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RESUMEN 

La diversificación de las angiospermas se ha asociado a los cambios en el sistema de 

polinización y estrategias reproductivas de las plantas. Existe evidencia de convergencia 

evolutiva en caracteres florales como el color, el néctar o las fragancias, asociada a cambios 

en los polinizadores principales de las plantas. Las diferentes asociaciones de caracteres 

florales conforman los denominados síndromes de polinización. A nivel de especie, los 

caracteres florales pueden estar correlacionados entre sí (e.g. largo y ancho de la corola, largo 

de estambres y pistilos), lo que sugiere que puede haber selección correlacional mediada por 

los polinizadores más frecuentes y eficientes. En esta tesis se evaluó la evolución de 

caracteres florales y de integración floral en el género Achimenes (Gesneriaceae), que está 

compuesto por alrededor de 25 especies con morfologías y colores diferentes. 

Aproximadamente el 40% de las especies se encuentra en simpatría pues se encuentran en 

zonas rocosas escarpadas de alta humedad. Esto sugiere que la diversificación floral en el 

género Achimenes podría ser también resultado de selección mediada por polinizadores para 

promover el aislamiento reproductivo. En esta tesis se han propuesto las siguientes preguntas: 

(1) ¿cómo se asocian las características florales a los polinizadores de las diferentes especies 

de la familia Gesneriaceae?, (2) ¿qué barreras reproductivas permiten la coexistencia de 

especies del género Achimenes en simpatría?, (3) en un contexto filogenético, ¿están 

asociados los cambios en las características florales como el color, tamaño y forma de la 

corola a los cambios de polinizador en el género Achimenes?, (4) ¿cómo varían los patrones 

de integración de las características florales entre síndromes? 
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Encontré que los cambios de estados en el color, el tamaño y la forma de la coinciden con 

los cambios de sistema de polinización observados y que el valor de integración de la corola 

es similar entre especies, aunque tengan patrones de covarianza diferentes. 
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ABSTRACT 

Angiosperm diversification has been associated with canches in pollination sistems and to 

other reproductive strategies of plants. There is evidence that convergence of floral 

characters, such as color, nectar or fragrances, is associated with changes of plant principal 

pollinators. The different associations of floral characters make up the so-called pollination 

syndromes. At the species level, the floral characters may be correlated with each other (e.g. 

length and width of the corolla, length of stamens and pistils), suggesting that there may be 

correlational selection mediated by the most frequent and efficient pollinators. In this thesis, 

I evaluated the evolution of floral characters and floral integration in the Achimenes genus 

(Gesneriaceae), which is represented by around 25 species with different morphologies and 

colors. Approximately 40% of the species are in sympatry, as they are found in steep rocky 

areas with high humidity. This suggests that floral diversification in the Achimenes genus 

could also be the result of pollinator-mediated selection to promote reproductive isolation. 

The following questions have been proposed in this thesis: (1) how are the floral 

characteristics associated with pollinators of the different species of the Gesneriaceae 

family?, (2) what reproductive barriers allow the coexistence of species of the genus 

Achimenes in sympatry?, (3) within a phylogenetic context, are changes in floral 

characteristics such as color, size and shape of the corolla associated with pollinator changes 

in the Achimenes genus ?, (4) how do integration patterns of the floral characteristics vary 

between syndromes? I found that the changes in color, size and shape of the states coincide 

with the observed pollination system changes and that the integration value of the corolla is 

similar between species, although they have different covariance patterns. 
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INTRODUCCIÓN GENERAL 

 

La diversidad floral de las angiospermas ha resultado en parte de procesos de adaptación 

derivados de la interacción con polinizadores particulares que favorecen la transferencia de 

polen de una planta a otra (van der Niet & Johnson 2012). La diversidad floral es evidente 

en caracteres como: largo de la corola, forma de la flor, tamaño de la flor, la producción de 

recompensas, como el néctar o las fragancias, y el color de la corola (Fenster et al., 2004; 

Rosas-Guerrero et al., 2014; Schiestl & Johnson 2013). Dichos caracteres están asociados 

con las capacidades sensoriales, como la visión en el espectro ultravioleta o la detección de 

fragancias, y las necesidades nutricionales de los polinizadores (e.g. Fleming et al., 2004; 

Papiorek et al., 2016; Raguso et al., 2004). Stebbins propuso que la frecuencia en las visitas 

y la eficiencia en la transferencia de polen son claves para que un polinizador particular 

genere una presión selectiva en la morfología floral (1970). Esto indicaría que hay 

polinizadores principales que se espera sean los principales agentes de selección sobre las 

características florales.  

Derivado de las presiones selectivas de polinizadores particulares y su asociación con 

caracteres florales, se han conceptualizado los síndromes de polinización. Estos se definen 

como la agrupación de caracteres florales que pueden estar correlacionados entre sí, y que 

sirven para atraer ciertos tipos de polinizadores y fomentar la transferencia efectiva de polen 

(Fenster et al., 2004). La existencia de los síndromes se ha corroborado en diversas especies 

de diferentes familias de angiospermas, lo que implica convergencia en las presiones 

selectivas por parte de los polinizadores. Por ejemplo, las flores polinizadas por colibríes de 

numerosas familias de plantas -e.g. Gesneriáceas, Convolvuláceas o Heliconiáceas- 



5 

presentan corolas de colores brillantes, rojas y tubulares, con cantidades abundantes de néctar 

diluido y con antesis diurna (Proctor et al., 1996). Esto sugiere que los polinizadores no sólo 

ejercen presiones de selección sobre los caracteres florales particulares, sino que pueden 

promover cambios entre síndromes de polinización (Ashworth et al., 2015). Sin embargo, se 

conoce poco acerca de cómo evolucionan los conjuntos de caracteres florales cuando hay un 

cambio de un polinizador a otro y si los cambios florales ocurren en conjuntos de caracteres 

o independientemente entre sí. 

Entre los modelos que se han usado para explicar los cambios florales generados por cambios 

de polinizador se ha propuesto que es la disyuntiva entre la ganancia en adecuación asociada 

a un polinizador más eficiente y la ganancia en adecuación asociada con un polinizador 

menos eficiente (Aigner, 2001; Muchhala, 2007). Por ejemplo, el cambio de polinización por 

murciélago a colibrí implica cambios en el ancho de la corola, que afectan a su vez la 

eficiencia en la transferencia de polen (Muchhala, 2007). En otros modelos, la diferencia en 

la adecuación es afectada por la abundancia de un tipo de polinizador con respecto a otro, lo 

que favorece más los cambios hacia sistemas especializados y mixtos (Sargent & Otto, 2006). 

El reforzamiento, i.e. la selección sobre ciertas características fenotípicas que promueven el 

aislamiento reproductivo, también podría favorecer el cambio de un sistema de polinización 

a otro, en el que las especies hermanas tenderían a tener sistemas de polinización 

convergentes al encontrarse en simpatría (Bank et al., 2012; Hopkins, 2013; Kay & 

Schemske 2008). Aún si alguna de las hipótesis está más frecuentemente apoyada por datos 

empíricos, todas son hipótesis adaptativas en las que los polinizadores son agentes selectivos 

que median los cambios en las características florales. A nivel filogenético, dichas presiones 

selectivas se verían reflejadas en los patrones de convergencia de los síndromes de 
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polinización en diferentes linajes de especies (Losos, 2011). Además, no toda la variación en 

características florales es producto de procesos de adaptación a polinizadores, ya que también 

hay otras fuerzas evolutivas responsables de algunos patrones de diversidad floral, como los 

procesos de desarrollo, genéticos e interacciones con otros organismos (Strauss & Whittall, 

2006; Wessinger & Hileman, 2016; Smith, 2016). 

En general, los estudios comparativos que han evaluado la evolución tanto de las 

características florales como de los sistemas de polinización, sugieren que los cambios en el 

color o la forma de la corola concuerdan con los cambios en el sistema de polinización (e.g. 

Forest et al., 2014; Martén-Rodríguez et al., 2010; Tripp & Manos, 2008; Whittall & Hodges, 

2007; Wilson et al., 2007). Sin embargo, la mayoría de los estudios publicados se basan en 

las características del síndrome floral para inferir los polinizadores o tienen un muestreo 

incompleto de los polinizadores (menos del 50% de las especies del taxón de estudio). 

Aunque se ha demostrado que los síndromes de polinización son capaces de predecir los 

polinizadores más eficientes en muchas especies de plantas, existen especies cuyos 

polinizadores primarios no corresponden a los predichos por el síndrome o cuyo sistema de 

polinización comprende más de un grupo de polinizadores (Rosas-Guerrero et al., 2014). 

Además, pocos trabajos consideran la evolución de caracteres cuantitativos como parte de 

los fenotipos florales, aunque éstos pudieran dar indicios de cómo cambian las características 

florales en conjunto (i.e. correlaciones entre caracteres florales) (e.g.Smith, 2010; Landis et 

al., 2018; Benitez-Vieyra et al., 2019).  

Las flores son fenotipos complejos e integrados por diferentes caracteres (como el largo de 

las anteras o el pistilo, largo de la corola, ancho de la corola, etc.) que covarían entre sí y 

pueden representar procesos de desarrollo, genéticos y de funcionamiento concertado 
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(Armbruster et al., 2014). Dado que muchas especies dependen de animales para la 

transferencia de polen, se ha propuesto que las flores de especies que requieren polinizadores 

para su reproducción tendrían correlaciones más altas entre caracteres florales que las que no 

dependan de animales para su reproducción (Berg, 1960). Berg (1959) también propuso que 

habría correlaciones más altas entre los caracteres directamente asociados con la 

transferencia de polen, como morfología de las anteras y los estigmas, en comparación con 

la correlación entre partes reproductivas con partes no involucradas en la polinización, como 

las hojas. Las ideas de Berg, representan una hipótesis adaptativa, en la que el agente de 

selección que genera las correlaciones morfológicas florales es el polinizador. Existen 

algunos trabajos a nivel poblacional que han puesto a prueba las ideas de Berg y que las 

apoyan (e.g. Lázaro & Santamaría, 2015; Pérez-Barrales et al., 2007; Reynolds et al., 2010), 

aunque también existen estudios que indican que las presiones selectivas de los polinizadores 

no favorecen una mayor integración entre las partes florales, sino que son los procesos de 

desarrollo los que favorecen la mayor integración (e.g. Herrera et al., 2002). En el caso de la 

biología comparativa, ocho estudios han evaluado la evolución de la integración floral 

mediante la reconstrucción de la integración floral ancestral en la filogenia, mapeando las 

correlaciones entre caracteres florales medidos o mediante regresiones en las que los 

polinizadores son predictores de los caracteres florales y de su covariación (por el método de 

cuadrados mínimos generalizados filogenéticos) (Pérez et al., 2007; Rosas-Guerrero et al., 

2010; Alcántara et al., 2013; Gómez et al., 2014; Gómez et al., 2016; Smith & Kriebel, 2018; 

Benitez-Vieyra et al., 2019; Reich et al., 2020). En estos trabajos, los resultados sugieren que 

las flores de las especies autocompatibles (que dependen menos de los polinizadores) están 

más integradas que las autoincompatibles, así mismo, las especies con sistemas de 

polinización más especializados (i.e. con menor diversidad de polinizadores) tienen flores 



8 

más integradas que las flores más generalistas. Para el estudio de la diversificación y 

adaptación de las angiospermas a los polinizadores es necesario aumentar el muestreo de 

especies dentro del taxón y que tengan representantes de diferentes síndromes de 

polinización. Además, idealmente cualquier trabajo que analice la evolución de los 

síndromes de polinización y evolución floral debería incluir observaciones de polinizadores 

en campo y mediciones más detalladas de la morfología y recompensas florales para construir 

hipótesis adaptativas más sólidas. Mientras que, para conocer los patrones de cambios entre 

síndromes de polinización en un contexto comparativo, idealmente se deben estudiar grupos 

de especies cercanamente emparentadas, que presenten una alta diversidad floral y 

potencialmente más de un polinizador. 

Los polinizadores también pueden favorecer la diversificación floral a través del aislamiento 

reproductivo, al mantener la integridad genética de las especies de angiospermas (Baack et 

al., 2015). Aparte de la importancia que tienen los polinizadores en la diversificación a nivel 

macroevolutivo, los polinizadores pueden jugar un papel importante en los procesos de 

divergencia poblacional y especiación, ya que pueden promover o reducir el aislamiento 

reproductivo entre especies cercanamente emparentadas. Cuando las especies emparentadas 

coexisten y se cruzan entre sí, la adecuación e integridad genética de las especies progenitoras 

puede ser afectada negativamente. Por ejemplo, los gametos que podrían ser utilizados en la 

reproducción intraespecífica serían desperdiciados cuando el polen es depositado sobre 

estigmas interespecíficos, cuando los estigmas son bloqueados con polen interespecífico, o 

cuando se asignan recursos hacia la formación de embriones que posteriormente serán 

abortados (Moreira-Hernández & Muchhala, 2019). La descendencia híbrida también 

representa un costo si no es viable o es poco competitiva en comparación con la descendencia 
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intraespecífica, porque la selección actúa en contra de los híbridos o del proceso de 

hibridación a través de la evolución de los mecanismos de aislamiento reproductivo 

(Servedio & Noor, 2003).  

Entre los mecanismos que pueden limitar el flujo genético entre las especies de 

angiospermas, están el aislamiento ecogeográfico, la diferenciación en la fenología floral, el 

aislamiento asociado a la morfología de los polinizadores y su conducta (mecánico y 

etológico), todos como mecanismos precigóticos (Grant, 1994; Sobel et al., 2010). Existen 

también los mecanismos postcigóticos de aislamiento reproductivo, los cuales actúan sobre 

la descendencia híbrida, por ejemplo, la baja viabilidad de los híbridos, la baja fertilidad 

híbrida y la baja capacidad para competir en el ambiente natural con las especies parentales 

(Orr & Turelli, 2001; Coyne & Orr, 2004). Aunque la importancia de cada mecanismo de 

aislamiento reproductivo varía dependiendo de la especie y está ponderada con respecto a 

otros mecanismos de aislamiento (Lowry et al., 2008; Sobel & Chen, 2014), las barreras de 

aislamiento reproductivo actúan en conjunto, permitiendo o facilitando la divergencia entre 

linajes (Kay & Sargent, 2009). Es decir, el aislamiento reproductivo es el contexto en el que 

los cambios tanto genéticos como fenotípicos pueden generar nuevas especies (Rieseberg & 

Willis, 2007).  

Para entender la importancia de los mecanismos de aislamiento reproductivo en la 

diversificación y mantenimiento de las especies, es necesario estudiar poblaciones de 

especies hermanas o cercanamente emparentadas en situaciones simpátricas e idealmente, 

también en poblaciones alopátricas. En particular, para la evaluación de los mecanismos 

postcigóticos derivados de cruzas interespecíficas, es preferible que las plantas estudiadas 
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tengan períodos de vida cortos y manejables para poder realizar cruzas interespecíficas y 

hacer seguimientos de la descendencia híbrida dentro de invernaderos.  

Para este trabajo se propuso al género Achimenes (Gesneriaceae) que comprende entre 24 y 

26 especies, de las cuales, todas se encuentran en México, aunque existen poblaciones de 

diversas especies en Centroamérica y hasta el norte de Sur América (Ramírez-Roa, 1987). 

Las especies de Achimenes habitan en microambientes con alta humedad, generalmente 

sombreados, sobre rocas y pendientes, muchas veces en hábitats estacionales. La mayoría de 

las especies de encuentra asociada a cuencas hidrológicas, aunque pueden ser también 

abundantes en paredes rocosas húmedas y cavernas. Las flores de las especies de este género 

presentan variación en la coloración de la corola, el largo y forma de la corola y el tamaño 

de la flor. Además, son hierbas pequeñas que pueden ser mantenidas en invernadero, y se 

han cultivado en otros países de Norte América desde hace más de 100 años. Una 

particularidad del género Achimenes que comparte con otros géneros de Gesneriaceae, es que 

las especies son relativamente fáciles de hibridar, incluso de forma intergenérica. Sin 

embargo, los híbridos no parecen ser abundantes o comunes en los ambientes naturales. Esto 

sugiere que hay una alta especialización por parte de los polinizadores como abejas, colibríes, 

y mariposas, que no son compartidos entre sí. Otra posibilidad, no excluyente, es que la 

progenie derivada de cruzas tanto interespecíficas como intergenéricas, sea poco competitiva 

o poco atractiva para los polinizadores, lo que reduce su adecuación en la naturaleza. 

En la presente tesis, se presentarán tres capítulos. El primer capítulo es un artículo publicado 

(Ramírez-Aguirre et al., 2019) en el que se evaluaron los mecanismos de aislamiento 

reproductivo pre y post cigóticos entre tres especies simpátricas de Achimenes, en el estado 

de Michoacán, México. El segundo capítulo trata de la evolución de la integración floral, del 
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color, forma y morfología floral y su relación con los polinizadores observados en 21 especies 

del género Achimenes. El tercer capítulo es una revisión de los diferentes aspectos de la 

biología reproductiva de la familia Gesneriaceae, en la que abordamos la relación de los 

polinizadores con las características florales y su influencia en la diversidad floral en dicha 

familia. En esta tesis se muestra cómo las presiones de selección que ejercen los polinizadores 

pueden favorecer tanto la divergencia como la convergencia de caracteres florales dentro de 

un género de angiospermas.  
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CAPÍTULO I. REPRODUCTIVE ISOLATION AMONG THREE SYMPATRIC ACHIMENES SPECIES: PRE- 

AND POST-POLLINATION COMPONENTS. 

 

RESUMEN 

PREMISA: Las especies estrechamente relacionadas que se producen en simpatía pueden 

experimentar efectos negativos consecuencia de la transferencia de polen interespecífica si 

las barreras de aislamiento reproductivo (RI) no se encuentran. Evaluamos la importancia 

de las barreras RI, tanto pre como postpolinización en tres especies simpáticas de 

Achimenes (Gesneriaceae), las barreras evaluadas fueron, las ecogeográficas, fenológicas, 

el aislamiento floral, la autopolinización y la viabilidad híbrida (producción de frutos y 

semillas). 

