical biogeographic 

techniques. Another important step would be to conduct more complete karyological 

studies in section Ataxia and genus Hierochloë; in order to confirm ploidy levels and to 

further clarify the evolutionary processes that took place in these groups. 
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Estudio taxonómico y evolutivo de la subtribu Anthoxanthinae 

(Poaceae; Pooideae) 

Introducción 

Taxonomía de la subtribu Anthoxanthinae 

La subtribu Anthoxanthinae (Poaceae; Pooideae; Poeae) está formada por dos géneros 

muy próximos filogenéticamente, Anthoxanthum e Hierochloë, cuya adscripción 

taxonómica sigue siendo fuente de controversias. Aún así, ha sido considerada 

adecuada como organismo modelo para el estudio de la evolución reciente de las 

gramíneas C3 debido a su incompleta diferenciación morfológica, su amplia 

distribución geográfica y su estructura citogenética. En esta Tesis Doctoral se utilizan 

diferentes métodos para clarificar la taxonomía y establecer las relaciones filogenéticas 

entre los representantes de la subtribu Anthoxanthinae. 

Esta subtribu se incluye dentro de la subfamilia Pooideae, que engloba la mayoría de 

las gramíneas de la zona templada, y dentro de esta subfamilia en la tribu Poeae. La 

subtribu Anthoxanthinae fue descrita a mediados del siglo XIX, empleándose como 

caracteres diagnósticos la presencia de espiguillas trifloras comprimidas lateralmente y 

la producción de cumarina. Está formada por dos géneros, Anthoxanthum e Hierochloë, 

que inicialmente se consideraron muy próximos al género Phalaris, pero recientes 

estudios moleculares descartan esta relación, por lo que se separaron en dos subtribus: 

Anthoxanthinae y Phalaridinae, esta última monofilética. La subtribu Anthoxanthinae 

así establecida sería monofilética y estaría constituida por dos géneros, estrechamente 

emparentados y de difícil diferenciación por la similitud de su estructura floral y la 

existencia de especies con características intermedias entre ambos. La separación entre 

estos géneros se basa en la estructura de su espiguilla, Anthoxanthum con dos flores 

inferiores estériles y sin páleas, mientras que en Hierochloë son masculinas 

triestaminadas y paleadas. Existen algunas especies que presentan características 

intermedias entre los géneros Anthoxanthum e Hierochloë, cuya posición taxonómica es 
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discutida, inicialmente incluidas en el género Ataxia y posteriormente como sección en 

el género Anthoxanthum.  

El número de especies que componen esta subtribu es controvertido, presentando en 

algunos casos distribuciones solapadas. Esta Tesis Doctoral se plantea como objetivo 

general contribuir a clarificar las relaciones taxonómicas y evolutivas entre los táxones 

que componen la subtribu, con especial atención al género Hierochloë y a la sección 

Ataxia del género Anthoxanthum. Se discutirán los resultados a la luz de las propuestas 

taxonómicas más modernas, con lo que se pretende integrar los datos publicados 

recientemente a los resultados obtenidos en este estudio. 

Composición, estructura y distribución del género Anthoxanthum 

El género Anthoxanthum incluye alrededor de 21 especies distribuidas principalmente 

por zonas templadas y montañas tropicales y subtropicales del Viejo Mundo [Eurasia 

(de España a Japón), Macaronesia, Norte de África, Este de África tropical, Sur de 

África, Madagascar y Sudeste Asiático] y Centroamérica. Dentro del género 

Anthoxanthum se diferencian dos secciones en función de su estructura floral: (i) 

sección Anthoxanthum, sin páleas en las flores estériles inferiores de la espiguilla; (ii) 

sección Ataxia, con flores inferiores paleadas e irregularmente estaminadas. La sección 

Anthoxanthum comprende nueve especies anuales y perennes, con niveles de ploidía 

variados. Las especies que conforman esta sección crecen en zonas templadas y ártico-

alpinas de Eurasia, el Mediterráneo, Macaronesia, el Este de África y Centroamérica. 

Anthoxanthum gracile está considerado la primera divergencia de la sección. El resto de 

especies divergen en el Plioceno en dos linajes: un clado eurosiberiano - E africano 

formados por táxones diploides, tetraploides y dodecaploides y un clado mediterráneo 

formado por diploides, tetraploides y 18-ploides. 

En el clado eurosiberiano - E africano se engloban las especies de las montañas del Este 

de África A. nivale y A. aethiopicum, la eurosiberiana A. alpinum y las poblaciones del 

Norte de Europa de A. odoratum. A. odoratum y A. alpinum son perennes y muy 

similares genética- y morfológicamente. Estudios moleculares recientes confirman que 
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A. odoratum tiene múltiples orígenes. Dentro de esta especie tetraploide se reconocen 

dos linajes divergentes: uno pertenecería al grupo eurosiberiano - E africano con A. 

alpinum y otro estaría en el grupo mediterráneo. 

El clado mediterráneo de la sección está formado por el poliploide A. amarum, las 

especies diploides A. aristatum, A. maderense y A. ovatum y el linaje mediterráneo del 

tetraploide A. odoratum. Asimismo, diversos autores proponen la existencia de linajes 

mediterráneos diploides pendientes de caracterización taxonómica. Con la excepción 

de A. amarum, las especies de este clado se diferencian poco molecular y 

morfológicamente, pero cada una tiene su propio nicho ecológico. La única especie 

presente en Macaronesia, A. maderense, es monofilética, lo que apoya un origen debido 

a una única colonización de Madeira seguida de especiación in situ. Los diploides 

mediterráneos, A. aristatum y A. ovatum, se han considerado tradicionalmente especies 

diferentes. Recientemente, se han analizado poblaciones atribuidas al “diploide 

mediterráneo perenne” antes mencionado, y que tradicionalmente se han interpretado 

como un linaje diploide de A. odoratum. Resultados de estudios recientes indican que 

puede tratarse del ancestro de las especies diploides anuales de Anthoxanthum sección 

Anthoxanthum.  

Composición, estructura y distribución de la sección Ataxia 

La sección Ataxia es monofilética y en ella se diferencian dos linajes que coinciden con 

su distribución geográfica disyunta: el grupo distribuido por el Sudeste Asiático y el 

del sur de África. Las especies de la sección Ataxia presentes en el Sur de África y 

Madagascar están muy alejadas genéticamente de las del este de África, más cercanas a 

las especies europeas y englobadas en Anthoxanthum sección Anthoxanthum. El clado 

asiático está formado por siete especies. De estas, dos presentan amplia distribución 

por el Sudeste Asiático, pero el resto de las especies presentan una distribución más 

limitada. 