MÉTODOS: Registramos los rangos de distribución geográfica de las especies y evaluamos 

la fenología de floración y visitas a polinizadores en un sitio en el centro de México. En 

invernadero, medimos los caracteres florales involucrados en RI y cuantificamos el 

conjunto de frutas y semillas para de cruces propios, intraespecíficos e interespecíficos. 

RESULTADOS: Las barreras ecogeográficas fueron importantes en RI, pero, en simpatría, 

la fenología y el aislamiento florales contribuyeron más al IR total. El IR fenológico varió 

entre especies y años, mientras que el RI floral fue 100% efectivo para prevenir las visitas 

interespecíficas. Las especies mostraron diferencias en la morfología floral, el color y las 

fragancias asociadas con diferentes sistemas de polinización (A. antirrhina-colibríes, A. 

flava-abejas, A. patens-mariposas); los eventos de visita heteroespecífica se restringieron a 

polinizadores secundarios raros. Las cruzas híbridas produjeron consistentemente menor 

número de progenie que los cruces intraespecíficos. 
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CONCLUSIONES: Este estudio indica que ni la autogamia ni la post polinización 

temprana impiden el flujo de polen interespecífico entre las especies de Achimenes. Sin 

embargo, el aislamiento floral, que actúa a través de la combinación de caracteres de 

atracción y recompensa, consistentemente garantiza la especificidad de los sistemas de 

polinización. Estos resultados sugieren que la selección de caracteres florales para reducir 

los costos de la producción de progenie híbrida podrían haber jugado un papel en la 

evolución o mantenimiento de sistemas de polinización especializados en Achimenes. 
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RESUMEN  

La evolución de los síndromes de polinización frecuentemente se ha evaluado mediante la 

reconstrucción de estados ancestrales de caracteres florales individuales con base en una 

filogenia, al tiempo que se infieren los principales sistemas de polinización, y mediante la 

evaluación de la asociación entre las transiciones en los rasgos florales y los sistemas de 

polinización determinados en el campo. Además, incluso si los patrones de síndromes de 

polinización probablemente se deban a la selección correlacional mediada por 

polinizadores, aún se entiende menos si los rasgos florales están correlacionados, y si esas 

correlaciones describen síndromes de polinización particulares. Durante cinco años, 

registramos los polinizadores y la morfometría floral de 21 de las 25 especies de Achimenes 

y reconstruimos la filogenia del género utilizando tres marcadores moleculares nucleares y 

dos de cloroplastos. Determinamos que los fenotipos florales de las especies de Achimenes 

se dividen en cuatro grupos asociados con cuatro sistemas de polinización diferentes: 

polinización de abejas grandes, abejas pequeñas, mariposas y colibríes. Además, seguimos 

un método para describir la integración de la corola por Benítez-Vieyra et al., 2019. Los 

cambios en el color principal y la forma de la corola ocurren simultáneamente con los 

cambios en los sistemas de polinización. Las medias de los caracteres cuantitativos 

(representados como Componentes principales) también están asociados con los 

polinizadores, pero los patrones de covarianza entre los caracteres solo están asociados con 

los sistemas de polinización de abejas grandes y pequeñas. La integración floral definida 

como la correlación de caracteres florales, se observó en términos de las asociaciones entre 

el ancho de la corola con la longitud y el ancho frontales, pero no con la longitud de la 

corola. Los caracteres morfológicos se ajustan mejor al modelo de Ornstein-Uhlenbeck, lo 
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que sugiere, evolución adaptativa y corrobora que los cambios en los sistemas de 

polinización están asociados con cambios en los caracteres florales. En general, 

encontramos que los sistemas de polinización representan una presión selectiva importante 

que promueve las asociaciones entre caracteres florales, que subyacen las definiciones del 

síndrome de polinización en las especies de Achimenes, pero la integración de la corola no 

difiere entre los sistemas de polinización, lo que indica posibles rutas de desarrollo 

conservadas. 
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Abstract: The evolution of pollination syndromes has been frequently evaluated by 

reconstructing ancestral states of individual floral traits in a phylogeny while mostly 

inferring pollination systems, and by evaluating the association between transitions in floral 

traits and of pollination systems determined in the field. Furthermore, even if patterns of 

pollination syndromes are probably due to pollinator mediated correlational selection, 

whether floral traits are correlated while describing particular pollination syndromes is still 

less understood. Over five years, we recorded the pollinators and floral morphometrics of 

21 out of 25 Achimenes species and reconstructed the phylogeny of the genus using three 

nuclear and two chloroplast molecular markers. We determined that floral phenotypes of 

Achimenes species fall into four groups associated with four different pollination systems: 

large-bee, small-bee, butterfly, and hummingbird-pollination, and we also followed a 

method for describing corolla integration by Benitez-Vieyra et al., 2019. Changes in corolla 

main color and shape occur simultaneously with changes in pollination systems. The means 

of quantitative traits (depicted as Principal Components) are also associated with 

pollinators, but patterns of covariance among traits are only associated with pollination by 

large and small bees. Floral integration defined as correlated floral traits was observed in 

terms of associations of corolla width with frontal length, and width but not with corolla 

length. Morphological traits better fitted Ornstein-Uhlenbeck model, suggesting adaptive 

evolution and corroborating that changes in pollination systems are associated with changes 

in floral traits. Overall, we found that pollination systems are an important selective 

pressure that promotes floral trait associations behind the pollination syndrome definitions 

in Achimenes species, but that corolla integration did not differed among pollination 

systems, indicating possible developmental conserved paths. 



29 

Keywords: floral-evolution, floral-integration, pollination-systems, pollination-syndromes 

  



30 

Introduction 

Floral evolution is intimately related to biotic pollination (Dodd et al., 1999; Kay & 

Sargent, 2009). The diversity of floral morphologies, attractants, and reproductive systems 

are often an outcome of plant-pollinator interactions (e.g. Whittall & Hodges, 2007; 

Schiestl & Johnson, 2013; Abrahamczyk et al., 2017), where the most frequent and 

efficient pollinators are considered principal agents of selection on floral traits (Stebbins, 

1970; Rosas-Guerrero et al., 2014; Baranzelli et al., 2020). Floral characters relevant to 

pollination interactions include morphological characters that play a role in attraction 

and/or pollen transfer efficiency (e.g. corolla size and shape, size and placement of floral 

reproductive organs), reward and attraction traits (e.g. nectar quantity and sugar content, 

flower color, scents, etc.), and breeding system traits. These traits are thought to have 

evolved partly in response to the sensorial capabilities, mechanical fit, foraging behaviour, 

and also nutritional demands of their animal pollinators (e.g. Martínez del Río, 1990; De 

Luca & Vallejo-Marín, 2013; Schiestl & Johnson, 2013; Shrestha et al., 2013; Newman et 

al., 2015; Bukovac et al., 2017); however, developmental factors, pleiotropic effects, and 

selection by abiotic or non-pollinating agents also play a role in the evolution of floral traits 

(Ashman & Majetic, 2006; Strauss & Whitall, 2006; Smith, 2016).  

The importance of pollinators as agents of selection on floral traits is reflected on the 

ubiquitous patterns of convergent floral evolution evident across a large number of plant 

lineages (i.e. pollination syndromes; e.g. Ruellia, Tripp & Manos, 2010; Gesneriinae, 

Martén-Rodríguez et al., 2010; Mirbelieae and Bossieaeeae, Toon et al., 2014; Loasoideae, 

Strelin et al., 2015; Gladiolus, Valente et al., 2015; Lobelioideae, Lagomarsino et al., 

2017). Many studies of pollination syndrome evolution depict directionality in transitions 
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from one pollination syndrome to another. For example, in the genera Aquilegia, 

Penstemon, Costus, Schizanthus and Mimulus, there were more changes from bee to 

hummingbird syndromes than the reverse ones (Beardsley et al., 2003; Kay et al., 2005; 

Pérez et al., 2006; Whittall & Hodges, 2007; Wilson et al., 2007). However, in other genera 

such as Ruellia, transitions from hummingbird to bee and insect pollination systems were 

more frequent than the reverse, followed by changes from hummingbird to moth or bat-

pollination systems (Tripp & Manos, 2009). In the Caribbean islands Gesneriaceae, 

changes from hummingbird to generalized pollination systems were due to both the 

unpredictability of pollination and low pollinator visitation (Martén-Rodríguez et al., 

2010). However, in order to understand the patterns of pollination syndrome transitions in 

relation to pollinator shifts, it is critical to have adequate pollination data, different floral 

traits describing pollination syndromes and robust phylogenies (Armbruster, 2014).  

The study of the patterns of floral trait evolution under a phylogenetic context is important, 

because it allows to determine the number of transitions, associations with other traits, 

directionality of changes, etc; therefore, this approach ultimately allows us to evaluate the 

mechanisms associated with floral diversification (e.g. pollinator mediated selection, 

antagonist mediated selection, genetic drift, hybridization) (Losos, 2011). Since factors 

other than pollinator-mediated selection may promote changes in floral traits (e.g. 

herbivory, Parachnowitsch & Caruso, 2008; climate, Serrano-Serrano et al., 2015; 

microclimate, Koski & Ashman, 2015), it is important to statistically test for associations 

between traits and measures of pollinator importance in order to determine the importance 

of pollinator as potential mediators of change in floral trait transitions (Reynolds & Fenster, 

2008; Smith et al., 2008; Smith, 2010; Baranzelli et al., 2020). Although there is an 
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increasing number of authors that report the statistical correlation among floral traits and 

pollination systems within a phylogenetic context, there are still a few of them (e.g.Smith et 

al., 2008; Martén-Rodríguez et al., 2010; Landis et al., 2018; Benitez-Vieyra et al., 2019). 

Overall, the results of most studies that evaluated floral trait correlation and pollinator 

systems indicate that pollinators usually account for variation in floral traits, such as flower 

shape and nectar volume, but flower color may variate due to other factors, rather than 

pollinators.  

The pollination syndrome concept, is defined as a combination of floral characters that 

attract and reward particular pollinators (Fenster, et al., 2004). Furthermore, particular 

combinations of floral traits that are thought to be related to pollinator adaptation are 

associated with higher diversification rates (O’Meara, et al., 2016). Within a population 

framework, it has been found that some floral trait combinations affect pollinator visitation. 

For example in Silene virginica, it has been shown that hummingbirds select for floral trait 

combinations that include the particular height above the ground at which at which flowers 

are produced, red corollas and the particular  horizontally held flowers, although depending 

on the combination, wide corollas and white color could also be favored (Fenster et al., 

2015). Nonetheless, whether trait correlations are themselves selected for remains less 

understood (Young & Badyaev, 2006).  

The idea that selection acts on correlation among phenotypic traits supports the notion that 

phenotypic integration is a source of variation in morphological evolution (independent on 

the source of phenotypic integration, such as functional, genetical, developmental bases) 

(Armbruster et al., 2014, Goswami et al., 2014). In plants, the correlation among floral 

traits is frequently interpreted as a result of either a functional process (reproductive) or of a 
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developmental process (Esteve-Altava, 2017). It has been proposed that specific 

correlations among floral traits are necessary to accomplish reproduction in many 

angiosperm species since the precise transfer of pollen between anthers and stigmas occurs 

through the interaction with pollinators' mouth parts. Thus, changes in pollinators or due to 

environmental variation would affect fitness by altering stamen-pistil correlations and 

possibly other floral traits (Berg, 1959, 1960). If phenotypic integration is prone to 

selection, as in the case of floral integration, it could either promote or constrain changes to 

certain adaptive landscapes (Felice, 2018). In the case of angiosperm evolution, if particular 

floral correlations define pollination syndromes, then some transitions among pollination 

syndromes could occur more frequently than others (Stebbins, 1970). 

The view that floral integration (depicted as correlation among floral traits) is the result of 

selection exerted by the most frequent and efficient pollinators has been documented in 

several studies at the population level (e.g. Reynolds et al., 2009; Baranzelli et al., 2014; 

Pérez-Barrales et al., 2014; Lázaro & Santamaría, 2015) and in a small number of 

comparative studies that have evaluated floral integration under different hypotheses, such 

as the comparison of self-compatible and self-incompatible species, or the comparison of 

generalized and specialized species (Anderson & Busch, 2006; Pérez et al., 2007; Rosas-

Guerrero et al., 2011; Gómez et al., 2014; Joly et al., 2018). However, there is limited 

information on the patterns of floral trait correlations among different specialized 

pollination systems (e.g. Bignoniaceae, Alcántara et al., 2013; Salvia; Benitez-Vieyra et al., 

2019; Erica species, Reich et al., 2020; Merianieae, Dellinger, et al., 2020). Since foraging 

behavior and floral manipulation of pollinators imply a direct interaction with floral traits, it 

might be expected that species pollinated by different animals will show different patterns 
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of correlations among floral characters (Armbruster, et al., 2009). For instance, in the genus 

Salvia, floral traits describing morphology in bee-pollinated species differ from those in 

hummingbird-pollinated species, and there is more convergence in the morphological 

covariances among bee-pollinated species (Benitez-Vieyra et al., 2014, 2019). Since bees 

have to manipulate the flowers through the staminal lever mechanism to obtain access to 

rewards in Salvia, while hummingbirds just enter their beaks into the flower, it was 

proposed that bee-pollinated species would be more integrated than hummingbird 

pollinated ones (Benitez-Vieyra et al., 2014, 2019).  

Alternatively, flowers might be more integrated in species highly dependent on pollinators, 

where floral visitation is low and flowers require high precision pollen transfer, such as in 

flowers with narrow tubular corollas (Fenster et al., 2015). High dependence on pollinators 

would be present mainly in outcrossing species with a large number of ovules, which 

require several visits for successful pollination of all ovules. For example, in the family 

Gesneriaceae, both island and mainland species show low levels of pollinator visitation and 

have many ovules, implying that each pollinator visit is important (e.g. Martén-Rodríguez 

et al., 2009; Ramírez-Aguirre et al., 2016, 2018). Accordingly, in two species of Drymonia, 

Ramírez-Aguirre et al., 2016, found that Drymonia strigosa, a hummingbird pollinated 

species, showed greater and more statistical correlations among floral traits than Drymonia 

oinochrophylla, a large bee pollinated species. Thus, patterns of floral integration may 

differ among taxa. 

Berg (1960) proposed that plants that were less dependent on animal pollinators would 

have lower floral trait correlations than plants dependent on pollinators with respect to 

vegetative parts, suggesting that pollinator mediated selection may affect floral trait 
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correlations. Under the idea that more dependent pollinators would promote higher floral 

integration, both Pérez et al. (2007) and Rosas-Guerrero et al. (2010), found that self-

compatible species of Schizanthus and Ipomoea, respectively, are more integrated than self-

compatible ones, challenging the idea that pollinator dependence could promote higher 

integration. However, this comparison is not always possible, because many lineages are 

either only self-compatible or only outcrossing. For self-compatible species, autonomous 

pollination has been interpreted as a reproductive assurance mechanism when pollinators 

are scarce in pollinator-specialized plants (Fenster & Martén-Rodriguez, 2007). Although, 

the association between floral traits and levels of autonomous pollination has not been 

explored, our expectation is that, the more autonomous the plant, the less integrated it 

would be.  

We studied the evolution of floral phenotypes in the Neotropical genus Achimenes 

(Gesneriaceae) that exhibits high floral diversity in its 25 described species. Achimenes is 

an excellent system to explore questions concerning the correlates of floral integration and 

floral evolution. All species of the genus occur in Mexico and species often coexist in 

sympatry with other congeners. Besides, all species are self-compatible but they are capable 

of autonomous pollination. We evaluated the evolution of ten floral traits including color, 

morphology and nectar rewards, in relation to pollination system transitions within a 

phylogenetic context. Specifically, we evaluated: (a) the association between pollination 

system and individual floral trait transitions (individual traits and collective suites of traits 

including color, morphology, and nectar rewards), (b) the patterns of floral trait correlation 

and covariation in association with pollination systems, (c) the association between floral 

trait correlations and plant breeding system. We worked under three main hypotheses. First, 
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because different pollinators have different body morphologies and behaviours in their 

interaction with flowers, changes in floral shape, size, color and reward will correspond to 

particular pollination systems. Second, since floral traits should evolve collectively in 

response to pollinator-mediated selection, correlation patterns among floral traits will be 

different depending on pollinator systems. Specifically, we evaluated the hypothesis that 

bee-pollinated species had more integrated corollas than species with other pollination 

systems as has been found in other systems (e.g. Salvia, Benitez-Vieyra et al., 2019). Third, 

following reasoning of more integration in pollinator-dependent species (Armbruster et al., 

1999), we hypothesize that integration would be higher in less autonomous species than in 

more pollinator-dependent self-compatible species. Here we assess the evolution of floral 

traits, floral integration and pollination systems in Achimenes genus, based on field 

observations of at least 18 species and a five-marker molecular phylogeny that encompases 

23 of the 25 described species. 

 

Materials and Methods 

Study group 

The genus Achimenes encompasses 25 accepted species (Table 1), which are all found in 

Mexico, although a few species occur as far south as Colombia (Ramírez-Roa, 1987; 

Wiehler, 1992; Ramírez-Roa & Skog, 2002; Beutelspacher & Martínez-Meléndez, 2008). 

Achimenes species inhabit shaded, humid and rocky microhabitats across different 

vegetation types through Mexico, primarily in seasonal habitats. Some species are found in 

sympatry occupying particular wet microhabitats of seasonal environments, and pollinator 
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specialization is the most important reproductive isolation mechanism in some of these 

species assemblages (Ramírez-Aguirre et al., 2019).  