En esta sección se incluyen además dos especies centroamericanas cuya adscripción 

taxonómica es discutida. Se trata de A. mexicanum y A. davidsei. La estructura y 
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apertura de sus flores las acerca a Anthoxanthum, pero la ausencia de aristas (excepto 

en A. mexicanum, que presenta una) y el número de cromosomas de A. davidsei las 

emparenta con Hierochloë. Ambas especies parecen estar cercanamente emparentadas. 

Las especies de esta sección tienen un origen probablemente híbrido. Esta hibridación 

pudo estar asociada a la diversificación que se produjo en muchos linajes de gramíneas 

a partir del Mioceno (23.0 Ma) debido al descenso de las temperaturas y el incremento 

de la aridez a nivel global. Las migraciones de grupos de especies, asociadas a estos 

cambios ambientales, podrían ser las causantes de la hibridación entre un linaje de 

Anthoxanthum, con dos flores inferiores estériles epaleadas y una apical fértil, y uno de 

Hierochloë, con las tres flores fértiles, en el Mioceno (23.0–5.3 Ma). 

Composición, estructura y distribución del género Hierochloë 

El género Hierochloë R.Br. está compuesto por unas 33 especies y tiene una distribución 

circumpolar y alpina-tropical. Está ampliamente distribuido en zonas frías y templadas 

de Eurasia, Australasia y Norteamérica, además de en las montañas tropicales y 

subtropicales de Sudamérica, con dos centros de diversificación, en base al número de 

especies, en Asia y Australia-Nueva Zelanda. En este género se han descrito complejos 

poliploides de difícil caracterización taxonómica, constituidos por diploides, 

tetraploides, hexaploides, decaploides y dodecaploides. El número básico de 

cromosomas es x = 7, pero todavía existen muchas especies cuyo nivel de ploidía es 

desconocido, incluida toda la sección Monoecia. 

Dentro del género se pueden encontrar dos formas florales que son reflejo de la 

existencia de distintos sistemas de polinización. La estructura general de la espiguilla 

es andromonoica, lo que implica la existencia de dos flores inferiores masculinas y una 

flor apical hermafrodita. Esta estructura es propia de las especies de Norteamérica, 

Eurasia y Australasia. Por otro lado están las espiguillas monoicas, propias de las 

especies sudamericanas del género, en las que sus flores inferiores son masculinas y su 

flor apical es femenina, presentando ocasionalmente estaminodios. Esta estructura 

floral característica llevó a separar las especies del género Hierochloë nativas de 
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Sudamérica en la sección Monoecia. 

Composición, estructura y distribución de la sección Monoecia 

Esta sección incluye ocho especies, la mayoría de las cuales fueron descritas en la 

segunda mitad del siglo XX en trabajos sobre el género Hierochloë en Argentina-Chile y 

Sudamérica. Algunas de estas especies se consideran actualmente formas extremas de 

la especie H. redolens. Recientemente fue descrita otra especie, H. quebrada, que crece en 

Perú. Esta especie es morfológicamente muy próxima a H. juncifolia, con la que se la ha 

confundido y de la que se diferencia por varias características morfológicas y su 

hábitat. 

La sección Monoecia se distribuye desde Venezuela a Tierra del Fuego, en ambientes 

desde templados en la zona costera a fríos en los Andes. Hierochloë altissima, H. 

juncifolia, H. gunckelii, H. spicata e H. utriculata presentan distribuciones solapantes a 

diferentes latitudes y altitudes del Centro al Sur de América del Sur, en uno o ambos 

lados de los Andes, mientras que H. quebrada e H. pusilla tienen una distribución y 

rango altitudinal más restringidos. Hierochloë redolens tiene una distribución 

discontinua en América del Sur: crece en áreas tropicalpinas de Venezuela a Perú por 

encima de los 3850 m de altitud y en áreas húmedas del Centro al Sur de Argentina y 

Chile en altitudes bajas. En su distribución se observa por lo tanto una relación 

altitudinal inversa, común a la mayoría de gramíneas C3. También está presente en 

Australia, Nueva Zelanda y Nueva Guinea, pero la estructura floral de los especímenes 

de estas zonas es distinta, por lo que algunos autores las consideran especies 

diferentes. 

Composición, estructura y distribución de la sección Hierochloë 

En esta sección las especies boreales de Eurasia y Norteamérica son las mejor 

estudiadas. Aunque su organización taxonómica sigue siendo compleja, ya que se trata 

de especies próximas, muy similares morfológicamente, que comparten hábitats en 

muchos casos y forman parte de varios complejos poliploides. Entre estas especies tres 

son las que presentan una distribución más amplia. Se trata de Hierochloë odorata 
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(subsp. odorata), H. hirta (subsp. arctica) e H. alpina, que son circumpolares, 

circumboreales o anfiatlánticas. Dentro de estos complejos se han descrito otras 

subespecies con distribución limitada a uno de los continentes. Asimismo, existe una 

especie exclusiva del Oeste de Norteamérica, H. occidentalis, considerada próxima al 

complejo H. odorata – hirta. En Europa se han descrito tres especies endémicas, H. 

australis, Hierochloë stepporum e H. repens, que se engloban en el complejo de H. odorata.  

Existe una gran diversificación del género Hierochloë en tres zonas geográficas: China-

Japón-India, Australia y Nueva Zelanda. En China-India, además de varias formas de 

H. odorata e H. alpina, se diferencian cuatro endemismos, en Australia otros tres y seis 

en Nueva Zelanda. Estas especies se pueden separar en dos grupos, las especies 

próximas a H. alpina o las cercanas a H. redolens. 

Hierochloë redolens es la especie de distribución más amplia en el Hemisferio Sur, que 

presenta diferencias en su estructura floral a lo largo de su área de distribución. Se 

encuentra en el Oeste y Sur de Sudamérica, Islas Malvinas, Papúa Nueva Guinea, 

Australia y Nueva Zelanda. Asimismo, los números cromosómicos conocidos de esta 

especie a lo largo de su área de distribución permiten diferenciar dos zonas. Debido a 

las diferencias morfológicas observadas entre las poblaciones sudamericanas y 

asiáticas, los datos moleculares y el variable nivel de ploidía, recientemente se ha 

indicado la posibilidad de que se trate de especies distintas. 

Consideraciones metodológicas 

La integración de datos originados a partir de diferentes fuentes ha demostrado ser 

una buena estrategia para resolver problemas taxonómicos. Seguimos en este trabajo 

un planteamiento en el que se abarcan todos los niveles estructurales para el estudio de 

un organismo, desde el nanomorfológico (molecular) hasta el macromorfológico 

(fenotipo). Para conseguir los objetivos del trabajo se emplearon métodos estadísticos 

multivariantes para el tratamiento de los datos morfológicos, análisis filogenéticos para 

el procesado de los datos moleculares (secuenciación de regiones de DNA cloroplástico 

y nuclear), se desarrollaron marcadores microsatélites que permitirán determinar el 
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flujo génico entre poblaciones en futuros estudios y se determinó el tamaño genómico 

para las especies de la subtribu mediante citometría de flujo, que se relacionó con los 

niveles de ploidía. 