Achimenes species show five main corolla colors (white, yellow, purple, pink, red) and 

three corolla shapes (infundibiliform, hypocrateriform, and tubular) (Ramírez-Roa, 1987). 

Achimenes species are all protandrous (the staminate phase develops first) and they are 

mostly out-crossing but all are self-compatible (Martén-Rodríguez unpublished data). In the 

field anthesis lasts 4-5 days, while in the greenhouse anthesis could last 5-6 days in some 

species, such as A. patens, but is not a generalized pattern. A previous phylogeny was 

proposed with two molecular markers for 20 species (Roalson et al., 2003), and a more 

recent phylogeny based on transcriptome assemblies was proposed for 10 species (Roberts 

& Roalson, 2018).  

Plant collection and sampling design 

Species distribution ranges were obtained from TROPICOS or GBIF data-bases and from 

the following herbaria: MEXU, XAL, SERO, IEB, IBUG, HEM, and on-line ARIZ. Based 

on this information we collected plant samples along five mountain ranges in Mexico 

between sea level and 2400 m.a.s.l.: a) Sierra Madre Occidental, b) Trans-Mexican 

volcanic belt, c) Sierra Madre del Sur, d) Sierra de Chiapas, and e) Sierra Madre Oriental. 

Specimens were collected on hillsides along roads, waterfalls and river canyons, which 

encompass the main habitats for Achimenes species (shaded rocky substrates cliffs and river 

banks). We sequenced five molecular markers for 22 Achimenes species and three outgroup 

species from the subtribe Gloxiniinae (Weber et al., 2013), including putative sister genera 

Smithiantha, Eucodonia and Moussonia (Table 2). We established a greenhouse collection 

of 23 Achimenes species at Universidad Nacional Autónoma de México, campus Morelia. 
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DNA extraction and amplification protocols 

Molecular work was conducted in the National Laboratory of Ecological Analysis and 

Synthesis (LANASE, ENES-UNAM, Morelia, Campus). DNA was extracted from dried 

leaf material and from the above mentioned greenhouse collection of Achimenes. We 

followed a modified CTAB DNA extraction protocol from Doyle & Doyle (1987; see 

Supporting Information 1 for complete description). Single marker amplifications were 

conducted for all species using Multiplex PCR Kit (Qiagen, Germany). We used three 

nuclear (ITS, ETS, GCYC) and two chloroplast regions (rpl32-trnL, trnL-trnF). 

Amplification protocols including primer temperatures for all molecular markers followed 

manufacturer’s instructions (Supporting Information Table S1). All samples were 

sequenced at Macrogen Inc. at South Korea with the company’s standard purification and 

standard sequencing protocols. 

Pollination system description 

Pollinators were recorded directly and with video cameras. Observations for all species 

were conducted during the day between 8:00 and 16:00 hrs. Nocturnal observations were 

conducted for a few species only because most study sites were not safe at night. For 

species whose floral traits indicated nocturnal pollination might be important (A. 

longiflora) we conducted observations between 18:00 and 22:00 hrs and between 5:00 and 

9:00 hrs. The number of observation hours ranged from 6 to 25 across species. Floral 

visitors were considered pollinators when they introduced beaks, proboscis or heads into 

flowers contacting the reproductive organs (Table 1).  

Floral traits and pollination syndromes 
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 In order to study the evolution of floral traits and floral integration in Achimenes we used 

traits associated with morphology, nectar rewards and color. To describe floral 

morphology, we measured nine traits that describe flower shape: 1) corolla length, 2) 

corolla width, 3) corolla length at mouth, 4) corolla width at mouth, 5) lower petal length, 

6) frontal length, 7) frontal width, 8) corolla base (Figure S1). We measured one flower per 

individual of 15 to 30 individuals of each species, according to population sizes and 

number of available individuals. Measurements were taken with an analog caliper to 0.01 

mm precision (Monticello, MN, US). Floral shape for comparative analyses used shape 

categories based on Ramírez-Roa (1987) as follows: (a) infundibiliform, describes flowers 

with corollas wider than their length, similar to a bell; (b) hypocrateriform, describes 

flowers with corolla tubes narrower than their length and with extended corolla lobes, i.e. 

narrow long tubes with a flare; (c) tubular describes flowers with relatively cylindrical 

flowers with little or no flare. The floral traits of Moussonia deppeana outgroup were 

obtained from Ramírez-Aguirre (2011). 

We sampled nectar volume from plants located in the greenhouse. We tagged at least three 

haphazardly chosen flowers from one to ten individuals of each species. Nectar was 

collected from flowers on the first day of female anthesis, using Drummond Microcaps 

(Broomall, PA, US) 1 µl and 5 µl. We did not use measures of nectar sugar concentration 

(°Brix) because our previous measures did not suggest differences among species 

(Ramírez-Aguirre et al., 2019, and Martén-Rodríguez et al. unpubl). 

Corolla color was defined by visual similarity with https://colorpalettes.net/ palette colors 

using flowers from greenhouse plant specimens during early morning hours (Supporting 

https://colorpalettes.net/


40 

Information Table S2). We chose mornings because light was most available, and corolla 

color does not change during anthesis, so at any time flowers would have the same color. 

Assessment of floral integration index 

To evaluate floral shape in multivariate space we conducted a phylogenetic Principal 

Component Analysis (PCA) on natural logarithm-transformed floral measurements 

(statistical means) to evaluate if different floral phenotypes are associated with particular 

pollination systems. We also estimated floral integration index following equation in 

Pavlicev et al. (2009), which is based on the variance of the eigenvalues of a correlation 

matrix, corrected for number of observations. Integration indexes were calculated with the 

PHENIX package in R program (Torices & Muñoz-Pajares, 2015).  

A phylogenetic PCA was performed once we obtained our five marker phylogeny to 

understand floral syndrome definitions in Achimenes genus with eight morphological 

characters alone (21 Achimenes species) and two outgroups. A phylogenetic generalized 

least squares (PGLS) was performed to understand association between observed main 

pollinators and morphospace defined by PCA. These analyses were done with natural 

logarithm-transformed means of floral measurements. Results from these analyses are 

described in Supporting Information Figure S2 and in Table S4.  

Autonomous self-pollination and floral integration relation. 

We measured autonomous pollination in Achimenes species at the greenhouse since 

reproductive systems affect floral integration (e.g. Rosas-Guerrero et al., 2010). Flowers of 

18 Achimenes species were marked and followed through fruit development in the 

greenhouse to evaluate potential for autonomous pollination (Martén-Rodríguez unpubl.). 
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Five to 20 flowers per individual were marked for each species, depending on plant size. 

Mean fruit-set due to autonomous pollination was obtained for 18 species. However, since 

there is low variation in autonomous pollination, we evaluated the association between 

floral integration indexes and potential autonomous pollination with a Kendall test, due to 

violations to PGLS assumptions (Mundry, 2014).  

Phylogenetic reconstruction 

Sequences were edited with Sequencher software version 5.4.5., and aligned with MAFFT 

algorithm with E-INS-i iterative refining method for sequences with multiple conserved 

domains and long gaps (Katoh et al., 2017). GCYC sequences were also aligned with 

MAFFT, but with G-INS-I with iterative refinement for sequences with an accurate guide 

tree (Katoh et al., 2017). Alignments were manually edited in PhyDE®  program, version 

v0.9971 (Müller et al., 2010) and a concatenated matrix of the five molecular markers was 

assembled in Mesquite version 3.6 (Maddison & Maddison, 2018). Statistics of individual 

marker alignments was done in MEGA version X program (Kumar et al., 2018) and are 

described in Supporting Information Table S3. 

We first obtained nucleotide substitution models for individual markers with JModelTest 

(Darriba et al., 2012). For phylogenetic analyses we used Bayesian inference with the 

concatenated matrix of ITS, ETS, GCYC, rpl32-trnL and trnL-trnF markers in MrBayes 

program (Ronquist et al., 2011). We used a GTR model with a gamma distribution for ITS, 

ETS, rpl32-trnL and trnL-trnF, and a GTR with “equal” distribution model for GCYC. We 

ran the analysis for 10 000 000 generations with a 50% burnin, a 1000 sample frequency 

and four separate chains. Analyses with JModelTest, MrBayes were performed on the 

CIPRES portal (Miller et al., 2010). To evaluate chain convergence and to obtain other 
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statistical descriptors of the MCMC of MrBayes analyses, we used the RWTY package 

(Warren et al., 2019) in R program (RCore Team, 2019). 

The total evidence consensus tree was first rooted with three outgroups, then the three 

polytomies on the tree were solved with “multi2di” function with “random 

parameter=FALSE” of ape package (Paradis & Schliep, 2019). Also, whenever there was 

missing data either for a species (for example, A. ixtapaensis) or for a population of a 

species (for example, A. grandiflora2), these taxa were pruned from the tree and 

phylogenetic analyses were performed with the complete data set. Since polytomies had 

zero branch lengths, they were re-calculated with “compute.brlen” function with Grafen’s 

method of ape package (Paradis & Schliep, 2019; Grafen, 1989). This method re-calculates 

branch lengths as the difference in height of re-scaled lengths to one (the root). With this 

branch length transformation zero branch lengths are avoided and this also made the tree 

ultrametric. 

Floral trait evolution 

For analyses of discrete characters, such as corolla shape, colour and observed pollinators, 

we followed a Bayesian approach. We used the BayesTraits v.3 program with Reversible 

Jump Markov Chain Monte Carlo (RJ MCMC) with the trees generated from posterior 

distribution of the MCMC from MrBayes (Pagel & Meade, 2006). Ancestral reconstruction 

of discrete characters was done with the function MULTISTATE, and MRCA (Most 

Common Recent Ancestor) that allows for reconstruction of ancestral states with node 

supporting posterior values less than 100% (Pagel & Meade, 2006). We used the Reversible 

Jump method with a Hyper Prior and an exponential distribution with range values of 0 to 

30 and 10 000 000 iterations. To estimate the marginal likelihood of the model, a Stepping 
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stone analysis was run. We used the “Stones” command with 100 stones and 100 000 

iterations. We evaluated ancestral states in 22 nodes selected from the Bayesian consensus 

tree, and used the “AddMRCA” command to indicate those nodes for the ancestral state 

reconstruction. The MRCA reconstruction was evaluated in the 7544 trees from the 

posterior distribution after the burnin step of the MrBayes analysis for both separate runs. 

Upon completing the two separate runs, we merged chains and analyzed convergence and 

statistics with coda package in R program (Plummer et al., 2006; R Core Team, 2019). 

Models of evolution of discrete characters (pollinator, shape and color) were conducted 

with “fitDiscrete” function of the geiger package in R (Revell, 2012; R Core Team 2019) 

and the models Akaike Information Criteria (AIC) scores are on Supporting Information, 

Table S5. 

Models of floral evolution were fitted with “fitContinuous” function of the geiger package 

(Harmon et al., 2008) with log converted values of corolla width and corolla length 

separately. Model selection was based in corrected Akaike Information Criterion (AICc) for 

Brownian Motion (BM), Early Bust (EB), Ornstein-Uhlenbeck (OU), lambda, kappa, drift 

and white-noise models. Also, since floral trait evolution may be explained by directional 

or stabilizing selection due to pollinators, we followed Butler and King’s (2004) approach 

for testing OU models in ouch package in R program (King & Butler, 2019). For King and 

Butler’s approach, it is necessary to propose selective regimes on branches in order to 

model OU evolution of phenotypic traits, so we used BayesTraits ancestral state 

reconstruction on the 22 nodes of the rooted and ultrametric consensus tree from MrBayes 

to formulate an adaptive hypothesis on continuous floral trait evolution. The other proposed 

painted regime was a “small bee”, this model implies that there is a single regime affecting 
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the trait, and we chose it because it was the ancestral state of the clade, after BayesTraits 

reconstruction. Two additional models, the Brownian model and “global” model were 

tested as in King and Buttler’s (2004). Through phylogenetic generalized least squares 

(PGLS) we evaluated the correlation between corolla color and shape and observed 

pollination systems with the ape package in R (Paradis & Schliep, 2019; R Core Team, 

2019).  

Floral integration evolution 

We tested for correlation among pollinator, corolla shape and corolla color with“fitPagel” 

function of the phytools package with binarized character states and the pruned consensus 

tree (see “Phylogenetic reconstruction” section, Revell, 2012; R Core Team 2019). This 

function is based on Pagel’s (1994) Discrete-dependent and Discrete-independent models. 

Specifically, we tested hummingbird-tubular, hummingbird-red, red-tubular, butterfly-

hypocrateriform, butterfly-purple, purple-hypocrateriform, bee-infundibiliform, bees-white, 

white-infundibiliform associations. We report, likelihood ratio test (LRT) of model 

selection.  

For continuous data, we performed a phylogenetic least squares analysis (PGLS) to identify 

the association between corolla width as the dependent variable, and frontal width and 

length and corolla length as independent variables with ape and nlme packages with a 

Brownian motion and a Ornstein-Uhlenbeck correlation structures in R program (Paradis & 

Schliep, 2019 Pinheiro et al., 2019; R Core Team, 2019). A PGLS between log transformed 

corolla length and nectar volume was conducted with ape and nlme packages as tested in 

Ornelas et al. (2007). A Multivariate Analysis of Variance (MANOVA) was used to test if 

observed pollinators predicted patterns of covariance among floral traits with corolla length 
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and width, petal length, entrance width and frontal length (traits with the highest 

interspecific variability). This analysis is based on a variance-covariance matrix generated 

under a Brownian motion model and was conducted with geiger package in R program 

(Harmon et al., 2008). All tests were performed with log-transformed variables. We also 

report phylogenetic signals of log-transformed individual variables in Table S7. 

We performed an ancestral reconstruction of integration indices with “fastAnc” function 

(with ML estimation) in phytools package (Revell, 2012) to test for changes in integration 

indices among pollination systems. We show reconstructed integration index values on 

phylogeny in Supporting Information Figure S4.  

We tested for BM and OU models of evolution with different extensions, such as BM1 

(Brownian motion with one rate), BMM (Brownian motion with multiple rates), OU1 

(Ornstein-Uhlenbeck with one optimum), and OUM (Ornstein-Uhlenbeck with multiple 

adaptive optima) to understand the evolution of flowers as complex phenotypes. We used 

corolla width and length, entrance width, frontal width, and petal length to test for 

multivariate evolution models. Floral traits were log-transformed before analyses. Model 

selection was based on AICc values. 

Comparison among covariance matrices and their relation with pollinators 

We followed the approach from Benitez-Vieyra et al. (2019) to evaluate differences among 

the variance-covariance matrices of floral traits for 21 Achimenes species. We explored 

how differences in covariance structure (phenotypic integration) of continuous traits are 

related to different specialized pollination systems. Corolla length, corolla width, entrance 

width, petal length, and frontal length were used for individual species covariance 
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calculations. To measure differences among all covariance matrices, a Riemann distance 

calculation was done with “MatrixDistance” function of the evolqg package (Melo et al., 

2015), generating a one-distance matrix with all species. With this new distance matrix, a 

Principal Coordinates Analysis (PCoA) was conducted (Benitez-Vieyra et al., 2019). To 

understand how species covariances were distributed in space according to pollination we 

explored the Pearson correlation between the distance matrix and each PCoA axis. Three 

PGLS were run with each of the first three principal coordinates of the previous PCoA and 

the main pollinator system to understand how covariance structure changes with 

pollinators. In addition, a PERMANOVA with the distance matrix generated from 

covariance matrices of species.and a phylogenetic ANOVA with the three axes generated 

from PCoA. These tests were performed to test for differences among pollination system 

groups.  

Apart from considering covariances, we followed Benitez-Vieyra et al. (2019) comparison 

between mean morphospace defined by phylogenetic principal component analysis with log 

transformed mean floral traits (in this case, with the same five traits considered for 

covariance matrices) with covariance morphospace. This comparison is based on Mantel 

tests, which tests for partial correlation among matrices. By this mean we could understand 

how patterns of covariation describe floral integration in Achimenes. Multivariate 

phylogenetic signal tests were performed for these five floral traits with “K.mult2 function 

of phylocurve package in R. In addition, a PERMANOVA with the Euclidean distances 

generated from PCA scores, and a phylogenetic ANOVA with the log transformed mean 

morphological traits. These tests were performed to test for differences among pollination 

system groups. 
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Results 

Phylogenetic reconstruction  

The total evidence phylogeny supported Achimenes species as a monophyletic group, with 

two main clades supported by a posterior probability (PP) > 0.999, representing a clade 

comprised by species with southern distribution and a clade of species that are distributed 

across Mexico (Figure 1). Most relationships are well resolved, except for a group within 

the latter clade, which has a posterior probability value below 0.8. Tree topology mostly 

corresponds to that reported in the 19 species ITS and trnL-trnF phylogeny by Roalson et 

al. (2003) and the 10 species transcriptome phylogeny by Roberts & Roalson (2018), 

except for the position of A. candida, A. antirrhina, and A. patens species. 

Observed pollinators  

Most Achimenes species have highly specialized pollination systems at the local or regional 

level, whereby, most species were pollinated by one to three animal species.  Overall, the 

pollination systems of Achimenes species include small bees (Halictidae and Apidae-

Meliponini), medium-large bees (Anthophoridae), hummingbirds, and lepidopterans. Three 

species are visited by two different pollinator groups (e.g. A. erecta, A. grandiflora, A. 

cettoana; Table 1). Three species were visited by pollinators that did not completely 

correspond with pollination syndromes (A. admirabilis and A. erecta were visited by small 

bees and butterflies, respectively, instead of hummingbirds; A. occidentalis was visited by 

butterflies instead of small bees; Table 1).  

Pollination syndromes 
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Phylogenetic PCA of morphometric floral traits, resulted in four groups of species that 

defined the four different pollination systems observed in the field (Supporting Information 

Figure S2); likewise, the most informative principal components are associated differently 

with pollinators (Supporting Information Table S4). Pollination syndrome definition was 

based on commonalities found within flowers in PCA and based on pollinator observations. 

We defined four pollination syndromes: small bee, large bee, hummingbird and butterfly. 

Small bee flowers are white and infundibiliform and <30 mm corolla length, large bee 

flowers are white or purple and infundibiliform and ≧30 mm corolla length. Hummingbird 

flowers have red or orange-red tubular corollas and ≧30 mm corolla length. Butterfly 

flowers are purple, red or white and hypocrateriform with >20 mm corolla length at 

superior the petal. Nectar volume tended to be higher in hummingbird pollinated species 

than in any other syndrome (Supporting Information Figure S3). 

Floral trait evolution 

Model comparison for pollination systems, corolla color and corolla shape, resulted in 

better support (smaller values of AICc) for ER models for all three discrete traits 

(Supporting Information Table S5). For continuous individual traits (corolla length and 

corolla width), models of evolution suggested that Ornstein-Uhlenbeck model better 

described data, suggesting that selection by pollinators may be pulling traits towards an 

optimum (Supporting Information Table S6).  

Pollination by small-bees was the ancestral condition in the genus Achimenes and 

pollination system transitions were observed in six nodes. Considering the most likely 

ancestral state, there were three transitions from small bee to large bee, two to butterfly, and 
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one ambiguous node suggesting a transition from small bee to hummingbird or butterfly. 

There were also two transitions from large bee to hummingbird and one to butterfly. 

Finally, there were two transitions from butterfly to small bee (Figure 2). There were no 

transitions from hummingbird to any other pollination system, and no transitions from 

butterfly to hummingbird or large bee. The highest transition rates in pollination systems 

include small bee to the three other pollination systems, and large bee to hummingbird 

(Figure 2). 

Corolla color was a five state trait, which generally followed the same trend as the 

pollination system reconstruction. White color was the ancestral state in Achimenes clade 

(Figure 4). Considering the most likely ancestral state for each node, transitions occurred 

from white to purple (3), red (2), and yellow (1), from red to purple (2) and white (1), and 

from purple to red (2). Mean transitions were the highest from white to any other color, 

while the lowest transition rates were from yellow and pink from any other color. When 

circumscribing to the three main colors, white, purple and red, mean transitions from white 

to purple, white to red where higher than the reverse. Mean transitions of purple-red, red-

purple and red-white were similar (Figure 3). 

The ancestral state for corolla shape was infundibiliform, from which hypocrateriform (5) 

and tubular (2) corollas were derived. There was one change from hypocrateriform to 

infundibuliform and one to tubular. There were no transitions from tubular corollas to any 

other shape (Figure 4).  

Floral integration evolution 
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Discrete character correlations better fitted the dependent model in hummingbird-tubular 

(LRT = 18.091, df = 4, P = 0.001), hummingbird-red (LRT = 10.831, df = 4, P = 0.028), 

tubular-red (LRT = 15.677, df = 4, P = 0.003), butterfly-hypocrateriform (LRT = 17.401, df 

= 4, P = 0.002), bees-infundibiliform (LRT = 14.104, df = 4, P = 0.007). In contrast, 

butterfly-purple (LRT = 4.736, df = 4, P = 0.315), hypocrateriform-purple (LRT = 3.136, df 

= 4, P = 0.535), bees-white (LRT = 6.560, df = 4, P = 0.161), and white-infundibiliform 

(LRT = 4.568, df = 4, P = 0.334) better fitted the independent model. 

Also, PGLS associations among floral traits indicated that corolla width was significantly 

associated with frontal width (t = 4.069, P= 0.0007) and length (t = -3.335, P = 0.0035) but 

not with corolla length (t = 0.835, P= 0.414) with a Brownian correlation structure (AIC of 

the model 26.99, and Blomberg’s K phylogenetic signal of residuals = 0.32). The same 

model with an Ornstein-Uhlenbeck correlation structure showed a similar pattern, corolla 

width was significantly associated with frontal width (t = 4.096, P= 0.0006) and length (t = 

-3.390, P = 0.0031) but not with corolla length (t = 0.952, P= 0.353), but with an AIC = 

23.71 and a phylogenetic signal of residuals of K = 0.31. The association between nectar 

volume and corolla length was statistically significant but with no phylogenetic signal (t = 

3.825, P = 0.0014, Blomberg’s K = 0.13). The multivariate model of evolution suggested 

that the OU model with one optima better described evolutionary changes in individual 

floral traits (AICc = 148.17, 35 parameters) (Table S8). 

Floral integration indexes varied among species, but without statistical differences in floral 

syndromes (X2 = 0.69, df = 3, P = 0.88; Figure 5 and Figure S4). In contrast, multivariate 

associations between floral traits and pollinators were significant under a phylogenetic 

MANOVA (F = 5.46, numDF = 3, denDF = 41.81, P = 0.0099), and multivariate 
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phylogenetic signal for mean values of floral traits was low and no statistically significant 

(KMULT = 0.1456, P = 0.296). As for our predictions for more integrated flowers with less 

autonomous pollination, we found that there was no statistical association among these two 

measures (tau = 0.047, P = 0.82). 

 

Comparison among floral covariance matrices in relation to pollination systems 

When considering five floral traits to calculate covariance matrix morphospace 

dispositions, four different groups of species were clustered by pollination system (Figure 

6a). Small bee, hummingbird and butterfly-pollinated species overlapped in space in some 

degree, while large bee- pollinated species showed less overlapping with respect to the 

other pollination systems. Principal coordinates were associated with bee pollination, for 

example, PCo1 was significantly associated with large bee pollination (t = -2.169, P = 

0.0445) and with small bee pollination (t = 3.281, P = 0.004, respectively). Principal 

coordinate 2, was associated with small bee pollination system (-2.744, P = 0.0138), but not 

with the other pollination systems (large bee, t = -0.849, P = 0.408; butterfly, t = 0.513, P = 

0.614; hummingbird, t = -1.076, P = 0.297). And the third principal coordinate was not 

statistically related with any pollination system (large bee, t = -0.330, P = 0.746; small bee, 

t = -0.437, P = 0.667; butterfly, t = -0.0099, P = 0.992, hummingbird, t = -1.002, P = 

0.330). PCo1 explained 57.57% of variance, PCo2 explained 12.42% and PCo3 explained 

7.34% of total variance. Multivariate phylogenetic signal of principal coordinates was not 

significant (K = 0.141, P = 0.63). The PERMANOVA test showed not statistically 

significant differences among pollination systems (F = 1.567, df = 3, P = 0.144), and 

phylogenetic MANOVA showed marginally significant differences in at least one group (F 
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= 2.428, df = 3, numDF = 9, denDF = 36.657, P = 0.0519). We also found that PCo1 was 

mainly and negatively correlated with the frontal axis of the flower (entrance, frontal width 

and length, and petal length) and with corolla width. The PCo2 was negatively correlated 

with the entrance, corolla and petal lengths, while the PCo3 was positively correlated with 

corolla length and the frontal axis of the flower (frontal and petal lengths) (Figure 6b). 

Principal components with the five variables used in covariance matrices constructruction 

were also associated with pollination systems. The first principal component (62.9% of 

explained variance) was associated with large bees (t = -3.166, P = 0.0056), but no with 

other pollination systems (small bee, t = 1.710, P = 0.1054; butterfly, t = -0.095, P = 

0.9251; hummingbird, t = -1.066, P = 0.301). The second principal component (24.2% of 

explained variance) was associated with both large and small bees (large bee, t = -4.719, P 

= 0.0002; small bee, t = -6.763, P = 0.00005), but not with butterfly or hummingbird 

pollination systems (butterfly, t = 1.285, P = 0.216; hummingbird, t = -1.379, P = 0.1857). 

The third principal component (10.15% of explained variance) was associated with 

hummingbirds (t = 0.521, P = 0.0001), and not with the other pollination systems (large 

bee, t = 1.675, P = 0.1122; small bee, t = 1.583, P = 0.1318; butterfly, t = -0.577, P = 

0.571). Multivariate phylogenetic signal of the five floral traits circumscribed to Achimenes 

clade resulted in not significant phylogenetic signal (K = 0.104, P = 0.201). The 

PERMANOVA test showed statistical differences among pollination systems (F = 10.009, 

df = 3, P = 0.0001) and phylogenetic MANOVA also showed significant differences in at 

least one group (F = 4.465, df = 3, numDF = 15, denDF = 36.289, P = 0.0009). Comparison 

between morphospace (with means of floral traits) and covariance space resulted in non-

significant association between matrices (r = -0.057, P = 0.76). 
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Discussion 

Evolution of floral traits and pollination systems 

We found that pollination by small bees is the most likely ancestral pollination system in 

the genus Achimenes and that evolutionary transitions mostly went from small bees to other 

pollination systems, including large bees, butterflies and hummingbirds (Figure 2). We did 

not detect reversals from hummingbird to bees, but we found reversals from butterfly to 

small bees. Most studies involving pollination by bees and hummingbirds have found that 

bee pollination is generally the ancestral state and that changes from hummingbird to bee-

pollination are null or rare (Wilson et al. 2007; Whittall & Hodges 2007; Abrahamczyk, et 

al., 2014; Strelin, et al., 2016a). A reversal from hummingbird to small bee or large bee 

would imply changes in corolla shape, size and color that might be developmentally or 

physiologically constrained (Wilson et al., 2006). However, the relative young age of the 

genus Achimenes (~10 my, Roalson & Roberts, 2016) may also explain why there are no 

reversals in the floral traits involved in attraction and effective pollen transfer by bee 

pollinators, such as corolla color and shape. Regardless of the mechanism, results indicate 

that evolutionary transitions in pollination systems are associated with changes in floral 

morphology and color in Achimenes (Figs. 2, 3, 4). 

The analysis of flower color evolution indicated that this trait is highly labile in the genus 

Achimenes. Other studies have shown that changes from white to other colors are less 

frequent than the opposite, due to regulatory loss or inactivation of genes involved in 

anthocyanin production (Rausher, 2008). However, our results are similar to those found by 
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Kay et al. (2005) in that there was a high frequency of changes from white to coloured 

flowers, indicating that other mechanisms are involved. Achimenes with white corollas 

have nectar guides of different colors, for example, purple, yellow, dark red spots or lines, 

suggesting that regulation in the distribution of anthocyanins within corollas, not complete 

inactivation of anthocyanin metabolism at the whole flower level, may underlie corolla 

color transitions. In fact, flower patterning color is related to both tissue and cell type 

specificity in Petunia, Ipomoea and in Antirrhinum (Martin and Gerats, 1993; Bradley et 

al., 1998; Durbin et al., 2003). This kind of regulation is associated with MBW 

transcription factors, specifically R2R3MYB, which determine the site and temporal 

expression of genes that produce color (Davies et al., 2012; Albert et al., 2014). In 

Aquilegia, changes from red to blue are probably related to changes in expression rather 

than loss of function, as is the case of white-flowered Aquilegia species, which still retain 

capacity to produce anthocyanins in other tissues (Hodges & Derieg, 2009). This pattern is 

also found in Achimenes species, since there are reddish abaxial parts of leaves and stems in 

addition to red or purple nectar guides. Thus, it is possible that in Achimenes floral color 

diversity is determined by regulation at the level of gene color expression rather than 

complete modification of color biosynthetic pathways, allowing for diverse floral color 

patterns, which has been proposed for other plant groups (Durbin et al., 2003; Specht & 

Howarth, 2015).  

Another pigment source that is present in flowers are carotenoids, which are responsible for 

yellow colors in flowers. Carotenoids are mainly related to photoreception, photoprotection 

and herbivore deterrence, but they are also related to seed-disperser and pollinator 

attraction (Cazonelli, 2011). In Mimulus the yup locus controls for carotenoid deposition in 
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flowers, which reduces bee visitation, and its combination with an allele that controls for 

higher nectar volumes increases hummingbird visitation (Schemske & Bradshaw, 1999). 

Furthermore, in Mimulus lewisii, there is a MYB transcription factor (a candidate for 

GUIDELESS gene), that affects carotenoid deposition on nectar guides, trichome 

complexity and epidermal cell development, suggesting that these pleiotropic effects could 

potentially also affect pollinator visitation (Yuan et al., 2013). In Achimenes genus there is 

one species with mostly yellow flowers (A. flava), five species with yellow throats enclosed 

in red corollas, three with light-yellow throats enclosed in white corollas, and two species 

with light-yellow throats enclosed in purple corollas, suggesting that carotenoid pigments 

are widespread and less important in pollinator differentiation.  

In terms of floral shape, flowers in Achimenes and many Gesneriaceae species share a basic 

pattern of zygomorphic corollas with fused petals, but they show high variation in corolla 

shape and size. This diversity may result from variation in a few loci of medium effect as in 

Penstemon (Wessinger et al., 2014) or in changes in regulatory pathways that affect 

allometric relationships among floral traits (Zhong & Preston, 2015; Wózniak & Sicard, 

2018). In either case, traits that conform floral shape are often associated with pollinator 

traits. In Achimenes there is association among corolla length and most frequent 

pollinators’ proboscis or beaks, suggesting that pollinators mediate selection of flower 

shape (Ramírez-Aguirre et al., 2019). 

Our results also support the notion of different patterns of floral trait associations in relation 

to different pollination systems. Based on the pollination syndrome concept, functional 

associations among floral traits would be expected as a response of correlated selection 

mediated by different pollinator functional groups (Fenster et al., 2004). We found that 
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both covariance space (which reflects floral integration) and morphospace (which reflects 

mean trait associations) are grouped by the four observed functional groups of pollinators 

(Figure 6; Table S4). However, there were no statistical differences among covariance 

matrices of different pollination systems. These results suggest that in Achimenes different 

pollinators favour different trait associations, but that developmental trait associations are 

also involved in pollination syndromes. In either case, some groups of species were more 

similar than others, suggesting that different pollinators may exert similar pressures on 

some traits. For example, in PCA and in PCoA hummingbird-pollinated species are closer 

to butterfly-pollinated species (Figures 6 and S2); both groups have narrow floral tubes that 

would fit birds’ beaks and butterflies’ proboscides. Changes from hummingbird to butterfly 

or vice versa would require small changes in corolla length and width, although changes in 

volatiles may also be expected (Andersson et al., 2002). One might hypothesize that, given 

enough time, evolutionary transitions between these floral syndromes might be more 

common than transitions to or from bee flowers, which would require larger changes in 

corolla shape, color and rewards. 

Specialization in pollination systems is the rule in Achimenes species; however, some 

species had less clearly defined pollination syndromes and were visited by animals not 

expected by the syndrome. These species include A. admirabilis (hummingbird-butterfly 

syndrome, pollinated by small bees), A. erecta (hummingbird-butterfly syndrome 

pollinated by butterflies) and A. occidentalis (small bee syndrome, pollinated by 

butterflies). It is possible that alternative, less frequent pollinators were missed during 

observations and that floral traits actually reflect selection by two different pollinator 

functional groups; e.g., A. erecta with relatively short narrow floral tubes associated with 
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butterflies (observed) and red color associated with hummingbirds (not observed). Mixed 

pollination syndromes have been reported in some plant species (bee-hummingbird, for 

example in Penstemon, Lara & Ornelas, 2008; Drymonia, Ramírez-Aguirre et al., 2016), 

bird-bat in Burmeistera tenuiflora (Campanulaceae) and Paliavana sericiflora 

(Gesneriaceae), both showing traits associated with bat and hummingbird pollination 

(Muchhala, 2003; SanMartín-Gajardo & Sazima, 2005). In these cases, floral traits may 

represent intermediate or suboptimal adaptive states of transitional systems (Wilson et al., 

2006), or they may be associated with different selective pressures exerted by different 

groups of effective pollinators (Muchhala et al., 2009).  

In Achimenes, bee-pollinated species form two groups of species separated primarily by 

size. The “small bee” syndrome showed more variation in flower shape (infundibiliform 

and hypocrateriform corollas) than the “large bee” syndrome (infundibiliform corollas 

only), which is probably related to the foraging behavior of bees. For instance, small bees, 

such as Trigona fulviventris and Halictidae, actively collected nectar and pollen in two 

major ways: either they entered and exited the flower facing downwards, or they entered 

the flower, turned their bodies and exited facing upwards presumably to collect pollen. The 

latter behavior resulted in pollen deposition on the bee´s adaxial thorax, suggesting 

sternotribic pollination. In contrast, large bees always entered and exited flowers facing 

downwards while pollen was deposited on the abaxial thorax, suggesting nototribic 

pollination while feeding on nectar. These differences in foraging behaviour among bees, 

may also be related to the types of rewards offered by flowers. Wiehler (1976) and 

Ramírez-Roa and Skog (2002) hypothesized that A. mexicana, A. dulcis, A. glabrata and A. 

hintoniana, are gynandro-euglossophylous species, i.e. pollinated by both female and male 
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Euglossine bees. We documented mostly female Euglossine bees in the above mentioned 

species (except for A. glabrata), but males were rare visitors as well. Male euglossine bees 

are known to collect floral scents, which are allegedly involved in mating (Dressler, 1968). 

Future studies should assess scent production in relation to Euglossine bee pollination in 

the family Gesneriaceae. 

 

In the case of butterfly and hummingbird pollinated species, these animals only seek for 

nectar while contacting reproductive floral organs in a spot with either probosces or beaks. 