Objetivos 

El principal objetivo de esta Tesis Doctoral es contribuir a la clarificación de la 

taxonomía y la evolución de la subtribu Anthoxanthinae, así como desarrollar 

herramientas que permitan continuar esos estudios en el futuro. Para alcanzarlo, se 

establecieron los siguientes objetivos generales: 

1. Profundizar en las relaciones filogenéticas entre las especies que constituyen la 

subtribu Anthoxanthinae, integrando datos morfológicos, ecológicos, 

citogenéticos y moleculares, para clarificar su historia evolutiva y su 

organización taxonómica. 

2. Analizar los procesos evolutivos que llevaron a la diversificación de la sección 

Monoecia del género Hierochloë en Sudamérica, modelo de diversificación de 

plantas C3 en los Andes. 

3. Integrar datos citogenéticos, moleculares y ecogeográficos para explicar los 

procesos evolutivos que llevaron a la diversificación de la sección Ataxia del 

género Anthoxanthum a nivel mundial. 

4. Realizar la revisión taxonómica de las especies del género Anthoxanthum en la 

Península Ibérica a la luz de los recientes datos filogenéticos y morfológicos. 

5. Averiguar el tamaño genómico de las especies de la subtribu Anthoxanthinae y 

establecer su relación con los niveles de ploidía conocidos en algunos táxones, 

para entender las interacciones entre los distintos genomas que desembocaron 

en la actual diversidad de la subtribu. 

6. Obtener marcadores moleculares específicos (microsatélites) con la resolución 

suficiente para, en un futuro, determinar la existencia de flujo génico entre 
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distintos linajes del género Anthoxanthum, donde la evolución reticulada es 

común. 

Resultados y conclusiones 

En el capítulo 1 se hizo un estudio integrando datos morfológicos, ecológicos, 

citogenéticos y moleculares para clarificar la historia evolutiva y la organización 

taxonómica de la subtribu Anthoxanthinae. El análisis multivariante de caracteres 

macro- y micromorfológicos (de la epidermis foliar y la sección transversal del limbo) 

se planteó con dos objetivos: (i) comprobar la fiabilidad de los caracteres usados 

tradicionalmente en la diferenciación de especies de la subtribu Anthoxanthinae y (ii) 

analizar la eficacia de utilizar un elevado número de características morfológicas en la 

identificación de los táxones. Esta metodología se ha usado con éxito en otros grupos 

complejos de plantas, incluyendo el género Anthoxanthum. La citometría de flujo se 

utilizó para determinar el tamaño del ADN nuclear como método para inferir los 

niveles de ploidía comparando los datos obtenidos con los publicados para algunas 

especies mediante recuentos cromosómicos. Los resultados obtenidos han sido útiles 

para la caracterización de las especies y para el estudio de procesos de reticulación en 

la subtribu.  

La subtribu Anthoxanthinae presenta una elevada variabilidad cariológica, lo que 

coincide con una frecuencia elevada de reticulaciones. A partir de los resultados de 

cantidad de ADN nuclear se pueden inferir los niveles de ploidía de algunas especies, 

pero es necesario disponer de recuentos cromosómicos para confirmar estos datos. En 

Anthoxanthum se han encontrado diploides, tetraploides y poliploides (16–18x), 

resultados que coinciden con los de otros estudios verificados con recuentos 

cromosómicos. En Hierochloë se reconocieron tetraploides, hexaploides y dodecaploides 

en las secciones Hierochloe y Monoecia. En la sección Ataxia todas las especies 

analizadas (las africanas A. dregeanum, A. ecklonii, A. madagascariense y A. tongo y la 

asiática A. hookeri) se corresponderían con tetraploides, presentando A. ecklonii además 

poblaciones diploides. 
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El estudio molecular se basó en la secuenciación de varios marcadores plastídicos 

(trnL-F y trnT-L) y nucleares (ITS y ETS) de uso habitual en estudios filogenéticos y que 

han demostrado ser útiles en la subtribu Anthoxanthinae. También se estimaron los 

tiempos de divergencia de los táxones incluidos en la subtribu utilizando métodos de 

coalescencia. Los resultados indican que la subtribu Anthoxanthinae tiene un origen 

antiguo, en el Oligoceno Tardío (28.5–23.0 Ma), con una elevada diversificación 

posterior durante el Mioceno Tardío-Pleistoceno (11.6–0.8 Ma) coherente con lo que 

sucedió en las Pooideae a nivel global. Los fenómenos de hibridación y reticulación 

parecen ser frecuentes en la subtribu, tanto dentro de los géneros como entre ellos, 

dificultando la diferenciación de especies. 

Los resultado obtenidos ponen de manifiesto que los géneros Anthoxanthum e 

Hierochloë se diferencian claramente en base a sus características morfológicas y 

moleculares, por lo que deberían mantenerse como géneros separados. En cambio, la 

sección Ataxia no se diferencia morfológicamente de Hierochloë, aunque en las 

filogenias que presentaban apoyo estadístico aparece siempre como clado hermano de 

Anthoxanthum. Lo más probable es que Anthoxanthum se originara a partir de ancestros 

de Hierochloë que perdieron los caracteres masculinos de las flores inferiores durante el 

Mioceno Temprano (hace 20.7 Ma). Los resultados filogenéticos muestran al menos 

otra transición en la estructura de la espiguilla, la pérdida de los caracteres masculinos 

de la flor apical en la sección Monoecia dentro del género Hierochloë también en el 

Mioceno Temprano (hace 19.5 Ma). Las áreas de distribución que ocupan las especies 

de la subtribu y sus relaciones filogenéticas indican que la dispersión a larga distancia 

ha sido importante para los táxones del Hemisferio Sur y las montañas tropicales, pero 

no parece que haya sido relevante para las especies del Hemisferio Norte. En esta zona, 

los grupos cercanos filogenéticamente ocupan áreas contiguas o solapadas y sus 

patrones de distribución son coherentes con una colonización postglacial, mientras que 

varios clados muestran patrones biogeográficos coherentes con las orogenias en zonas 

tropicales, especialmente los Andes y el Himalaya. Las especies de Nueva Zelanda 

parecen seguir el patrón habitual de las plantas de esa región, con las especies costeras 

más cercanas a táxones de Sudamérica y las especies alpinas próximas a las del 
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Hemisferio Norte. La baja resolución obtenida en los resultados filogenéticos ha 

impedido aplicar técnicas estadísticas biogeográficas, pero la ausencia de 

diferenciación filogenética y morfológica y la reciente diversificación son compatibles 

con una dispersión reciente. 