We observed pollen deposition near the beginning of the proboscis of a butterfly on A. 

grandiflora. In the case of hummingbirds, pollen deposition should be in the foreheads or 

the crown of the head, as was observed in other Gesneriaceae species (Martén-Rodríguez et 

al., 2009). In contrast to bees, which interact with their whole body with flowers, both 

butterflies and hummingbirds have little contact with other body parts with flowers, which 

would require a bigger amount of precision to introduce their mouth parts in narrow and 

long corollas, hence extending handling-times and affecting nectar intake and affecting 

visitation (e.g. Montgomerie, 1984; Temeles, 1996). Despite differences in pollinator 

system flower manipulation in Achimenes, we did not find differences in integration 

patterns neither with Integration Index (Kruskall-Wallis test and Figure S4) nor by 

comparing covariance matrices (PERMANOVA). Interestingly, the phylogenetic 

MANOVA suggests possible differences among covariance patterns and when accounting 

for phylogenetic relatedness, suggesting that detectable differences could be found in larger 

taxa and that historical features mediating floral development could be involved.  
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Floral trait integration indices in Achimenes did not differ between pollination systems. A 

literature review across 16 angiosperm families found that integration indices tended to be 

generally low (around 20%) (Ordano et al., 2008), which might be a consequence of the 

occurrence of correlated clusters or modules within flowers (intrafloral integration). 

Intrafloral integration would be the result of pollinator mediated selection on separate sets 

of floral parts. For example, floral traits involved in attraction might covary in particular 

ways that differ from the covariation of traits involved in effective pollen removal and 

deposition (e.g., Rosas Guerrero et al., 2010); however, selection on traits that conform 

attraction and reproduction modules varies across different research groups (e.g. Dellinger 

et al., 2019; Reich, et al., 2020). Our results  coincide with Benitez-Vieyra et al., 2019,  in 

the lack of an association between covariance and morphospace matrices, suggesting that 

changes from one pollinator to another do not alter overall floral integration. Other factors, 

such as fixed and opposing ontogenetic pathways and other environmental factors, like 

herbivores, may favour low levels of floral integration (Fornoni et al., 2008; Wessinger & 

Hileman, 2016). We observed very low levels of herbivory on floral structures and even in 

other structures in Achimenes, so the possibility of herbivory as a determinant of floral 

integration may be excluded. In a study of South American Bignoniaceae, both covariance 

and morphospace matrices were similar, suggesting that developmental patterns do not 

change between species with different pollination syndromes (Alcántara et al., 2013). In 

Achimenes the role of developmental constraints in the evolution of floral trait associations 

is still unknown.  

Armbruster et al., (1999) hypothesized that floral integration would be higher in out-

crossing species than in selfing species. This prediction is not actually supported by 



60 

evidence as self-pollinated species tend to be more integrated than out-crossing species 

(e.g. Rosas-Guerrero et al. 2010; Fornoni et al., 2015). This is probably because precise 

disposition of sexual organs is required to accomplish self-pollination. Achimenes species 

are self-compatible, and we expected floral integration to be associated with the level of 

autonomous self-pollination (AF). Nonetheless, we did not find differences in floral 

integration indices in relation to autonomous pollination, suggesting that higher dependence 

on pollinators does not affect integration. These results should be taken with caution 

however, as most Achimenes species had relatively low potential for self-pollination (lower 

than 5%) when floral visitors were excluded; thus, this question still requires testing in a 

group with higher variation in the level of autonomous pollination. 

Conclusions 

Specialized pollination systems in Achimenes probably underlie the evolution of floral traits 

both individually and collectively. Taken individually, corolla color and shape correspond 

with changes in pollination systems in the Achimenes phylogeny. Furthermore, collectively 

we found associations among red and white colors and tubular flowers, with hummingbird 

pollination, while hypocrateriform shape was associated with butterfly pollination. For 

morphometric traits, we found an association between corolla length and nectar volume, 

and between corolla width and entrance size. The patterns of covariance among floral traits 

showed that floral integration is mainly associated with pollinators, although developmental 

associations cannot be not excluded, since there are allometric changes in some traits. 

Similar to Benitez-Vieyra et al. (2019), we found that there was no association among 

morphospace and covariance space, suggesting similar processes involved in morphological 

integration, such as pollinator-mediated selection. Our results also suggest that there is an 
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interaction between pollinated mediated selection and developmental patterns that underlies 

floral trait associations in pollination syndrome definitions in Achimenes. 
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Tables and figures 

Table 1. Pollinator syndromes and observed pollination systems of Achimenes and other 

Gesneriaceae species in Mexico, during 2013-2018. The legend “N.o.” indicates not-observed. 

Species Pollination 

syndrome 

Observed 

main 

pollinators 

Mean 

visits 

/hr 

Total 

hour

s 

Other floral 

visitors 

No of 

plants/

patch 

No of 

populations  

A. 

admirabilis 

Butterfly Small bee  0.21  8 N.o. 1-30 1 

A. antirrhina Hummingbird Hummingbird  0.6 5 N.o. 5-50 1 

A. candida  Small bee Small bee  0.8 12 Butterfly 3-20 2 

A. cettoana  Butterfly Butterfly  0.22  8 Bees 3-50 2 

A. dulcis  Large bee Large bee  1.6  13 N.o. 5-20 1 

A. erecta  Butterfly Butterfly   0.1  15 

N.o. 

5-200 2 

A. fimbriata  Small bee Small bee   2.16 8  N.o. 1- 100 2 

A. flava  Large bee Med-large 

bees  

 0.16 6  

N.o. 

3-50 1 

A. 

grandiflora 

 Butterfly Butterfly   0.56 8  Small bees 7-20 2 
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A.  glabrata Large bee Not observed 

 

3 

N.o. 

15 1 

A. 

heterophylla 

Hummingbird Hummingbird   1.06  18 Small bees* 10-50 3 

A. 

hintoniana 

 Large bee Large bee   0.9  9 Butterfly 3-40 2 

A. longiflora  Butterfly Butterfly   0.13  15 Large bee* 3-20 3 

A. mexicana  Large bee Large bee   1.6 10  N.o. 5-50 1 

A. misera  Small bee Small bee   0.7 16  N.o. 5-30 1 

A. obscura  Small bee Small bee   1.6  3 N.o. 8-30 1 

A. 

occidentalis 

 Small bee Butterfly  0.6  12 N.o. 20-50 2 

A. patens  Butterfly Butterfly   0.5  8 

N.o. 

10-30 1 

A. 

pedunculata 

Hummingbird Hummingbird   0.5  25 Small bee* 10-60 2 

A. skinneri Hummingbird Hummingbird   0.9  13 N.o. 50 1 

A. woodii  Small bee Small bee   1.4 12 Butterfly 10-100 1 
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A. aff. 

ixtapaensis 

 Small bee Not observed   N.o. 

  

A. sp.1 Hummingbird Not observed  2  N.o. 50 1 

A. sp. 2  Small bee Small bee  
 

 N.o. 50 1 

Moussonia 

deppeana 
Hummingbird  

Ordano & 

Ornelas 2007 
N.o.  N.o. 

Large bee, 

pers. obs.*  

N.o. 
1 

Eucodonia 

verticillata 

 Large bee Large bee  N.o. N.o. 

 

10 1 

Smithiantha 

aff. 

cinnabarina 

Hummingbird Not observed N.o. N.o. 

 

N.o. 

 

N.o. 1 
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Figure 1. Consensus tree from phylogenetic Bayesian inference with five nuclear markers 

(GCYC, ETS, ITS complete sequence, trnL-trnF, and rpl32-trnL) of Achimenes species and 

three outroups of Gesneriaceae. Numbers represent posterior probabilities. 
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Figure 2. Pollination systems ancestral reconstruction in Achimenes species and three 

outgroups. The star next to animal figures represents inferred pollination systems based on 

pollination syndromes. Pies represent mean probabilities for each pollination system and 

colors represent different pollinators. Top left figure shows mean transition rates between 

pollination systems based posterior values from MULTISTATE model in BayesTraits. The 

first number represents the observed frequency of transitions and the second represents the 

mean transition rate based on the distribution of posterior probability.  
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Figure 3. Corolla colors ancestral reconstruction and pollinators in Achimenes species and 

three outgroups. The animal figures represent, either pollination systems based on observed 

pollinators, and the star next to animal figures represents inferred pollination systems based 

on pollination syndromes. Pies represent mean posterior probabilities for corolla color 

states. Top left figure shows mean transition rates between pollination systems based 

posterior values from MULTISTATE model in BayesTraits. The first number represents 

the observed frequency of transitions and the second represents the mean transition rate 

based on the distribution of posterior probability.  
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Figure 4. Corolla shape ancestral reconstruction and pollinator systems of Achimenes 

species and three outgroups. The animal figures represent, either pollination systems based 

on observed pollinators, and the star next to animal figures represents inferred pollination 

systems based on pollination syndromes. Pies represent mean posterior probabilities for 

corolla color states (green = infundibiliform; purple = hypocrateriform; red = tubular). Top 

left figure shows mean transition rates between pollination systems based posterior values 

from MULTISTATE model in BayesTraits. The first number represents the observed 

frequency of transitions and the second represents the mean transition rate based on the 

distribution of posterior probability.  
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Figure 5. Floral integration indexes of 21 Achimenes species depicted by pollination 

system. Chi-squared and probability are the results of a Kruskall-Wallis test of association 

between Floral Integration Index (%) and pollination system.  
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Figure 6. (a) Covariance space of Achimenes species. (b) Correlations between principal 

coordinates and variances. 
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Supporting Information  

Supporting Information 1. CTAB 2X protocol for DNA extraction. 

Depending on leaf size, approximately 30-50 µg of leaf tissue was grinded with liquid 

Nitrogen in sterilized mortars, and leaf dust was deposited in 1000µl tubes, previously 

identified with species name (Eppendorf, Germany). Then, 400-700 µl of CTAB 2X buffer 

was added to the tube with 10sec vortex and was incubated at 55°C for 24 hrs with 

occasional vortexing. After incubation time, 2 µl of proteinase K (Promega, Madison 

Wisconsin, US) was added and the mix was incubated at 56°C for 18 hrs. After incubation, 

tubes were centrifuged at 120000 revolutions per minute (rpm) for 5 minutes. Supernatant 

was transferred to new previously identified Eppendorf tubes at an approximate volume of 

500 µl. Then, a 24:1 ratio of chloroform:isoamyl alcohol was added to the tubes, followed 

by vortexing for 20 sec. After vortexing, tubes were centrifuged at 130000 rpm for 5 min. 

Supernatant was transferred to a previously marked clean Eppendorf tube (transferred 

liquid volume was recorded) and 1 µl of RNase (Promega, Madison Wisconsin, US) was 

added for each 100 µl of supernatant. Tubes were incubated at 37°C for one hour. After 

incubation, an equal volume of isopropanol and 10% of total volume (alcohol and sample) 

of 3.5M Sodium Acetate was added to the tubes. Then, tubes were placed at -20°C during 

night. After freezing, tubes were centrifuged at 130000 rpm for 15 min. Pellet was washed 

with 80% cold ethanol 2-3 times and most alcohol was pipetted out. Residual alcohol drops 

in tubes were dried with a Concentrator ® Plus (Eppendorf, Germany) for two rounds of 3 

minutes at 45°C, with the AL (alcohol) mode. Tubes were checked visually for residual 

alcohol. Finally, DNA was resuspended in 30-50 µl of ultrapure distilled water. 

Amplification protocol 

Polymerase chain reaction (PCR) mix was done for two 25 µl reactions per one individual 

per species, with 12.5 µl of Multiplex mix, 2.5 µl of each primer for individual markers, 5.5 

µl of ultrapure and distilled water, and 2 µl of DNA sample. For trnL-trnF region, 2.5µl Q 

Solution ® were added, with 12.5 µl of Multiplex mix, 3µl of ultrapure and distilled water, 

2.5µl of each primer, and 2µl of DNA sample to a final volume of 25 µl. Reactions were 

performed in either a Mastercycler nexus Gradient ® (Eppendorf, Germany) or a Veriti ® 

Thermal cycler (Applied Biosystems (™), Thermo Fisher Scientific Co., Waltham, MA, 

US). Individual marker PCR programs with respective primers and primer concentration 

are described in Table S1. After PCR, amplification was checked in 1.2% agarose gels 

stained with Diamond (™) SYBR ® nucleic acid dye (Promega, Madison Wisconsin, US).  
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Tables and figures 

Table S1. Polymerase chain reaction (PCR) amplification conditions of five molecular 

markers for Achimenes species. 

Region Primer name and sequence PCR Program Primer 

concentration 

ITS4-ITS5H ITS4 (White et al., 1990) 

TCC TCC GCT TAT TGA TAT GC 
  

ITS5H (Hershkovitz & Zimmer, 1996) 

GGA AGG AGA AGT CGT AAC AAG G 

(modified White et 

al., 1990) 
95°C-15 min 

94°C-1 min 

57°/60°/63°C-1 min 

72°C-1 min 
72°C-7 min 

2 µM 

ETSB-18S 
ETS 

ETSB (Beardsley & Olmstead, 2002) 
ATAGAGCGCGTGAGTGGTG 

  

18S-ETS (Baldwin & Markos, 1995) 
ACTTACACATGCATGGCTTAATCT 

(modified Beardsley 
& Olmstead, 2002). 

95°C-15 min 

94°C-1 min/30 sec 
55°/60°C-1 min 

72°C-1 min 

72°C-7 min 

2 µM 

GCYC GCYCFS1 (Smith et al., 2003) 

AMTGGTTSCTCACTARATC 

  
cycR (Möller et al., 1999) 

ATGAATTTGTGCTGATCCAAAATG 

(modified Citerne et 

al., 2000) 

95°C-15 min 
94°C-30 sec 

50°C-1 min 

72°C-1 min 

10 µM 

rpl32-trnL rpl32-F (Shaw et al., 2007) 

CAGTTCCAAAAAAACGTACTTC 

  
trnL(UAG) (Shaw et al., 2007) 

CTGCTTCCTAAGAGCAGCGT 

(modified Dong et 

al., 2012). 

95°C-15 min 
94°C-3 min 

94°C-30 sec 

55°C-1 min 
72°C-2 min 

72°C-5 min 

2 µM 

TrnL-trnF trnLc (Taberlet et al., 1991) 

CGAAATCGGTAGACGCTACG 
  

trnLf (Taberlet et al., 1991) 

ATTTGAACTGGTGACACGAG 

(modified Taberlet 

et al., 1991) 
95°C-15 min 

94°C-30 sec 

63°C-1 min 
72°C-1 min 

72°C-7 min 

10 µM 
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Table S2. Color palettes to define corolla color in Achimenes species from Mexico 

(https://colorpalettes.net/). 

Color Color code Palettes 

yellow #ffdb00 4000 

red #fe0229, #ff0e11, #f32501, #f80039 3863, 3923, 4028, 4037 

pink #f90052, #f3166b 3860, 3997 

purple #cfcef5, #aa93d6, #7f009d, #a18cb8, #a639c2, 

#d69cf4, #bb89ec 

3418, 3424,  3434, 3744, 

3908, 4050 

 

 

Table S3. DNA sequence descriptors for five molecular markers used to reconstruct the 

phylogeny of the genus Achimenes. 

  ITS ETS GCYC rpl32-trnL 

(UAG) 

trnL-

trnF 

No of base pairs 760 524 608 1117 1032 

No of parsimonious informative sites 116 104 21 83 16 

No of variable sites 239 211 83 226 84 

No of conserved sites 499 295 524 806 862 

No of singletons 120 106 62 137 68 

Total number of sequences 25 20 17 19 21 

 

https://colorpalettes.net/
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Table S4. Principal component eigenvalues from a phylogenetic PCA of eight floral traits 

of 21 Achimenes species and two outgroups. Calculations were made with natural logarithm 

transformed variables. 

Trait PC1 PC2 PC3 PC4 

Corolla length -0.477 0.604 -0.581 0.231 

Corolla width -0.865 -0.277 -0.309 0.036 

Entrance length -0.933 -0.174 -0.254 0.004 

Entrance width -0.548 -0.788 -0.176 -0.050 

Petal length -0.896 0.087 0.372 0.075 

Frontal length -0.920 0.296 0.117 0.209 

Frontal width -0.953 0.209 0.089 0.188 

Corolla base -0.770 -0.006 0.457 -0.437 

Proportional Variance 0.662 0.154 0.112 0.042 

Cumulative Variance 0.662 0.816 0.928 0.970 

PGLS 

PC ~ pollination system 

large bee 

t = -3.216 

P = 0.0045 

large bee 

t = -3.925 

P = 0.0009 

small bee 

t = -7.048 
P = 0.00001 

hummingbird 

t = -4.957 

P = 0.0001 

large bee  

t = -3.156 
P = 0.0052 

small bee 

t = -1.963 

P = 0.0645 

Not statistically 

significant 

 

 

Table S5. Transition models of three discrete floral characters of Achimenes species and 

three outgroups. 



91 

geiger:: fitDiscrete 

Models 

Pollination system Corolla color Corolla shape 

 AICc AICc AICc 

Equal rates 65.96 76.22 51.38 

Symmetric 77.19 105.02 52.91 

All rates different 114.78 520 61.51 

 

Table S6. Evolution models of corolla width and entrance length of Achimenes species and 

two Gesneriaceae species as outgroups. 

 

geiger::fitContinuous models 

Corolla width Ln(mm) 

AICc  

Corolla length 

Ln(mm)  

AICc  

BM 42.09 38.23 

EB 45.05 41.18 

OU 39.88 38.17 

trend 43.61 40.10 

lambda 39.67 41.18 

white noise 39.82 38.23 

OUch:: Hansen models    

Brownian motion model 46.66 40.56 

“global” (one regime for all branches) 37.88 34.33 

BayesTraits’ pollinator reconstruction nodes 24.39 20.88 

“Small  bee”  22.38 23.59 
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Table S7. Phylogenetic signal of individual log-transformed floral traits of Achimenes 

genus. 

Floral trait Blomberg’s K P  

Corolla length 0.279 0.008 

Corolla width 0.212 0.079 

Entrance length 0.190 0.115 

Entrance width 0.242 0.029 

Petal length 0.096 0.887 

Frontal length 0.133 0.465 

Frontal width 0.122 0.613 

Corolla base 0.133 0.483 

 

Table S8. Models of multivariate evolution of five floral traits: corolla width, corolla 

length, entrance width, petal length and frontal width. 