La sección Ataxia parece tener un origen híbrido entre los géneros Anthoxanthum e 

Hierochloë. Los análisis moleculares revelan distintas posiciones para Ataxia, pero solo 

la posición como clado hermano de Anthoxanthum tiene apoyo. La hibridación 

probablemente tuvo lugar en los comienzos de la diversificación de la subtribu pero 

después de que se originara A. mexicanum, que siempre aparece en los árboles 

filogenéticos como hermano de la sección Anthoxanthum. Morfológicamente, la sección 

Ataxia se parece más a Hierochloë, pero esto puede deberse a un fenómeno de 

convergencia adaptativa causado porque ambos grupos crecen en el mismo tipo de 

hábitat (montañas tropicales de gran altitud). Dos especies de la sección Anthoxanthum 

que crecen en áreas tropicalpinas (A. nivale y A. aethiopicum) también se agrupan con el 

género Hierochloë en los análisis morfológicos, reforzando la idea de que la similaridad 

morfológica entre grupos genéticamente separados se produce por evolución 

convergente. 

La hibridación que originó la sección Ataxia pudo estar asociada a la diversificación 

que se produjo en muchos linajes de gramíneas templadas a partir del Mioceno (23.0–

5.3 Ma) debido al descenso de las temperaturas y el incremento de la aridez a nivel 

global. Las migraciones de grupos de especies asociadas a estos cambios ambientales 

podrían ser la causa de la hibridación en esta época entre un linaje de Anthoxanthum 

con dos flores inferiores estériles epaleadas y una apical fértil y uno de Hierochloë con 

las tres flores fértiles. La evolución concertada es especialmente significativa cuando se 

usa ADN nuclear ribosomal, ya que al eliminar copias heredadas de uno de los 

parentales puede disminuir la señal filogenética que indica una hibridación. También 

puede explicar la incongruencia entre la posición de la sección Ataxia y especialmente 

de A. mexicanum en las filogenias y en los análisis morfológicos. Algunas especies 

pertenecientes a esta sección no presentan apoyo según el concepto fenético de especie 
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para ser consideradas como tales y requieren de una revisión más profunda. 

En el capítulo 2 se profundizó en el estudio de la sección Monoecia del género 

Hierochloë, que puede servir como modelo de diversificación de plantas C3 en los 

Andes, empleando los mismos métodos que en el capítulo 1. Además, dada la 

naturaleza multicopia de las regiones nucleares empleadas, se clonaron individuos de 

las distintas especies de la sección para detectar posibles casos de evolución reticulada. 

Este estudio, además, permitió aclarar la taxonomía de la sección Monoecia. Según los 

resultados obtenidos se deben mantener como especies cuatro de los ocho táxones que 

integran la sección (H. pusilla, H. juncifolia, H. quebrada y H. redolens) y se propone que 

los cuatro restantes (H. altissima, H. gunckelii, H. spicata y H. utriculata) pasen a la 

categoría de variedad dentro de H. redolens. En este estudio también se puso de 

manifiesto el origen híbrido de la especie H. quebrada originaria de los Andes peruanos. 

En general, los resultados apoyan la hipótesis que propone que la sección Monoecia 

evolucionó a partir de plantas andromonoicas que no procedían de Sudamérica. A 

continuación, en el capítulo 3, se realizó la propuesta taxonómica de esta sección 

incluyendo una clave de identificación para diferenciar las especies y subespecies. 

En el capítulo 4 se hizo la revisión taxonómica de las especies del género Anthoxanthum 

presentes en la Península Ibérica apoyándose en los datos filogenéticos y morfológicos 

publicados y en la revisión de material de herbario. Para elaborar esta revisión se 

examinaron más de 2000 pliegos de herbarios peninsulares para obtener una buena 

representación de la variabilidad que presentan las especies en la Península Ibérica. 

Como resultado de esta revisión se reconocen tres especies: A. amarum Brot., poliploide 

endémico del NO peninsular; A. odoratum L., tetraploide eurosiberiano, y el diploide 

mediterráneo A. ovatum Lag. Esta última especie se divide en dos subespecies, subsp. 

ovatum, presente en el SO de la Península Ibérica, y subsp. aristatum, distribuida por la 

Europa atlántica y el Centro y Oeste del Mediterráneo. La caracterización taxonómica 

de los linajes diploides anuales ibéricos de Anthoxanthum ha sido tradicionalmente 

fuente de controversias, centradas especialmente en su diferenciación con respecto 

al tetraploide perenne A. odoratum y el estatus taxonómico de las variedades o 
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subespecies descritas dentro de los táxones anuales. Tras la revisión realizada se ha 

optado por mantener separados los taxones perennes frente a los anuales, 

basándose en su diferenciación morfológica y genética. Asimismo, se ha decidido 

proponer una única especie anual debido a la difícil diferenciación morfológica y 

genética entre los linajes anuales diploides y diferenciar dos subespecies (A. ovatum 

subsp. aristatum y A. ovatum subsp. ovatum) a pesar de haberse detectado 

introgresión entre poblaciones atribuidas a ambas subespecies, ya que estas 

mantienen una cierta separación morfológica y genética, aunque sea incompleta. 

Estudios morfométricos y genéticos desaconsejan la definición de otros táxones 

infraspecíficos dentro de A. ovatum.  

Finalmente, en el capítulo 5 se desarrollaron 15 nuevos marcadores moleculares 

específicos (microsatélites) no plastídicos para las especies del complejo eurosiberiano 

del género Anthoxanthum y se seleccionaron parejas de primers obtenidas en un test 

preliminar realizado con el complejo diploide mediterráneo A. aristatum/A. ovatum. En 

total, se registraron 102 alelos. Entre nueve y once marcadores microsatélite produjeron 

amplificación polimórfica en otros linajes del género Anthoxanthum, incluidas las 

especies A. alpinum (73% de loci polimórficos) y A. maderense (60% de loci 

polimórficos). Además, la mayoría de los primers seleccionados se ampliaron con éxito 

en dos especies, el poliploide ibérico A. amarum (73% de loci polimórficos) y el 

tetraploide altamente invasivo A. odoratum (93% de loci polimórficos). La amplificación 

en estas dos especies poliploides del género reveló una alta transferibilidad. Los 

marcadores generados podrán ser empleados para determinar los patrones geográficos 

del flujo génico y dilucidar el origen tanto de diploides como de poliploides 

pertenecientes al género Anthoxanthum. 
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Estudo taxonómico e evolutivo da subtribo Anthoxanthinae 

(Poaceae; Pooideae) 

Introdución 

Taxonomía da subtribo Anthoxanthinae 

A subtribo Anthoxanthinae (Poaceae; Pooideae; Poeae) está formada por dous xéneros 

moi próximos filoxenéticamente, Anthoxanthum e Hierochloë, cuxa adscrición 

taxonómica segue sendo fonte de controversias. Aínda así, foi considerada adecuada 

como organismo modelo para o estudo da evolución recente das gramíneas C3 debido 

á súa incompleta diferenciación morfolóxica, a súa ampla distribución xeográfica e a 

súa estrutura citoxenética. Nesta Tese de Doutoramento utilízanse diferentes métodos 

para clarificar a taxonomía e establecer as relacións filoxenéticas entre os 

representantes da subtribo Anthoxanthinae. 

Esta subtribu inclúese dentro da subfamilia Pooideae, que engloba a maioría das 

gramíneas da zona tépeda, e dentro desta subfamilia na tribo Poeae. A subtribo 

Anthoxanthinae foi descrita a mediados do século XIX, empregándose como caracteres 

diagnósticos a presenza de espiguiñas trifloras comprimidas lateralmente e a 

produción de cumarina. Está formada por dous xéneros, Anthoxanthum e Hierochloë, 

que inicialmente se consideraron moi próximos ao xénero Phalaris, pero recentes 

estudos moleculares descartan esta relación, polo que se separaron en dúas subtribus: 

Anthoxanthinae e Phalaridinae, esta última monofilética. A subtribu Anthoxanthinae 

así establecida sería monofilética e estaría constituída por dous xéneros, estreitamente 

emparentados e de difícil diferenciación pola similitude da súa estrutura floral e a 

existencia de especies con características intermedias entre ambos. A separación entre 

estes xéneros baséase na estrutura da súa espiguiña,  en Anthoxanthum con dúas flores 

inferiores estériles e sen páleas, mentres que en Hierochloë son masculinas 

triestaminadas e paleadas. Existen algunhas especies que presentan características 

intermedias entre os xéneros Anthoxanthum e Hierochloë, cuxa posición taxonómica é 

discutida, incialmente incluídas no xénero Ataxia e posteriormente como sección do 
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xénero Anthoxanthum. 

O número de especies que compoñen esta subtribo é controvertido, presentando 

nalgúns casos distribucións solapadas. Esta Tese de Doctoramento exponse como 

obxectivo xeral contribuír a clarificar as relacións taxonómicas e evolutivas entre os 

taxons que compoñen a subtribo, con especial atención ao xénero Hierochloë e á sección 

Ataxia do xénero Anthoxanthum. Discutiranse os resultados á luz das propostas 

taxonómicas máis modernas, co que se pretende integrar os datos publicados 

recentemente aos resultados obtidos neste estudo. 

Composición, estrutura e distribución do xénero Anthoxanthum 

O xénero Anthoxanthum inclúe ao redor de 21 especies distribuídas principalmente por 

zonas tépedas e montañas tropicais e subtropicales do Vello Mundo [Eurasia (de 

España a Xapón), Macaronesia, Norte de África, Este de África tropical, Sur de África, 

Madagascar e Sueste Asiático] e Centroamérica. Dentro do xénero Anthoxanthum 

diferéncianse dúas seccións en función da súa estrutura floral: (i) sección 

Anthoxanthum, sen páleas nas flores estériles inferiores da espiguiña; (ii) sección Ataxia, 

con flores inferiores paleadas e irregularmente estaminadas. A sección Anthoxanthum 

comprende nove especies anuais e perennes, con niveis de ploidía variados. As 

especies que conforman esta sección crecen en zonas tépedas e ártico-alpinas de 

Eurasia, o Mediterráneo, Macaronesia, o Leste de África e Centroamérica. 

Anthoxanthum gracile está considerado a primeira diverxencia da sección. O resto de 

especies diverxen no Plioceno en dúas liñaxes: un clado eurosiberiano - E africano 

formados por taxons diploides, tetraploides e dodecaploides e un clado mediterráneo 

formado por diploides, tetraploides e 18-ploides. 

No clado eurosiberiano - E africano inclúense as especies das montañas do Este de 

África A. nivale e A. aethiopicum, a eurosiberiana A. alpinum e as poboacións do Norte 

de Europa de A. odoratum. A. odoratum e A. alpinum son perennes e moi similares 

xenética- e morfolóxicamente. Estudos moleculares recentes confirman que A. odoratum 

ten múltiples orixes. Dentro desta especie tetraploide recoñécense dúas liñaxes 
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diverxentes: un pertencería ao grupo eurosiberiano - E africano con A. alpinum e outro 

estaría no grupo mediterráneo. 

O clado mediterráneo da sección está formado polo poliploide A. amarum, as especies 

diploides A. aristatum, A. maderense e A. ovatum e a liñaxe mediterránea do tetraploide 

A. odoratum. Así mesmo, diversos autores propoñen a existencia de liñaxes 

mediterráneas diploides pendentes de caracterización taxonómica. Coa excepción de A. 

amarum, as especies deste clado diferéncianse pouco molecular e morfolóxicamente, 

pero cada unha ten o seu propio nicho ecolóxico. A única especie presente en 

Macaronesia, A. maderense, é monofilética, o que apoia unha orixe debida a unha única 

colonización de Madeira seguida de especiación in situ. Os diploides mediterráneos, A. 

aristatum e A. ovatum, consideráronse tradicionalmente especies diferentes. 

Recentemente, analizáronse poboacións atribuídas ao “diploide mediterráneo 

perenne” antes mencionado, e que tradicionalmente se interpretaron como unha liñaxe 

diploide de A. odoratum. Resultados de estudos recentes indican que pode tratarse do 

devanceiro das especies diploides anuais de Anthoxanthum sección Anthoxanthum.  

Composición, estrutura e distribución da sección Ataxia 

A sección Ataxia é monofilética e nela diferéncianse dúas liñaxes que coinciden coa súa 

distribución xeográfica disxunta: o grupo distribuído polo Sueste Asiático e o do sur de 

África. As especies da sección Ataxia presentes no Sur de África e Madagascar están 

moi afastadas xeneticamente das do leste de África, máis próximas ás especies 

europeas e englobadas en Anthoxanthum sección Anthoxanthum. O clado asiático está 

formado por sete especies. Destas, dous presentan ampla distribución polo Sueste 

Asiático, pero o resto das especies presentan unha distribución máis limitada. 