Model AICc Number of parameters 

OUM1 148.17 35 

OUMM 149.25 50 

BM same rates 190.67 16 

BMM proportional 197.57 23 
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BM1 not covariance 264.20 10 

 

 

 

 

Figure S1. Floral morphological traits measured in 21 Achimenes species and in Moussonia 

and Eucodonia outgroups. 1) Corolla length, 2) corolla width, 3) Corolla length at mouth, 

4) corolla width at mouth, 5) lower petal length, 6) frontal length, 7) frontal width, 8) 

corolla base. 
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Figure S2. A) Phylogenetic principal component analysis of eight floral morphometric 

traits (natural logarithm transformed). Species include 21 ingroup species of Achimenes and 

two Gesneriaceae outgroups. 
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Figure S3. Nectar production contrasted between four pollination systems in 18 Achimenes 

species from Mexico. Nectar volume was measured in greenhouse specimens at UNAM, 

Campus Morelia.  
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Figure S4. Floral integration mapping on phylogeny of 21 Achimenes species and one 

outgroup. Small numbers below branches are reconstructed floral integration indices. Blue 

dots are extant floral integrations relative to circle size. 
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RESUMEN 

La familia Gesneriaceae es una familia de angiospermas que comprende 3500 especies 

alrededor del mundo. La diversidad de especies es reflejada en la variación de los 

caracteres florales y vegetativos. La diversidad floral es explotada ornametalmente, pero, 

tanto la historia natural, como los análisis comparativos son necesarios para entender los 

procesos involucrados en la diversificación floral y los patrones de evolución floral en el 

grupo. Este estudio es una revision de la información disponible de la ecología reproductiva 

y evolución de la familia Gesneriaceae. Encontramos que la selección mediada por los 

polinizadores es una de las explicaciones más importantes para la diversificación floral en 

la familia Gesneriaceae, sin embargo, pocos estudios toman enfoques tanto cuantitativos, 

como experimentales para medir la selección sobre los caracteres florales, o pocos utilizan 

análisis comparativos para descubrir factores potenciales que dirigen la diversificación 

floral. 
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Abstract 

The Gesneriaceae is a diverse angiosperm family with around 3500 species worldwide. 

Species diversity is also mirrored by variation in floral and vegetative characters. Floral 

diversity is exploited ornamentally, but natural history and comparative analyses are needed 

to understand the processes involved in floral diversification and the patterns of floral 

evolution of the group. This study is a literature review of the information available on the 

reproductive ecology and evolution of the family Gesneriaceae. We found that pollinator- 

mediated selection is proposed as one of the main explanations for floral diversification in 

Gesneriaceae, but few studies take quantitative or experimental approaches to measure 

selection on floral traits, or comparative analyses to uncover potential factors driving floral 

diversification.  
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INTRODUCTION 

The family Gesneriaceae is a large and diverse plant family that comprises more than 3500 

species distributed in about 150 genera worldwide (Weber, 2004). The subfamilies 

Cyrtandroideae and Epithemateae are distributed in Europe, Africa and Asia and are called 

“Old World” subfamilies, with representations in both tropical and temperate regions. The 

American or “New World¨ subfamily includes the Gesnerioideae, and the Coronanthereae 

that encompasses both Oceania and South America. Gesneriaceae subfamilies are typical of 

tropical and subtropical environments but with center of diversity in tropical regions of 

America and Asia (e.g. Perret et al., 2007; Clark et al., 2009; Roalson & Roberts, 2016). 

Most Gesneriaceae species inhabit continental regions, but there have been dispersals to 

oceanic islands with two radiations in the Hawaiian and Antillean archipelagos (Clark et 

al., 2008, 2009; Martén-Rodríguez et al., 2010). Diversification both in mainland and 

insular environments has resulted in a diversity of life forms, as well as in an extraordinary 

floral diversification. A comprehensive understanding of the factors underlying 

diversification requires information on natural history, ecology, genetics and systematics of 

the species of different plant groups. The ecology and evolution of flowers and their 

interactions appears to be key to understanding some of the large radiations that have 

occurred in the evolution of Gesneriaceae.  

 

The evolution of floral diversity has been attributed to selective forces exerted by 

mutualistic and antagonistic plant-animal interactions, as well as the abiotic environment 

(Kay et al., 2006; Strauss & Whittall, 2006). Floral diversity in the Gesneriaceae is depicted 

in different pollination syndromes (i.e. groups of floral characters associated with particular 
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pollinators, Faegri & van der Pijl, 1979). Syndromes generally represent floral phenotypes 

adapted to the most effective pollinator functional groups, and they do necessarily imply 

ecological specialization (i.e. one or few pollinator species; Stebbins, 1970; Fenster et al., 

2004; Rosas-Guerrero et al., 2014). Assessments of pollination syndromes and level of 

specialization have only been conducted in a few lineages within the Gesneriaceae (e.g. 

SanMartin-Gajardo et al., 2004, 2005b, Martén-Rodríguez et al., 2009, 2015). 

 

Specialized floral traits are present in both cross and self-fertilized systems (Barrett, 1998), 

and they often reflect selection to ensure reproduction in environments where pollinator 

visitation is low or variable (Fenster & Martén-Rodríguez, 2007). Many Gesneriaceae 

species depend on pollinators as the most important mechanism to breed, but others use 

autonomous self-pollination as a reproductive assurance mechanism (Sanmartin-Gajardo & 

Sazima, 2005b; Martén-Rodríguez & Fenster, 2010; Ramírez-Aguirre et al., 2016). 

Recently, phylogenetic and comparative methods have been used to infer the adaptive 

function of floral characters mediated by pollinators (Smith et al., 2010). Molecular 

phylogenetics and comparative biology have been useful to infer patterns of floral trait 

evolution in various Gesneriaceae clades (Perret et al., 2001; Martén-Rodríguez et al., 

2010; Clark et al., 2015; Roalson & Roberts, 2016); however, there are many interesting 

Gesneriaceae groups that warrant further study.  

In this study, we conducted a search of the available information on the floral biology, plant 

reproductive systems, and evolutionary studies of the family Gesneriaceae. The specific 

goals of the study were to: (1) evaluate the association between floral traits, such as corolla 

colour, shape rewards and attractants and the described pollinators, (2) assess the 

occurrence of different breeding systems in relation to pollination systems, (3) synthesize 
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results from comparative phylogenetic studies on floral evolution This synthesis of the 

available literature on the reproductive ecology and evolution of the Gesneriaceae will 

hopefully indicate knowledge gaps and lines of research that require attention in future 

studies.  

 

Methods 

In order to compile the current knowledge on the reproductive biology and floral evolution 

of the family Gesneriaceae, we conducted a search on the ISI Web of Science from 1900 to 

2019, using the following keywords: “gesneriaceae” AND “reproduct” AND “pollinat*”. 

We also searched for articles that included phylogenetic approaches encompassing floral 

trait evolution associated with pollinator system, with “gesneriaceae” AND “phylogen*” 

key words. We used articles that included at least one of the following aspects: pollinators 

observed in the field, floral traits and rewards quantified in the field, breeding systems 

documented in the field or greenhouse, and comparative studies of floral evolution. We also 

reviewed publications cited in these articles, which some publications are in specialized 

journals, like Selbyana or Baileya, which did not appear in the main search. For each 

species, we recorded the following variables according to the available information: life 

form, floral shape, morphology, colour, reward, number of pollinator species observed, 

pollinator identity, fruit or seed set under different pollination treatments (apomixis, 

autonomous self-pollination, hand-self pollination, outcross hand-pollination, natural 

pollination). When data for a species was different between reports, we kept both records, 

otherwise we combined it. An additional search was done with “gesneriaceae” AND 

“nectar” key words, because nectar is the most frequent reward in angiosperms (Endress, 
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1994). We also reviewed all phylogenetic studies that evaluated the evolution of floral traits 

and/or pollination systems. 

 

Results and discussion 

We found 34 published articles and our own unpublished data reporting results on floral 

biology (i.e. studies that report pollinators, reproductive systems, rewards, pollination 

syndromes) studies conducted in the field. A total of 218 different species were reported 

both in continental populations (156), on islands (51), and in both (2); one had missing 

localities (Dressler, 1968b). Fifty three mainland and 12 insular species had missing data on 

floral visitors or pollinators. Of the species with available data, 110 were from mainland 

regions while 42 were from islands. The pollination systems of these species included bees, 

bats, and hummingbirds across geographic regions while moth pollination was exclusively 

reported on islands (Figures 1 and 2). The latter result may reflect the limited number of 

studies reporting nocturnal pollination observations in mainland regions. 

For nectar production we found 20 articles in the main search and three additional studies 

in the specific search. Of the total number of nectar reporting articles, 16 reported nectar 

volume. All articles were included to the final database.   

 

In terms of comparative studies conducted within a phylogenetic framework, we found 16 

articles that evaluated different questions concerning the evolution of floral traits (e.g. floral 

morphology, corolla colour, corolla shape, nectar traits, and pollen presentation) and 

pollination systems (Harrison et al., 1999; Perret et al., 2003; Roalson et al., 2003; Hughes 

et al., 2006; Clark et al., 2006; Perret et al., 2007; Perret et al., 2011; Martén-Rodríguez et 

al., 2010; Wang et al., 2010; Clark et al., 2015; Roalson & Roberts, 2016; Shulte et al., 
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2015; Serrano-Serrano et al., 2015, 2017). Pollination syndromes were also evaluated or 

mentioned in relation to previously documented pollinators.  

 

Pollination systems 

The most common pollinator groups were birds, bees, bats, moths and butterflies in 

decreasing order. Nemestrinidae flies (Diptera:Nemestrinidae) have been reported in 

African Gesneriaceae (Potgieter & Edwards, 2005) and hawkmoths were allegedly reported 

as pollinators of Cyrtandra species (Gardener & Daehler, 2006). Most species had 

specialized pollination systems (i.e. one pollinator functional group), but a considerable 

number of species had mixed pollination systems with more than one pollinator functional 

group (Table 1). Mixed pollination systems were more common on islands (29% of insular 

species), while specialized pollination systems were predominant in mainland regions 

(Figure 1). This result suggests that unpredictable pollinator visitation and low diversity of 

pollinator functional groups may promote transitions from specialized to mixed-pollination 

systems as suggested for Antillean Gesneriaceae (Martén-Rodríguez et al. 2010). On 

islands plant diversification and speciation may also occur by enforcement of reproductive 

isolation mechanisms or by hybridization (e.g., Cyrtandra, Johnson et al., 2015; Johnson et 

al., 2019).  

 

When grouping specialized pollination systems by their presence in mainland or island 

regions, we found that hummingbird and bee pollination systems predominate in the 

mainland, although with various other animal groups also act as pollinators (bats, flies, 

butterflies, Euglossini-bees, mixed). On islands, different pollination systems were more 

evenly represented including bees, bats, hummingbirds, moths and mixed-pollination 
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systems (Figure 2). Our current knowledge supports that there are more pollinator-

specialized species in mainland habitats, in contrast with more pollinator-generalized 

species on islands; this difference may be related with differences in pollinator abundance 

and diversity, since pollinator groups are less diverse, less frequent and less reliable visitors 

on islands (Martén-Rodríguez et al., 2015). In this context we might ask, what factors 

underlie differences in pollinator diversity among different regions or habitats? Both abiotic 

and biotic factors influence pollinator diversity; for example, the diversification of 

hummingbirds in the Antilles was associated with local conditions, such as topography or 

humidity (Dalsgaard et al., 2018); while competition for floral resources was proposed as a 

major factor maintaining different hummingbird assemblages. Whether this trend is true for 

bats, bees and other birds that are pollinators of Gesneriaceae species remains less 

understood. Alternatively, mainland taxa with small and scattered populations constrained 

to particular habitats, may be diverse due to competition among local pollinator faunas. 

 

Among birds visiting flowers, hummingbirds were the most commonly reported 

pollinators, suggesting that hummingbirds must play an important role in the diversification 

of Neotropical Gesnerioideae (Serrano-Serrano et al., 2017). Bananaquits were also 

observed visiting some insular species of New World Gesneriaceae. In the Old World, birds 

like honeyeaters and sunbirds were reported as pollinators mainly of Aeschynanthus and 

Rhabdothamnus species. Floral morphology of both New World and Old World bird 

pollinated species is similar, for example, American Columnea and Asian Aeschynanthus 

flowers share brightly colored, tubular corollas, suggesting convergence in floral traits 

associated with bird pollination. Overall, ornithophilous species have mainly red, orange 

and yellow corollas (or a combination of colours), tubular flowers and zygomorphic 
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(bilaterally symmetric) corollas (Figures 3 and 4). Thus, hummingbirds, honeyeaters and 

sunbirds, probably exert similar selection pressures on floral traits such as corolla shape and 

colour. In contrast, bananaquits are only pollinators of Gesneriaceae species on islands, 

where they generally visit legitimately flowers with sub campanulate corollas, also 

pollinated by bats (Martén-Rodríguez et al., 2009). 

 

Bees are a diverse group of pollinators (Michener, 2007). In New World Gesneriaceae, 

Euglossini and Anthophorini were documented collecting nectar, pollen or fragrances from 

flowers. In Old World species, most of the pollinators were bees belonging to 

Anthophoridae (Apidae: Anthophorini) and Bombus (Apidae: Bombini). Bee pollinated 

Gesneriaceae species share similarities in flower colour and corolla shape both in New 

World and in Old World. Since visual abilities related to color preferences in bees are 

thought to have evolved earlier than flowers, convergence in flowers color among bee 

pollinates lineages may reflect pre-existing bias in sensory abilities of bees (Schiestl & 

Johnson 2013). The most common colors of bee flowers were lilac, purplish, white, yellow 

or a combination of those colours (Figure 3). Many species are zygomorphic, however 

there are actinomorphic (or radially symmetric) flowers both in the Old and New World. 

Actinomorphic species fit the solanoid syndrome (i.e. morphologically similar to Solanum 

(Solanaceae) flowers sensu Faegri, 1986), usually lacking nectaries, with pollen and 

possibly fragrances offered as rewards. Solanoid syndrome genera include Phinaea, 

Niphaea, Amallophylum, Napeanthus, Conandron, Tengia and Thamnocharis.  

 

A very specialized type of melittophily is the buzz pollination syndrome characterized by 

poricidal anther dehiscence, actinomorphic flowers and scarce or absent nectar. The 
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Antillean genus Bellonia (New World) fits the buzz-pollination syndrome (Martén-

Rodríguez et al., 2009). The Old World genera Ramonda, Paraboea, Saintpaulia have 

connate anthers and anther dehiscence in the form of a slit. In these species, large bees must 

probably vibrate their bodies to release pollen as a reward (Weber, 2004). 

 

Bats were reported as pollinators of five species, all of them from the New World. 

Accordingly, there are no Gesneriaceae species with bat pollination syndrome in Africa, 

Asia or Oceania. Species with chiropterophilous syndrome have pale corolla colours, such 

as green, white or yellow, and wide and campanuloid forms, with a strong odour, nocturnal 

anthesis, and nectar as the main reward (Table 1). Bat pollination is only represented in 

New World species by Microchiroptera bats, specifically members of the Phyllostomideae 

family. It is possible that both genetic and developmental routes in Old World Gesneriaceae 

constrain changes in floral traits, but these have not been documented. Another possibility 

is that Old World megachiropteran species foraging behaviour is different from that of New 

World species, and that there is more floral diversity in the New World than in the Old 

World because of differences in orogeny (Fleming et al., 2009). The same authors also 

suggest that hovering ability of New World bats could have. Interestingly, Baker et al., 

(1998) found that nectar sucrose composition was different between New World and Old 

World bat-pollinated species of various families. Alternatively, bat-pollination in 

Gesneriaceae species may be related to woody habits and examples of woody plants in 

seasonal habitats and bat-pollinated can be found elsewhere (e.g. Heithaus et al., 1975; 

Sazima et al., 1999). Woody plants and, specifically their root system, may be strategy to 

allocate more resources to reproductive function (and other functions, such as vegetative 
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growth or defense) (Pregitzer, 2003), thus allowing a bigger floral display and its 

consequent nectar quantity, however this has not been tested yet in Gesneriaceae. 

Floral traits 

Corolla colour and shape  

In the Gesneriaceae, corolla colour is highly variable among species, but predominant 

colours are red, yellow, purple and white (Figure 3). In particular, there are tight 

associations between corolla colour and pollination systems in Gesneria, Sinningia, 

Paliavana, Rhytidophyllum, Achimenes, Drymonia, Nematanthus and Rhabdothamnus 

species (Buzato et al., 2000; SanMartin-Gajardo & Sazima, 2004; Sanmartin-Gajardo & 

Sazima, 2005b; Martén-Rodríguez et al., 2009; Sanmartin-Gajardo & Vianna, 2010; 

Anderson et al., 2011; Martén-Rodríguez et al., 2015; Clark et al., 2015; Ramírez-Aguirre 

et al., 2016). Colours associated with pollinators in this species are red for hummingbirds, 

green for bats, white or lilac for bees and purple for butterflies. Other genera, like 

Columnea, Besleria, Aeschynanthus, Seemania species have corolla colours that fit the 

classical definition of ornithophily, i.e. reddish colours, (Camargo et al., 2011; Rahman, 

2011; Stein & Hensen, 2013; Shulte et al., 2015). Forty two species from both New and 

Old World fit the melittophily syndrome definition (Dressler, 1968b; Wiehler, 1976; Kato 

et al., 1989, 1993; SanMartin-Gajardo & Sazima, 2004; Wang, et al., 2004; Hughes et al., 

2006, 2007; Pu et al., 2009; Tang et al., 2009; Wang et al., 2011; Bogacheva et al., 2013; 

Bogacheva-Milkoteva et al., 2013; Guo et al., 2013; Guo & Wang, 2014; Martén-

Rodríguez et al., 2015; Ling et al., 2017). Only five species of Gesneriaceae in genus 

Achimenes were reported as butterfly-pollinated, and from them, four were reported as 

purple, one was red and one was white coloured (Ramírez-Aguirre et al. 2019, unpub. 

data).  
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Some corolla colours had a higher representation among pollination systems (represented 

as pollinator functional groups) than others. For bat-pollinated species light-green and 

yellow-cream (from now on, cream in figures) corollas accounted for 60% of the records, 

while for hummingbird-pollinated species, red corollas represented 51% of the records 

(Figure 3). For moth-pollinated species only white and yellow-cream colours were 

represented. Interestingly, for bee-pollinated species there was a high variation in corolla 

colour, with white and lilac corollas mainly represented (Figure 3).  