Nesta sección inclúense ademais dúas especies centroamericanas cuxa adscripción 

taxonómica é discutida. Trátase de A. mexicanum e A. davidsei. A estrutura e apertura 

das súas flores acércaas a Anthoxanthum, pero a ausencia de arestas (excepto en A. 

mexicanum, que presenta unha) e o número de cromosomas de A. davidsei emparéntaas 

con Hierochloë. Ambas especies semellas estar cercanamente emparentadas. 
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As especies desta sección teñen unha orixe probablemente híbrida. Esta hibridación 

puido estar asociada á diversificación que se produciu en moitas liñaxes de gramíneas 

a partir do Mioceno (23.0 Ma) debido ao descenso das temperaturas e o incremento da 

aridez a nivel global. As migracións de grupos de especies, asociadas a estes cambios 

ambientais, poderían ser as causantes da hibridación entre unha liñaxe de 

Anthoxanthum, con dúas flores inferiores estériles epaleadas e unha apical fértil, e un de 

Hierochloë, coas tres flores fértiles, no Mioceno (23.0–5.3 Ma). 

Composición, estrutura e distribución do xénero Hierochloë 

O xénero Hierochloë R.Br. está composto por unhas 33 especies e ten unha distribución 

circumpolar e alpina-tropical. Está amplamente distribuído en zonas frías e tépedas de 

Eurasia, Australasia e Norteamérica, ademais de nas montañas tropicais e 

subtropicales de Sudamérica, con dous centros de diversificación, en base ao número 

de especies, en Asia e Australia-Nova Zelandia. Neste xénero describíronse complexos 

poliploides de difícil caracterización taxonómica, constituídos por diploides, 

tetraploides, hexaploides, decaploides e dodecaploides. O número básico de 

cromosomas é x = 7, pero aínda existen moitas especies cuxo nivel de ploidía é 

descoñecido, incluída toda a sección Monoecia. 

Dentro do xénero pódense atopar dúas formas florais que son reflexo da existencia de 

distintos sistemas de polinización. A estrutura xeral da espiguiña é andromonoica, o 

que implica a existencia de dúas flores inferiores masculinas e unha flor apical 

hermafrodita. Esta estrutura é propia das especies de Norteamérica, Eurasia e 

Australasia. Doutra banda están as espiguiñas monoicas, propias das especies 

suramericanas do xénero, nas que as súas flores inferiores son masculinas e a súa flor 

apical é feminina, presentando ocasionalmente estaminodios. Esta estrutura floral 

característica levou a separar as especies do xénero Hierochloë nativas de Sudamérica na 

sección Monoecia. 

Composición, estrutura e distribución da sección Monoecia 

Esta sección inclúe oito especies, a maioría das cales foron descritas na segunda metade 
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do século XX en traballos sobre o xénero Hierochloë en Arxentina-Chile e Sudamérica. 

Algunhas destas especies considéranse actualmente formas extremas da especie H. 

redolens. Recentemente foi descrita outra especie, H. quebrada, que crece en Perú. Esta 

especie é morfolóxicamente moi próxima a H. juncifolia, coa que se confundiu e da que 

se diferencia por varias características morfolóxicas e o seu hábitat. 

A sección Monoecia distribúese desde Venezuela a Tierra del Fuego, en ambientes 

desde tépedos na zona costeira a fríos nos Andes. Hierochloë altissima, H. juncifolia, H. 

gunckelii, H. spicata e H. utriculata presentan distribucións solapantes a diferentes 

latitudes e altitudes do Centro ao Sur de América do Sur, nun ou ambos lados dos 

Andes, mentres que H. quebrada e H. pusilla teñen unha distribución e rango altitudinal 

máis restrinxidos. Hierochloë redolens ten unha distribución discontinua en América do 

Sur: medra en áreas tropicalpinas de Venezuela a Perú por enriba dos 3850 m de 

altitude e en áreas húmedas do Centro ao Sur de Arxentina e Chile en altitudes baixas. 

Na súa distribución obsérvase polo tanto unha relación altitudinal inversa, común á 

maioría de gramíneas C3. Tamén está presente en Australia, Nova Zelandia e Nova 

Guinea, pero a estrutura floral dos especímenes destas zonas é distinta, polo que 

algúns autores considéranas especies diferentes. 

Composición, estrutura e distribución da sección Hierochloë 

Nesta sección as especies boreais de Eurasia e Norteamérica son as mellor estudadas. 

Aínda que a súa organización taxonómica segue sendo complexa, xa que se trata de 

especies próximas, moi similares morfolóxicamente, que comparten hábitats en moitos 

casos e forman parte de varios complexos poliploides. Entre estas especies tres son as 

que presentan unha distribución máis ampla. Trátase de Hierochloë odorata (subsp. 

odorata), H. hirta (subsp. arctica) e H. alpina, que son circumpolares, circumboreales ou 

anfiatlánticas. Dentro destes complexos describíronse outras subespecies con 

distribución limitada a un dos continentes. Así mesmo, existe unha especie exclusiva 

do Oeste de Norteamérica, H. occidentalis, considerada próxima ao complexo H. odorata 

– hirta. En Europa describíronse tres especies endémicas, H. australis, Hierochloë 

stepporum e H. repens, que se engloban no complexo de H. odorata. 
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Existe unha gran diversificación do xénero Hierochloë en tres zonas xeográficas: China-

Xapón-India, Australia e Nova Zelandia. En China-India, ademais de varias formas de 

H. odorata e H. alpina, diferéncianse catro endemismos, en Australia outros tres e seis en 

Nova Zelandia. Estas especies pódense separar en dous grupos, as especies próximas a 

H. alpina ou as próximas a H. redolens. 

Hierochloë redolens é a especie de distribución máis ampla no Hemisferio Sur, que 

presenta diferenzas na súa estrutura floral ao longo da súa área de distribución. 

Atópase no Oeste e Sur de Sudamérica, Illas Malvinas, Papúa Nova Guinea, Australia e 

Nova Zelandia. Así mesmo, os números cromosómicos coñecidos desta especie ao 

longo da súa área de distribución permiten diferenciar dúas zonas. Debido ás 

diferenzas morfolóxicas observadas entre as poboacións suramericanas e asiáticas, os 

datos moleculares e o variable nivel de ploidía, recentemente indicouse a posibilidade 

de que se trate de especies distintas. 

Consideracións metodolóxicas 

A integración de datos orixinados a partir de diferentes fontes demostrou ser unha boa 

estratexia para resolver problemas taxonómicos. Seguimos neste traballo unha 

formulación na que se abarcan todos os niveis estruturais para o estudo dun 

organismo, desde o nanomorfolóxico (molecular) ata o macromorfolóxico (fenotipo). 

Para conseguir os obxectivos do traballo empregáronse métodos estatísticos 

multivariantes para o tratamento dos datos morfolóxicos, análises filoxenéticas para o 

procesado dos datos moleculares (secuenciación de rexións de DNA cloroplástico e 

nuclear), desenvolvéronse marcadores microsatélites que permitirán determinar o 

fluxo xénico entre poboacións en futuros estudos e determinouse o tamaño xenómico 

para as especies da subtribu mediante citometría de fluxo, que se relacionou cos niveis 

de ploidía. 

Obxectivos 

O principal obxectivo desta Tese de Doutoramento é contribuír á clarificación da 

taxonomía e a evolución da subtribu Anthoxanthinae, así como desenvolver 
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ferramentas que permitan continuar eses estudos no futuro. Para alcanzalo, 

establecéronse os seguintes obxectivos xerais: 

1. Profundar nas relacións filoxenéticas entre as especies que constitúen a subtribo 

Anthoxanthinae, integrando datos morfolóxicos, ecolóxicos, citoxenéticos e 

moleculares, para clarificar a súa historia evolutiva e a súa organización 

taxonómica. 

2. Analizar os procesos evolutivos que levaron á diversificación da sección 

Monoecia do xénero Hierochloë en Sudamérica, modelo de diversificación de 

plantas C3 nos Andes. 

3. Integrar datos citoxenéticos, moleculares e ecoxeográficos para explicar os 

procesos evolutivos que levaron á diversificación da sección Ataxia do xénero 

Anthoxanthum a nivel mundial. 

4. Realizar a revisión taxonómica das especies do xénero Anthoxanthum na 

Península Ibérica á luz dos recentes datos filoxenéticos e morfolóxicos. 

5. Pescudar o tamaño xenómico das especies da subtribo Anthoxanthinae e 

establecer a súa relación cos niveis de ploidía coñecidos nalgúns taxons, para 

entender as interaccións entre os distintos xenomas que desembocaron na 

actual diversidade da subtribo. 

6. Obter marcadores moleculares específicos (microsatélites) coa resolución 

suficiente para, nun futuro, determinar a existencia de fluxo xénico entre 

distintas liñaxes do xénero Anthoxanthum, onde a evolución reticulada é común. 

Resultados e conclusións 

No capítulo 1 fíxose un estudo integrando datos morfolóxicos, ecolóxicos, citoxenéticos 

e moleculares para clarificar a historia evolutiva e a organización taxonómica da 

subtribo Anthoxanthinae. A análise multivariante de caracteres macro- e 

micromorfolóxicos (da epidermis foliar e a sección transversal do limbo) plantexouse 
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con dous obxectivos: (i) comprobar a fiabilidade dos caracteres usados 

tradicionalmente na diferenciación de especies da subtribo Anthoxanthinae e (ii) 

analizar a eficacia de utilizar  un elevado número de características morfolóxicas na 

identificación dos taxons. Esta metodoloxía usouse con éxito noutros grupos 

complexos de plantas, incluíndo o xénero Anthoxanthum. A citometría de fluxo 

utilizouse para determinar o tamaño do ADN nuclear como método para inferir os 

niveis de ploidía comparando os datos obtidos cos publicados para algunhas especies 

mediante recontos cromosómicos. Os resultados obtidos foron útiles para a 

caracterización das especies e para o estudo de procesos de reticulación na subtribo. 

A subtribo Anthoxanthinae presenta unha elevada variabilidade cariolóxica, o que 

coincide cunha frecuencia elevada de reticulacións. A partir dos resultados de 

cantidade de ADN nuclear pódense inferir os niveis de ploidía dalgunhas especies, 

pero é necesario dispoñer de recontos cromosómicos para confirmar estes datos. En 

Anthoxanthum atopáronse diploides, tetraploides e poliploides (16–18x), resultados que 

coinciden cos doutros estudos verificados con recontos cromosómicos. En Hierochloë 

recoñecéronse tetraploides, hexaploides e dodecaploides nas seccións Hierochloe e 

Monoecia. Na sección Ataxia todas as especies analizadas (as africanas A. dregeanum, A. 

ecklonii, A. madagascariense e A. tongo e a asiática A. hookeri) corresponderíanse con 

tetraploides, presentando A. ecklonii ademais poboacións diploides. 

O estudo molecular baseouse na secuenciación de varios marcadores plastídicos (trnL-

F e trnT-L) e nucleares (ITS e ETS) de uso habitual en estudos filoxenéticos e que 

demostraron ser útiles na subtribo Anthoxanthinae. Tamén se estimaron os tempos de 

diverxencia dos taxons incluídos na subtribo utilizando métodos de coalescencia. Os 

resultados indican que a subtribo Anthoxanthinae ten unha orixe antiga, no Oligoceno 

Tardío (28.5–23.0 Ma), cunha elevada diversificación posterior durante o Mioceno 

Tardío-Pleistoceno (11.6–0.8 Ma) coherente co que sucedeu nas Pooideae a nivel global. 

Os fenómenos de hibridación e reticulación parecen ser frecuentes na subtribo, tanto 

dentro dos xéneros como entre eles, dificultando a diferenciación de especies. 

Os resultado obtidos poñen de manifesto que os xéneros Anthoxanthum e Hierochloë 
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diferéncianse claramente en base ás súas características morfolóxicas e moleculares, 

polo que deberían manterse como xéneros separados. En cambio, a sección Ataxia non 

se diferencia morfolóxicamente de Hierochloë, aínda que nas filoxenias que presentaban 

apoio estatístico aparece sempre como clado irmán de Anthoxanthum. O máis probable 

é que Anthoxanthum se orixinase a partir de devanceiros de Hierochloë que perderon os 

caracteres masculinos das flores inferiores durante o Mioceno Temperán (fai 20.7 Ma). 

Os resultados filoxenéticos mostran polo menos outra transición na estrutura da 

espiguiña, a perda dos caracteres masculinos da flor apical na sección Monoecia dentro 

do xénero Hierochloë tamén no Mioceno Temperán (fai 19.5 Ma). As áreas de 

distribución que ocupan as especies da subtribo e as súas relacións filoxenéticas 

indican que a dispersión a longa distancia foi importante para os taxons do Hemisferio 

Sur e as montañas tropicais, pero non parece que fose relevante para as especies do 

Hemisferio Norte. Nesta zona, os grupos próximos filoxenéticamente ocupan áreas 

contiguas ou solapadas e os seus patróns de distribución son coherentes cunha 

colonización postglacial, mentres que varios clados mostran patróns bioxeográficos 

coherentes coas oroxenias en zonas tropicais, especialmente nos Andes e o Himalaya. 

As especies de Nova Zelandia parecen seguir o patrón habitual das plantas desa 

rexión, coas especies costeiras máis próximas a taxons de Sudamérica e as especies 

alpinas próximas ás do Hemisferio Norte. A baixa resolución obtida nos resultados 

filoxenéticos impediu aplicar técnicas estatísticas bioxeográficas, pero a ausencia de 

diferenciación filoxenética e morfolóxica e a recente diversificación son compatibles 

cunha dispersión recente. 