Foraging pollinators use different clues to find floral resources with their sensory abilities 

(i.e. vision, smell, touch; Chittka & Waser, 1997; Chittka & Thomson, 2004; Schiestl & 

Johnson, 2013). In turn, the use of floral rewards enhances pollinator visitation and plant 

fitness (Mitchell, 1993; Meléndez-Ackerman & Campbell, 1998; Medel et al., 2003). 

Together, our results suggest that corolla colour defined by humane eye is a proxy to define 

pollinator visual attraction Gesneriaceae floral colour. Apart from humane visual 

perception, UV floral reflectance is well perceived by insects, such as bees, so patterns of 

floral UV reflectance are interpreted as nectar guides or cues to insects that enhance 

pollinator (Jones & Buchmann, 1974; Utech and Kawano 1975; and in some birds, Bennett 

& Cuthill, 1994). However, there are not any papers that documented UV reflection 

patterns in addition to human-vision colours in Gesneriaceae, leading to incompleteness of 

floral colour evolution.  

Corolla shape is related to the mechanical fit between pollinators and flowers by facilitating 

access to reward and changing pollen-deposition sites on pollinators, so it is considered a 

pollination efficiency trait (Grant, 1994; Castellanos et al., 2004; Rosas-Guerrero et al., 

2011). Records of corolla shape are represented more frequently in certain pollinators than 

in others, for example more than 50% of tubular corollas appear in hummingbird pollinated 



110 

species (Figure 4). Others, such as campanulate corollas are widely represented in bat-

pollinated species. For moth-pollinated species, tubular, campanulate and urceolate were 

found in equal frequencies, while for bee-pollinated species tubular and campanulate 

corollas represented about 80% of the records (Figure 4).  

 

Vegetative traits and their pollination related functions 

Floral calyces generally have the function of protecting flower buds from biotic or abiotic 

damage; however, in some plant lineages, they may have a role in pollinator attraction. In 

the Gesneriaceae genera Columnea, Drymonia, Alloplectus, Nemathanthus, brightly 

coloured calyces are often associated with hummingbird pollination with red, orange, 

yellow and pink colours (Figure 5). These coloured calyces may be the main visual 

attractive structure, in species with lighter corolla colours (e.g. Nematanthus brasiliensis), 

they might provide contrast to the flower attraction unit, when calyx and corolla have bright 

but different colours (e.g. Drymonia strigosa), or they might potentially increase the visual 

attraction field if calyx and corolla are the same colour (e.g. Gasteranthus otongensis); 

nevertheless, the attractive function of coloured calyces remains untested.  Another possible 

case of attraction of non-floral structures are the leaves of Columnea florida species. 

Leaves have red spots in the tip, on the abaxial side of the leaf. It has been proposed that, 

since flowers are small and inconspicuous, large coloured leaves may serve as a visual clue 

for hummingbirds (Jones & Vickers, 1972); however, this idea has not been formally 

tested. Interestingly, all the mentioned genera are epiphytes and many are hummingbird-

pollinated, so brightly coloured calyces may be an important trait to advertise birds inside 

green canopies. Epiphytes are usually pollinator-specialized, with bird-, bee- or bat-

pollination systems and are mainly out-crossing, suggesting high dependence on pollinators 
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(Bush and Beach, 1995; Ramírez-Aguirre et al., 2016; Martén-Rodríguez et al., 2015), 

which would indicate that visual clues are important in attraction at least to birds to ensure 

pollinator visitation. 

Other functions of flower traits 

Floral traits may have other functions in addition to pollinator attraction. For instance, 

floral parts may be subject to high levels of herbivory; thus, floral traits may reflect 

selection to reduce the consumption or damage of the flower's reproductive structures 

(Strauss & Whittall, 2006). In the Gesneriaceae, this has been reported for Chrysothemis 

friedrichsthaliana, which has calyx trichomes that produce a liquid that fills the calyx and 

protects buds from moth-lepidopteran herbivory (Carlson & Harms, 2007). However, as far 

are aware, there is not any other Gesneriaceae species with floral traits that also represent 

an adaptation to deter herbivores, but it is possible that different floral volatiles such as 

naphthalene serve as deterrents (Azuma et al., 1996), or the presence of secondary 

metabolites in petal pubescence might prevent herbivory in Gesneriaceae but until now, 

both these traits and functions are hypothetical. 

Rewards 

Floral rewards, such as nectar, directly influence pollinator visitation, by setting sexual 

advertisement or energetic resources that stimulate pollinators’sexual attraction or satisfy 

pollinators’nutritional preferences (Schiestl et al., 1999; Johnson & Nicolson, 2008; 

Schiestl, 2015; Tiedge & Lohaus, 2017). In turn, rewards such as floral nectar, affects 

pollinator visitation and plant fitness (Mitchell, 1993; Schemske & Bradshaw, 1999). 

Nectar is one of the most important rewards that plants offer to pollinators (Endress, 1994). 

Accordingly, for Gesneriaceae species, nectar was the main reward reported, but pollen, 

oils and fragrances were reported as floral rewards too (Table 3). There were also different 
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patterns of nectar production associated with pollinators. Nectar volumes were highest for 

most bat pollinated species, while lower volumes were recorded for hummingbird and bee 

pollinated species (Table 3). However, some bee pollinated species produced a higher 

volume of concentrated nectar, a lack of correspondence with the classical mellittophilous 

syndrome (Figure 3). The combination of nectar traits, such as high volume and high sugar 

concentration, may be to satiate large bees that feed from them (Steiner, 1985; Ramírez-

Aguirre et al., 2016). Nectar sugar concentration was variable for Gesneriaceae species 

recorded. Most bat pollinated species had higher sugar concentration or sugar content, 

hummingbird pollinated species had lower to moderate sugar contents and bee pollinated 

species present variable sugar in nectar (Table 4). Furthermore, sugar concentration in 

Sinningieae was found to be similar between bee and hummingbird syndromes and authors 

suggest that nectar sugar composition may be phylogenetically constrained to change 

(Perret et al., 2001). Apart from possible phylogenetic constraints due to genetic or 

developmental restrictions in nectar production, pollinator preference may be a cause of 

nectar production variability. For example, both hummingbirds and sunbirds showed no 

preference in sucrose or hexose solutions as far as they provide the same amount of caloric 

income when diluted (Fleming et al., 2004).  

There were non-typical nectar volumes and sugar concentration in the bee pollinated 

species Drymonia serrulata and D. oinochophylla (Steiner, 1985; Ramírez-Aguirre et al., 

2016). It is possible that high nectar volumes are related to large bee pollination, since D. 

oinochrophylla and D. serrulata are pollinated by Anthophoridae and Euglossine bees. 

Alternatively, the allometric relation between flower size and nectary size, could result in 

higher nectar volumes for larger flowers, and not due to pollinators (Galetto & Bernardello, 

2004). Both Drymonia species are relatively large flowered and allometric relations may 
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favour large nectar volumes associated with large glandulous nectaries. In order to discard 

an allometric relation among flower size and nectar production, standardizations on size 

should be made to control for floral size with more species and in a phylogenetic context. A 

better definition for nectar composition is needed for pollinator syndrome classical 

descriptions in order to understand pollinator mediated selection in this trait, because 

pollinators have different energetic demands and foraging behaviour (e.g. Feinsinger & 

Colwell, 1978; Ohashi & Thomson, 2009). Unfortunately, there is a lack of information of 

nectar production in Gesneriaceae, and its relation with pollinator systems is less 

understood. The genera Sinningia, Paliavana, Gesneria, and Rhytidophyllum are the most 

completely described for nectar volume and nectar sugar concentration, although there are 

scattered reports for nectar production of other Gesneriaceae species (Roelofs, 1979; Ayala, 

1986; Feinsinger et al., 1986; Freeman et al., 1991; Stiles & Freeman, 1993; Kato et al., 

1993; Bernardello et al., 1994; Sanmartin-Gajardo & Freitas, 1999; Buzato et al., 2000; 

Perret et al., 2001; Sanmartin-Gajardo & Sazima 2005b; Ornelas & Ordano, 2007; de 

Ávila, 2010; Martén-Rodríguez & Fenster, 2008; Ferreira & Viana, 2010; Ramírez-Aguirre 

et al., 2016). Thus, finer conclusions about the relation between nectar production and 

pollinator systems may be biased because of phylogenetic relationships and 

underrepresentation of other species. However, based on trends in other genera and the 

findings in Gesneriaceae, some conclusions can be drawn: 1) nectar volumes for bat species 

are higher than in any other syndrome (except of bee pollinated Drymonia oinochrophylla), 

2) when reported, nectar concentration (expressed as °Brix) in hummingbird-pollinated 

species was more concentrated than in bat-pollinated species and lower than bee-pollinated 

species (Figure 3).  
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Pollen is the second offered floral reward (Simpson & Neff, 1981). Pollen as a reward, is 

associated with pollen collecting bees, like Bombus species, Anthophoridae and female 

Euglossine bees and Meliponids. In Gesneriaceae, pollen-only rewarding species were 

Janakea heldrechii, Bellonia aspera, Paraboea rufescens, Saintapulia teintensis (and 

probably most Saintpaulia species), Phinaea, Niphaea, Amallophyllon (Vokou et al., 1990; 

Gao et al., 2006; Boggan et al., 2008; Martins, 2008; Martén-Rodríguez et al., 2015). All 

the Gesneriaceae species that offer pollen as the main and only reward are closely or 

completely actinomorphic, in particular Phinaea, Amallophyllon, Bellonia aspera and 

Niphaea fit the solanoid flower type and are pollinated by vibrating bees (Faegri, 1986). 

Other floral rewards: fragrances and oils 

Floral scents promote attraction to pollinators and thus promote out-crossing in plants with 

specialized pollination (Raguso, 2008). In Gesneriaceae family, fragrances and oils are 

associated with pollination by Euglossine male bees’ that collect fragrances to attract 

female bees. Fragrances are offered by some species of Drymonia and by Gloxinia perennis 

(Dressler, 1968a and 1968b; Steiner, 1985; Martel et al., 2019). Gloxinia perennis 

individuals emit sweet fragrances similar in composition with the ones found in orchid 

genera, such as Catasetum (Vogel, 1966; Martel et al., 2019). Volatile emission takes place 

during day and stops during night, and Euglossine bees are the most effective and abundant 

pollinator in these species (Martel et al., 2019). 

There is another interesting case where fragrances are related to pollinators’ foraging 

schedules. Individuals of the species Paliavana prasinata and Sinningia brasiliensis emit 

strong fruity odors during evenings and through the night when Glossophaga soricina and 

Anoura caudifer (Phyllostomidae) visit, while Paliavana tenuiflora with a mixed syndrome 
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(hummingbird and bat syndromes) emits odours during the two- night anthesis and it is not 

pollinated by bats but by hummingbirds (Sanmartin-Gajardo & Sazima, 2005a). 

Few other species are described as fragrant by horticulturists (e.g. Achimenes dulcis, 

Chiritopsis repanda var. guilinensis, Codonathe, Nautilocalyx punctatus) (Boggan, 1996). 

Interestingly, floral morphology of Achimenes dulcis and Nautilocalyx punctatus species 

fits the gynandro-euglossophilous syndrome and the melittophilous syndrome (Wiehler, 

1976a). If gynandro-euglossophilous flowers are effectively pollinated by large Euglossine 

or Anthophoridae bees then, independent origins for the production of fragrance rewards 

are mediated by selection of fragrance collecting-bees 

Another possible effect of large bee selection is the presence of oils as floral rewards. Oils 

may be a nutritive source of lipids or may have a nesting-glue or nesting-antiseptic purpose 

and large bees have been seen to collect them actively, however other functions than being 

part of some volatiles have not proved yet (Simpson & Neff, 1981). In Gesneriaceae, oils 

produced by D. serrulata aid to stick pollen grains to Epicharis (Centridini) and Euglossa 

(Euglossini) bee species while they forage for nectar (Steiner, 1985). The Gesneriaceae 

family shows that independent evolution of other attraction traits rather than nectar, and a 

possible evolution of special rewards has appeared in angiosperms. However, for 

Gesneriaceae, little is known for the evolution of neither fragrances nor oils as floral 

rewards. 

Mating and Breeding systems 

We found 37 studies that evaluate breeding systems through experimental hand pollination. 

The outcomes of both pollinations indicate whether pollinator is required to form fruits or 

seeds (outcrossing species) or not (selfing species). In our literature search all species are 

self-compatible (ie. production of seeds with self-pollen), with self-compatibility indexes 
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(SCI; hand self-pollination/hand cross-pollination) ranging from 0.18 to1. Most 

Gesneriaceae species, independently of their phylogenetic position are self-compatible, and 

only two species, Mitraria coccinea and Asteranthera ovata (insular species pollinated by 

hummingbirds), were continuously reported as self-incompatible (Smith-Ramírez et al., 

2005). Riveros et al. (1996) described Mitraria coccinea as self-compatible with a self-

incompatibility index of 0.52 and Astheranthera ovata, has a self-compatibility index of 

0.18. There is some debate due to the definition of self-compatibility in angiosperms (e.g. 

Raduski et al., 2011).We think that invoking self-incompatibility in a species close to 0.2 

SCI, in one population at one time, may be risky, since there is variability in space and time 

within and between populations (Ferrer & Good-Avila, 2007; Whitehead et al., 2018). 

Overall, results in our search suggest that Gesneriaceae species are mainly outcrossing 

(Table 5).  

However, the capacity for autonomous fertilization was present in most species and 

represented as self-fertility index (SFI, autonomous pollination/ hand cross-pollination) 

(Table 5). Self-fertilization due to autonomous-pollination has been proposed as a 

reproductive assurance mechanism (Fenster & Martén-Rodríguez, 2007). Martén-

Rodríguez et al. (2015) showed that self-fertilization in Neotropical Gesneriaceae is present 

in specialized pollination systems in both insular and mainland habitats, probably due to 

variations in pollinator visitation. The same authors found an interesting association of 

autonomous pollination and plant habit, because resource limitation may preclude 

reproductive features that affect pollinator visitation. In African Gesneriaceae, Hughes et 

al. (2006 and 2007) found that selfing is common among Streptocarpus and Saintpaulia 

species. However, Stenobasipteron wiedemanni, a Nemestrinidae fly, accounts for most of 

out-crossing in S. primulifolius, showing that even if some species are selfers and have the 
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selfing syndrome (i.e. small flowered species with low herkogamy, Goodwillie et al., 

2010), some others depend on pollinators for their reproduction (Potgieter & Edwards, 

2005; Hughes et al., 2007). 

A possible negative outcome of self-pollination is inbreeding depression. In Saintapulia 

ionantha, high levels of inbreeding depression associated with scarce and small populations 

(Kolehmainen et al. 2009). This result would be one of a few in Gesneriaceae that report 

inbreeding depression, although not due to pollinator service. There are some populations 

of Gesneriaceae that are small and with scattered individuals and many are capable of self-

fertilize, so is possible that long fruit dispersal, either by animals or by wind, or that long-

distance flying pollinators, such as large bees, hummingbirds, bats or large hawkmoths, 

account for sufficient cross-pollination in those populations. However, more work has to be 

done to understand the effects of selfing in self-compatible but pollinator-dependent species 

of Gesneriaceae. 

Studies of breeding systems in Gesneriaceae species should evaluate whether self-

fertilization is a widespread character or not and possible related mechanisms that affect 

reproduction. Thus, opening a new frame for investigation in the evolution of breeding 

systems. 

Dichogamy and Herkogamy 

Within reproductive strategies temporal and spatial separation of sexual organs has been 

proposed as a way to avoid sexual interference and to promote cross-fertilization (Lloyd & 

Webb, 1986; Webb & Lloyd, 1986; Bertin, 1993). Most Gesneriaceae species in our search 

are dichogamous and among this temporal separation, protandry (staminate phase develops 

first) is more common than protogyny (i.e. pistillate phase develops before staminate 

phase). Interestingly, protogynous species described are represented in the Neotropical 
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Gesneria and Rhytidophyllum genera, and in Oreocharis acaulis, a Chinese species. 

Oreocharis acaulis, is a bee pollinated species with low pollinator visitation. This species 

shows protogyny in combination with approach herkogamy and probably promoting cross-

pollination by reducing the risk of self-pollination (Guo et al., 2013). Gou et al. (2013) also 

propose that the large duration of stigma receptivity is a reproductive assurance 

mechanism, because the probability of receiving pollen increases with time. 

Gesneria and Rhytidophyllum genera are distributed in the Caribbean region and comprise 

53 and 19 species, respectively. Among these species, there are protogynous species that 

are pollinated by hummingbirds (G. citrina, G. cuneifolia), by bats and hummingbirds (G. 

quisqueyana) and by bats, hummingbirds, moths and diurnal insects (G. viridiflora subsp. 

sintenisii, R. asperum, R. auriculatum, R. grandiflorum and R. leucomallon) (Martén-

Rodríguez & Fenster, 2008; Martén-Rodríguez et al., 2009). Furthermore, all experienced 

low pollinator visitation and only hummingbird-pollinated ones and two species in that 

study showed autonomous pollination as a reproductive assurance strategy. A particular 

case of the expression of reproductive assurance is the elongation of stamens after 

pollination of Gesneria citrina, a hummingbird pollinated species (Chen et al., 2009). This 

a rare example of protogyny in combination with reduced herkogamy. This example 

represents an extreme case in which the role of pollinator visitation affects floral 

morphology and reproductive systems. 

In self-compatible species, protogyny rather than protandry may be more efficient at 

reducing sex interference and pollen discounting (Lloyd & Webb, 1986). Wyatt (1983) 

proposed that protandry is associated with bee pollination, however he did not include 

vertebrate pollinated systems in his study. Furthermore, Bertin (1993) suggested that 

protogyny is a better mechanism that assures self-pollination. We expand this suggestion to 
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an ecological view and propose for future works to test for pollen limitation in 

Gesneriaceae species with protogyny in relation to protandrous congeneric species. Thus, 

we suggest that pollen limitation rather than pollinator functional group, may be the main 

factor that promotes protogyny in Gesneriaceae. 

Enantiostyly 

Enantiostyly is a particular case of herkogamy (i.e. special separation of sexual organs) and 

is defined as the deflection of the style to the right or left of the main floral axis, but there is 

pollination success only if a pollinator touches a floral morph with style of the opposite 

direction (Jesson & Barrett, 2003). This disposition of sexual organs promotes cross 

fertilization by reducing sex interference (Jesson & Barrett, 2002). In Gesneriaceae, 

enantiostyly is represented in Saintpaulia and Streptocarpus genera, in which many species 

are pollinated by large bees.  

Enantiostyly is sometimes associated with buzz pollination by large bees and it promotes 

out-crossing (Barrett et al., 2000; Buchmann, 1983; de Almeida et al., 2013; Solís-Montero 

& Vallejo-Marín, 2017). Combination of buzz pollination with enantiostyly is reported for 

Old World (Cyrtandroideae) species. It is represented in Saintpaulia teitensis and S. 

confusa, which are bee pollinated by Amegilla spp. (Anthophorini) and apparently bee-

pollination may be common in the complete African genus (Kolehmainen & Mutikainen, 

2006; Martins, 2008). It is also reported for Chinese Paraboea rufescens, which is 

pollinated by two species of Bombus (Apidae: Bombini), Amegilla and Nomia (Apidae: 

Anthophorini) (Gao et al., 2006). Enantiostyly with buzz-pollination is a specialized form 

of out-crossing that apparently has evolved in African and Chinese species of Gesneriaceae, 

interestingly in hot-spots of diversity (i.e. Taita Hills in Kenya and Yunnan Mountains in 

China). The fact that special pollination mechanisms are in highly diverse areas, may point 
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to avoidance of competition mechanisms that favour different pollen placement while 

promoting out-crossing (Barrett, 2002; Jesson & Barrett, 2003), but the association with 

competition in sympatry is underexplored. 

Sex separation at whole plant level 

Sex separation within one individual is found when flowers express different sex functions. 

Sexual separation is proposed to limit pollen interference (Wyatt, 1983). Sex separation 

may be expressed when some flowers are male, other staminate and others may be 

hermaphrodite. In the Gesneriaceae, Besleria triflora was the only species that presents 

different functional sexes of flowers. This species is andromonoecious, i.e. some flowers 

function as males and others are hermaphrodite, and is hummingbird-pollinated. In this 

species, the presence of male flowers is associated with a slight improvement of 

reproductive success of the male function, i.e. pollen deposition, but the presence of male 

flowers increases pollinator-attraction (Podolsky, 1992, 1993). However, to our knowledge 

there is not any other Gesneriaceae species with andromonoecy or other strategy of sex 

separation at the whole plant level.  

Apomixis 

Species of Gesneriaceae in our search did not present apomixis. Apomixis is a kind of 

asexual reproduction were embryo development is from ovule tissues (Bicknell & 

Koltunow, 2004). Apomixis can be of two types, either sporophytic or gametophytic, 

depending on the location of the cells were embryo development initiates. The most 

common experimental approach to recognize sporophytic apomixis is emasculation and 

bagging of flowers (Kearns & Inouye, 1993). However, of analysed species, ten reported 

this treatment. None of the papers analysed, mentioned the presence of apomixis, but more 

complete descriptions of reproductive systems should be made.  
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Floral trait evolution 

We found 16 papers that evaluated in a phylogenetic context the evolution of floral 

characters (corolla colour, corolla size, corolla shape, calyx margin, corolla base, 

symmetry), rewards (nectar volume, nectar sugar concentration), and some evaluated 

pollination systems among other variables (habit, climatic variables, and/or phenology) (; 

Harrison et al., 1999; Perret et al., 2003; Hughes et al., 2006; Perret et al., 2007; Martén-

Rodríguez et al., 2010; Roalson et al., 2003; Clark et al., 2006, Wang et al., 2010; Clark et 

al., 2011; Clark et al., 2015; Shulte et al., 2015; Serrano-Serrano et al., 2015; Roalson & 

Roberts, 2016; Serrano-Serrano et al., 2017). In papers where floral traits were studied 

under a pollinator selection hypothesis, pollinator systems were either inferred from floral 

traits (pollination syndrome) or it was actually observed (Perret et al., 2003; Martén-

Rodríguez et al., 2010; Clark et al., 2015; Serrano-Serrano et al., 2015; Roalson & Roberts, 

2016; Serrano-Serrano et al., 2017; Shulte et al., 2015). Discussions about floral evolution 

and pollinator mediated selection were approached by assuming pollinator mediated 

selective pressures based on evidence in other angiosperm species, i.e., following 

pollination syndrome descriptions. Only three out of 15 papers used field observations of 

pollinators to determine and guide an adaptive hypothesis through their research programs 

(Clark et al., 2015; Martén-Rodríguez et al., 2010; Perret et al., 2003).  

An interesting result from Serrano-Serrano et al. (2017) is that hummingbird pollination 

was the most represented pollination system and that changes from hummingbird to bee 

pollination systems accounted for almost twice as the reverse. This article, found that the 

first change was from bee to hummingbird pollination systems around 20 million years ago 

(mya), while the reverse was around 12 mya. Furthermore, hummingbirds accounted for 

most speciation rates in Gesneriaceae. Another interesting outcome from this research, is 
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that of 118 species, 5% of them had pollinator values of predictability higher than 0.9 to 1. 

This result confirms the utility of pollination syndromes as proxies to identify pollination 

systems as found by Rosas-Guerrero et al. (2014) and Ashworth et al. (2015). However, 

there is still need to carry on field observations, since definitions of pollination syndromes 

are based on what is known and may be biased by authors own definitions.  

Indeed, pollination syndrome has a predictive value when there is scarce knowledge about a 

species (Ashworth et al., 2015), but in order to test for adaptive hypotheses, more 

biologically informed data should be taken into account. Interestingly, even if there were 

incomplete field observations, most papers found an association between pollination 

systems and particular floral traits, such as corolla colour and shape (e.g. Clark et al. 2011; 

Serrano-Serrano et al., 2015; Shulte et al. 2015). However, nectar traits associated with 

particular pollinators had two trends, nectar volume was associated with particular 

pollinators but nectar sugar composition was not associated with particular pollinators 

(Perret et al. 2003), suggesting that pollinator mediated selection is not affecting nectar 

composition in these species. Whether this pattern is shared by other Gesneriaceae species 

still needs further investigation, since we found only one paper that tested the association 

between nectar traits and pollination system in Gesneriaceae. However, at a higher 

taxonomic level of angiosperms, Abrahamczyk et al. (2017) found that nectar composition 

was correlated with specialized pollinator functional groups (bees, bats, flies, 

hummingbirds, birds, butterflies), but with high variability in within pollinator functional 

groups, suggesting that pollinators are important selective agents in floral nectar 

composition but not the only one. 

The most supported trend in Gesneriaceae in relation to pollinators was that changes in 

floral shapes are related to changes in pollinators systems. Both Martén-Rodríguez et al. 
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(2010) and Clark et al. (2015) found that floral shape evolution was associated with 

pollinator systems. The former authors found that wide and open flowers are correlated 

with bat-pollination systems, while narrower one were correlated with hummingbird 

pollination. Interestingly, sub campanulate flowers correlate with mixed-pollination 

systems. The latter authors inferred that laterally compressed corollas are associated with 

bird-pollination, while campanulate ones are associated with bee-pollination.  

Another interesting trend found was related to breeding-systems in Streptocarpus species. 

Hughes et al. (2006) found that there are flowers in Streptocarpus genus that tend to 

increase in size coupled with shape and that the plesiomorphic small sizes are possibly 

associated with self-pollination. Unfortunately, discussion about the association between 

floral shape and breeding-systems was based on three species with complete documentation 

of selfing and population genetics, in a 76 species phylogeny, again elaborating an adaptive 

hypothesis with few data to support it. Nevertheless, their results point to another research 

area to understand the evolution of floral morphology in Gesneriaceae. 

 

Conclusions 

Inconsistencies between some traits and pollinator system (i.e. traits not fitting the classical 

pollination syndrome definitions) have been interpreted as transitions among syndromes, 

because some floral traits actually fit other syndromes (e.g. Paliavana sericiflora 

(Gesneriaceae) Sanmartin-Gajardo & Sazima, 2005a; Abutilon rufinerve, A. regnellii, A. 

aff. regnellii (Malvaceae), (Buzato et al., 1994); Penstemon roseus (Scrophulariaceae) Lara 

& Ornelas, 2008). Furthermore, in the presence of more than one effective pollinator, 

generalized pollination systems and intermediate floral characters also evolve, for example 

Rhytidophyllum species and Gesneria pedunculosa (Martén-Rodríguez et al., 2009). In our 
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search, these were the only species that were reported as mixed-pollinated, suggesting that 

generalization in pollination systems may be more frequent in islands than in mainland, 

probably due to more variation in pollination services. Also, there should be a more 

thorough description of pollination biology in both mainland and island species. As for the 

presence of secondary pollinators, only Rosas-Guerrero et al. (2014) suggested that 

secondary pollinators are usually the ancestral pollinator group, and in Gesneriaceae 

species this is probably the case, but more evidence should be gathered. Although, 

secondary pollinators are less frequent and efficient, their presence may affect selection 

mediated by primary pollinators and these effects are less known (Thomson, 2003). 

Although there is a remarkable association between different floral character states (corolla 

shape, colour and rewards) with particular pollinators, other mechanisms like development 

or abiotic factors may also promote variation in floral diversity (Wessinger & Hileman, 

2016). 

Gesneriaceae family represents an interesting system to study different aspects of floral 

biology and ecology associated with both pollination systems and breeding systems, and 

within a phylogenetic context. 
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Tables 

Table 1. Primary and secondary pollinators are described for different pollination systems 

in Gesneriaceae species. Primary pollinators are in the top line with secondary pollinator 

groups below in parenthesis. 

Bat ( 5) Bee  

(42) 

Hummingbird 

(77) 

Butterfly 

(5) 

Hummingbirds (2) Butterfly (2) Butterfly (1) Wasp (1) 

 Moth/hawkmoth (1) Other hummingbirds 

(7) 

  

 Hummingbird (1)     

 Other bees (small bees 

or euglossine bees) (4) 

   

  Other insects (3)     

 

Table 2. Mean nectar volume (±SD) produced by Gesneriaceae species according to their 

main functional group of pollinators. N is the number of species with reported nectar 

values. 

Pollination system Mean (ul) Range (ul) N 

Bat 83.5 ± 2.12 82-85 2 

Bee (different families) 

Euglossine bee 

19.3 ± 42.42 
2.4 

0.4 -158.6 
19 
1 

Hawkmoth + Moth 9.0  1 

Butterfly 3.0 ± 2.12 1.5-6.6 5 

Hummingbird 15.9 ± 15.09 0-87 44 
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Table 3. Floral rewards of Gesneriaceae species by pollinator functional group. Numbers in 

parentheses are the number of species with reported rewards. 

Pollination system Reward 

Bat nectar (4) 

Bee nectar, oil, pollen (26) 

Bee-Euglossine fragrance (1), nectar (4) 

Hummingbird + Birds nectar (65/3) 

Lepidoptera nectar (7) 
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Table 4. Mean (±SD) reported or calculated self-compatibility index (SCI, hand self-

pollination/ hand cross-pollination) and auto-fertility index (AFI; autonomous/hand cross-

pollination) of Gesneriaceae species according to different main pollinator functional 

group. Autonomous and hand-cross pollination treatments were averaged among species by 

pollinator group when present. Numbers in parenthesis are the numbers of species with data 

of reproductive systems. 

Pollination system SCI AFI 

Bat  1.0 (1) 

Bee 1.07 ± 0.76 (5) 0.23 ± 0.32 (11) 

Bee-Euglossini   0.38 ± 0.36 (3) 

Butterfly  0.99 (1) 

Hawkmoth/Moth 1.44 (1) 1 (assumed pollinator) 

Hummingbird 0.88 ± 0.22 (19) 0.26 ± 0.34 (37) 

Mixed 0.88 ± 0.07 (3) 0.09 ± 0.08 (12) 

Specialized 0.94 ± 0.39 (25) 0.28 ± 0.35 (54) 
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Figures 

 

 

 

 

Figure 1. Specialized and mixed pollination systems represented in island and mainland. 
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Figure 2. Documented pollinators represented in mainland and island habitats. 

 

 

Figure 3. Corolla colours diversity in 128 Gesneriaceae species ordered by pollination 

system. 
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Figure 4. Corolla shapes in 131 Gesneriaceae species ordered by pollination systems. 
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Figure 5. Calyx colors in 145 Gesneriaceae species from across the world. 

 

 

 



148 

 

Figure 6. Nectar traits in 75 Gesneriaceae species from across the world.  
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DISCUSIÓN Y CONCLUSIÓN GENERAL 

 

Los resultados derivados de esta tesis sugieren que los polinizadores son importantes tanto 

para la diversificación floral como para el mantenimiento de la identidad genética de las 

especies de Achimenes. El efecto de las presiones selectivas ejercidas por los polinizadores 

se observa en la presencia de síndromes de polinización en los que existe una clara 

delimitación de la morfología floral. Además, los síndromes de polinización, entendidos 

como combinaciones de caracteres florales que atraen y recompensan polinizadores, se 

repiten en diferentes puntos de la filogenia del grupo Achimenes, independientemente de la 

cercanía evolutiva que compartan las especies. Dicho patrón de surgimiento independiente 

de los síndromes de polinización sugiere la convergencia adaptativa debida a presiones 

selectivas similares de los polinizadores. 

Sin embargo, la importancia de los polinizadores no es exclusiva del género Achimenes. En 

la familia Gesneriaceae se ha demostrado en diferentes clados la selección mediada por los 

polinizadores que permite cambios en el volumen de néctar, el color de la corola y su forma, 

aunque no en el contenido de azúcar. No sólo es en la familia Gesneriaceae de relativamente 

joven aparición que los polinizadores ejercen presiones selectivas importantes. En los 

géneros Penstemon, Ruellia, Costus, Antirrhinum, Gladiolus, Lobelia, Hakea, Iochroma, 

Aquilegia, Mimulus, Lapeirousia, Aphelandra, Passiflora entre otros, los polinizadores 

consistentemente promueven patrones evolutivos en los que suelen coincidir los cambios de 

polinizador con cambios en el color, largo de la corola, forma de la corola, simetría de la 

corola, la protrusión de las anteras y estigmas; en las recompensas como el contenido de 

azúcar, el volumen del néctar, o la presencia de mecanismos de polinización más activos en 
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los que el polinizador al entrar en contacto con la flor favorece la entrega de polen 

(Abrahamczyk et al., 2014; Valente et al., 2012; Tripp & Manos, 2010; Goldblatt et al., 1995; 

Whittall & Hodges, 2007; Kay et al., 2005; Hanley et al., 2009; Givnish et al., 2009; Smith 

et al., 2008; Beardsley et al., 2003; McDade, 1992; Wilson et al., 2007).  

 En los ejemplos citados anteriormente, se observa que los diferentes polinizadores 

promueven cambios simultáneos entre diferentes caracteres florales, apoyando la idea de que 

la morfología floral y las recompensas están más integrados entre sí que con otras partes 

vegetales, idea propuesta inicialmente por Berg (1960). Diferentes trabajos han encontrado 

que la estrecha relación entre partes florales está frecuentemente asociada a la función 

reproductiva de transferencia de polen y a la atracción de polinizadores (e.g.Esteve-Altava 

2017; Armbruster & Wege, 2019). Dicha relación funcional entre partes florales es resultado 

de cambios genéticos y del desarrollo, algunos codificados por loci de gran efecto y otros 

regulados por factores de transcripción con efectos pleiotrópicos heredables (Yuan et al., 

2013; Wessinger et al., 2014; Wózniak & Sicard 2018). Se ha propuesto que los cambios en 

los fenotipos complejos, como las flores, pueden ser a través de patrones de desarrollo que 

sean más fáciles de cambiar, y que afectan los patrones evolutivos, ya sea promoviendo o 

limitando ciertos tipos de cambios en los caracteres fenotípicos (Felice et al., 2019).  

Las flores son fenotipos complejos que responden a la selección mediada de los 

polinizadores, y la integración y la modularidad entre sus partes, da forma al concepto de 

síndromes de polinización. La integración fenotípica implica la covariación entre partes de 

los organismos derivada de interacciones funcionales, genéticas y del desarrollo; mientras 

que la modularidad es la mayor integración entre ciertas partes de los organismos, 

funcionando como una unidad cohesiva y flexible y separada de otras unidades (Armbruster 
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et al., 2014; Klingenberg et al., 2001). Entonces, los síndromes de polinización representan 

una hipótesis adaptativa y funcional en la que la mayor eficiencia en la polinización favorece 

ciertas correlaciones. 

Este trabajo refleja la importancia de los estudios comparativos, en los que los caracteres 

florales de miembros de clados de angiospermas son analizados dentro de un contexto 

filogenético que permite evaluar hipótesis adaptativas.  
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