A sección Ataxia parece ter unha orixe híbrida entre os xéneros Anthoxanthum e 

Hierochloë. As análises moleculares revelan distintas posicións para Ataxia, pero solo a 

posición como clado irmán de Anthoxanthum ten apoio. A hibridación probablemente 

tivo lugar nos comezos da diversificación da subtribo pero despois de que se orixinara 

A. mexicanum, que sempre aparece nas árbores filoxenéticas como irmán da sección 

Anthoxanthum. Morfolóxicamente, a sección Ataxia parécese máis a Hierochloë, pero isto 

pode deberse a un fenómeno de converxencia adaptativa causado porque ambos 

grupos medran no mesmo tipo de hábitat (montañas tropicais de gran altitude). Dúas 
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especies da sección Anthoxanthum que medran en áreas tropicalpinas (A. nivale e A. 

aethiopicum) tamén se agrupan co xénero Hierochloë nas análisies morfolóxicas, 

reforzando a idea de que a similaridade morfolóxica entre grupos xeneticamente 

separados prodúcese por evolución converxente. 

A hibridación que orixinou a sección Ataxia puido estar asociada á diversificación que 

se produciu en moitas liñaxes de gramíneas tépedas a partir do Mioceno (23.0–5.3 Ma) 

debido ao descenso das temperaturas e o incremento da aridez a nivel global. As 

migracións de grupos de especies asociadas a estes cambios ambientais poderían ser a 

causa da hibridación nesta época entre unha liñaxe de Anthoxanthum con dúas flores 

inferiores estériles epaleadas e unha apical fértil e unha de Hierochloë coas tres flores 

fértiles. A evolución concertada é especialmente significativa cando se usa ADN 

nuclear ribosomal, xa que ao eliminar copias herdadas dun dos parentais pode 

diminuír o sinal filoxenético que indica unha hibridación. Tamén pode explicar a 

incongruencia entre a posición da sección Ataxia e especialmente de A. mexicanum nas 

filoxenias e nas análises morfolóxicas. Algunhas especies pertencentes a esta sección 

non presentan apoio segundo o concepto fenético de especie para ser consideradas 

como tales e requiren dunha revisión máis profunda. 

No capítulo 2 profundouse no estudo da sección Monoecia do xénero Hierochloë, que 

pode servir como modelo de diversificación de plantas C3 nos Andes, empregando os 

mesmos métodos que no capítulo 1. Ademais, dada a natureza multicopia das rexións 

nucleares empregadas, clonáronse individuos das distintas especies da sección para 

detectar posibles casos de evolución reticulada. Este estudo, ademais, permitiu aclarar 

a taxonomía da sección Monoecia. Segundo os resultados obtidos débense manter como 

especies catro dos oito taxons que integran a sección (H. pusilla, H. juncifolia, H. 

quebrada e H. redolens) e proponse que os catro restantes (H. altissima, H. gunckelii, H. 

spicata e H. utriculata) pasen á categoría de variedade dentro de H. redolens. Neste 

estudo tamén se puxo de manifesto a orixe híbrida da especie H. quebrada orixinaria 

dos Andes peruanos.  En xeral,  os resultados apoian a hipótese que propón que a 

sección Monoecia evolucionou a partir de plantas andromonoicas que non procedían de 
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Sudamérica.  A continuación, no capítulo 3, realizouse a proposta taxonómica desta 

sección incluíndo unha clave de identificación para diferenciar as especies e 

subespecies. 

No capítulo 4 fíxose a revisión taxonómica das especies do xénero Anthoxanthum 

presentes na Península Ibérica apoiándose nos datos filoxenéticos e morfolóxicos 

publicados e na revisión de material de herbario. Para elaborar esta revisión 

examináronse máis de 2000 pregos de herbarios peninsulares para obter unha boa 

representación da variabilidade que presentan as especies  na Península Ibérica. Como 

resultado desta revisión recoñécense tres especies: A. amarum Brot., poliploide 

endémico do NO peninsular; A. odoratum L., tetraploide eurosiberiano, e o diploide 

mediterráneo A. ovatum Lag. Esta última especie divídese en dúas subespecies, subsp. 

ovatum, presente no SO da Península Ibérica, e subsp. aristatum, distribuída pola 

Europa atlántica e o Centro e Oeste do Mediterráneo. A caracterización taxonómica das 

liñaxes diploides anuais ibéricas de Anthoxanthum foi tradicionalmente fonte de 

controversias, centradas especialmente na súa diferenciación con respecto ao 

tetraploide perenne A. odoratum e o status taxonómico das  variedades ou subespecies 

descritas dentro dos taxons anuais. Tras a revisión realizada optouse por manter 

separados os taxons perennes fronte aos anuais, baseándose na súa diferenciación 

morfolóxica e xenética. Así mesmo,  decidiuse propoñer unha única especie anual 

debido á difícil diferenciación morfolóxica e xenética entre as liñaxes anuais diploides e 

diferenciar dúas subespecies (A. ovatum subsp. aristatum xa. ovatum subsp. ovatum) a 

pesar de detectarse introgresión entre poboacións atribuídas a ambas as subespecies, 

xa que estas manteñen unha certa separación morfolóxica e xenética, aínda que sexa 

incompleta. Estudos morfométricos e xenéticos desaconsellan a definición doutros 

taxons infraspecíficos dentro de A. ovatum. 

Finalmente, no capítulo 5 desenvolvéronse 15 novos marcadores moleculares 

específicos (microsatélites) non plastídicos para as especies do complexo eurosiberiano 

do xénero Anthoxanthum e seleccionáronse parellas de primers obtidas nun test 

preliminar realizado co complexo diploide mediterráneo A. aristatum/A. ovatum. En 
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total, rexistráronse 102 alelos. Entre nove e once marcadores microsatélite produciron 

amplificación polimórfica noutras liñaxes do xénero Anthoxanthum, incluídas as 

especies A. alpinum (73% de loci polimórficos) e A. maderense (60% de loci 

polimórficos). Ademais, a maioría dos primers seleccionados ampliáronse con éxito en 

dúas especies, o poliploide ibérico A. amarum (73% de loci polimórficos) e o tetraploide 

altamente invasivo A. odoratum (93% de loci polimórficos). A amplificación nestas dúas 

especies poliploides do xénero revelou unha alta transferibilidade. Os marcadores 

xerados poderán ser empregados para determinar os patróns xeográficos do fluxo 

xénico e dilucidar a orixe tanto de diploides como de poliploides pertencentes ao 

xénero Anthoxanthum. 


